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ABSTRACT 
 

We investigated the effects of heat shock protein 10 (HSP10) protein on memory function, hippocampal 
neurogenesis, and other related genes/proteins in adult and aged mice. To translocate the HSP10 protein into 
the hippocampus, the Tat-HSP10 fusion protein was synthesized, and Tat-HSP10, not HSP10, was successfully 
delivered into the hippocampus based on immunohistochemistry and western blotting. Tat-HSP10 (0.5 or 
2.0 mg/kg) or HSP10 (control protein, 2.0 mg/kg) was administered daily to 3- and 21-month-old mice for 
3 months, and observed the senescence maker P16 was significantly increased in aged mice and the treatment 
with Tat-HSP10 significantly decreased P16 expression in the hippocampus of aged mice. In novel object 
recognition and Morris water maze tests, aged mice demonstrated decreases in exploratory preferences, 
exploration time, distance moved, number of object contacts, and escape latency compared to adult mice. 
Treatment with Tat-HSP10 significantly improved exploratory preferences, the number of object contacts, and 
the time spent swimming in the target quadrant in aged mice but not adults. Administration of Tat-HSP10 
increased the number of proliferating cells and differentiated neuroblasts in the dentate gyrus of adult and 
aged mice compared to controls, as determined by immunohistochemical staining for Ki67 and doublecortin, 
respectively. Additionally, Tat-HSP10 treatment significantly mitigated the reduction in sirtuin 1 mRNA level, 
N-methyl-D-aspartate receptor 1, and postsynaptic density 95 protein levels in the hippocampus of aged mice. 
In contrast, Tat-HSP10 treatment significantly increased sirtuin 3 protein levels in both adult and aged mouse 
hippocampus. These suggest that Tat-HSP10 can potentially reduce hippocampus-related aging phenotypes. 
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INTRODUCTION 
 

Aging is characterized by a progressive decline  

in physiological functions, including antioxidant 

capacity [1]. With age, the damage accumulates, and 

the disease susceptibility increases [2]. Various 

mechanisms of cellular damage with age have been 

suggested [3–5], among which oxidative stress is most 

commonly observed [6]. An imbalance between the 

generation of reactive oxygen species (ROS) and their 

elimination can cause the accumulation of ROS in 

cells, which oxidize large molecules such as DNA, 

phospholipid membranes, and mitochondria, ultimate-

ly resulting in tissue damage [7, 8]. In particular, the 

brain is susceptible to cell damage induced by ROS 

with aging because it utilizes a large amount of 

oxygen, and neurons have a high content of 

unsaturated fatty acids [9]. Therefore, ROS 

accumulation is closely linked to neurodegenerative 

diseases [10–12] as well as cognitive disorders and 

dementia [13]. 

 

The hippocampus, located in the medial temporal lobe, 

plays a major role in consolidating episodic memory 

and spatial learning [14]. The hippocampus is highly 

vulnerable to age-related damage [15], which causes 

memory impairment and is considered an indicator of 

aging phenotypes in rodents [16]. In addition, the 

hippocampal dentate gyrus is one of the major neuro-

genic regions throughout life, and newly-generated 

neurons in the subgranular zone of the dentate gyrus 

migrate to the granule cell layer of the dentate gyrus 

[17]. Several studies have demonstrated a relationship 

between neurogenesis and memory. Adult hippo-

campal neurogenesis dramatically decreases with the 

aging process [18, 19], and the enhancement of 

neurogenesis in aged mice improves memory deficits 

[20, 21]. 

 

Heat shock proteins (HSPs), known as molecular 

chaperones, are required for protein folding, 

transportation, and maturation under physiological 

conditions [22]. However, when ROS formation 

increases, HSPs are rapidly synthesized and involved in 

stabilizing the denatured proteins [23, 24]. HSPs are 

classified depending on their molecular size; 

HSP60/HSP10 plays an important role in modulating 

mitochondrial function [25] and preventing the 

aggregation of damaged proteins [26]. HSP10 expres-

sion levels decreased in the striatum of mice and the 

putamen of humans with Parkinson’s disease [27] and 

in the hypothalamus of diabetic animals [28]. In 

contrast, HSP60 and HSP10 mRNA levels significantly 

increased after ischemic damage [29]. Overexpression 

of HSP10 prevented contraction-induced damage in 

muscles [30], whereas mutations in HSP10 are 

associated with neurological and developmental 

disorders [31]. 

 

Much evidence shows the biomarkers associated with 

senescence. Particularly, P16, P21, and senescence-

associated β-galactosidase are considered the typical 

biomarkers [32]. In addition, sirtuins (Sirts) have 

histone deacetylase activity in a nicotinamide adenine 

dinucleotide-dependent manner and play important 

roles in homeostasis. Sirts are closely related to brain 

aging and longevity pathway, including forkhead box O 

(FOXO) signaling. Furthermore, the reduction of 

cognitive function in aging can be explained by changes 

in synaptic plasticity [33] by regulating N-methyl-D-

aspartate receptor 1 (NMDAR1). In addition, post-

synaptic density 95 (PSD95) regulates NMDAR-

dependent synaptic plasticity [34]. Vesicular glutamate 

transport 2 (VGLUT2) is a valuable marker for 

canonical glutamatergic neurons, although it is 

expressed in nerve endings [35]. Although HSP10 has 

positive effects on various diseases, no studies have 

been conducted on the HSP10 effects on hippocampal 

function in aged animals. In the present study, we 

synthesized a Tat-HSP10 fusion protein to cross the 

HSP10 to the brain parenchyma and observed the 

effects of the Tat-HSP10 fusion protein on memory 

functions via novel object recognition and Morris water 

maze test in adult and aged mice. In addition, we 

investigated cell proliferation/differentiation, the 

hippocampal mRNA expression of aging-related genes, 

such as Sirt1, Sirt2, and FoxO1; and proteins related to 

synaptic plasticity, such as NMDAR1, PSD95, and 

VGLUT2, as well as aging-related markers such as P16 

and Sirt3. 

 

RESULTS 
 

Confirmation of delivery of Tat-HSP10 and HSP10 

proteins and their effects on mitochondrial proteins 

 

After synthesis, overexpression, and purification with 

plasmids encoding Tat-HSP10 and HSP10, the final 

product was confirmed by western blotting for His-Tag 

because 6x histidine residues were inserted into the 

plasmid, as shown in Fig. 1. Tat-HSP10 and HSP10 

proteins were observed using Coomassie Brilliant Blue 

staining and electrochemiluminescence membranes. 

The Tat-HSP10 band was detected at a slightly higher 

molecular weight than that of HSP10 because of the 

differences in molecular weight with the Tat peptide 

(1.6 kDa) (Figure 1A). 

 

To confirm the delivery of proteins to the mouse 

hippocampus, His-Tag immunohistochemical staining 

was performed 1 h after protein treatment. In the 

HSP10-treated group, little His-Tag immunoreactive 
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Figure 1. Synthesis of Tat-HSP10 and HSP10 proteins, their delivery into the hippocampus, and their effects on 
mitochondrial marker proteins. (A) Schematic diagrams of vectors encoding Tat-HSP10 and HSP10 are shown, and the expression is 

visualized and confirmed using Coomassie Brilliant Blue staining and western blotting for His-Tag. Clear bands are detected. Tat-HSP10 
protein is detected at a slightly higher molecular weight compared to HSP10. (B) Delivery of Tat-HSP10 and HSP10 is visualized by 
immunohistochemical staining for His-Tag. His-Tag immunoreactive structures are abundantly detected in the Tat-HSP10-treated group, 
not in the HSP10-treated group. HSP, Heat shock protein; His, histidine. (C) Protein expressions such as His-Tag, Sirt3, and P16 are assessed 
by western blotting. His-Tag protein is highly expressed in the Tat-HSP10-treated group of adult and aged mice, but the protein level is 
significantly low in the aged group compared to that in the adult group. Sirt3 protein levels are increased in Tat-HSP10 treated groups of 
both the adult and aged groups. P16 levels show significantly higher levels in aged mice than in adult ones, and the protein level is 
significantly decreased in the aged group compared to the adult group. Data are represented as the mean ± SD (n = 5 each group; analyzed 
by one-way or two-way ANOVA test followed by Tukey’s post hoc test, aP < 0.05, vs. adult group; bP < 0.05, vs. control group; cP < 0.05, vs. 
HSP10-treated group). Abbreviations: HSP: Heat shock protein; Sirt: sirtuin; ANOVA: Analysis of Variance; SD: standard deviation. 
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structures were found in the dentate gyrus of adult 

(6-month-old) and aged (24-month-old) mice. In 

contrast, His-Tag immunoreactivity in the Tat-HSP10-

treated group was observed in the granule cell layer and 

the polymorphic layer of the dentate gyrus. More His-

Tag immunoreactive structures were found in the 

dentate gyrus of compared HSP10-treated adult group 

(Figure 1B). Based on the western blotting, His-Tag 

protein levels were significantly increased in adult 

(344.1% of adult control, p < 0.0001) and aged (238.1% 

of adult control, p < 0.0001) groups compared 

respective control group. In the Tat-HSP10-treated 

group, the His-Tag protein level was significantly lower 

(p = 0.0037) in the aged group than in the adult group 

(Figure 1C). 

 

Tat-HSP10-induced mitochondrial function was 

assessed by western blotting for Sirt3. The Sirt3 protein 

level of aged mice was decreased in the hippocampus to 

61.8% compared to adult mice, although statistical 

significance was not detected (p = 0.3761). However, 

treatment with Tat-HSP10 showed significant increases 

in Sirt3 protein levels in both adult and aged mice (p < 

0.001) to 223.5% and 215.1% of the adult control group 

compared to respectively control and HSP10-treated 

group (Figure 1C). 

 

P16, a classical senescence marker, protein levels in 

aged mice were significantly increased (p < 0.0001) in 

the hippocampus to 205.4% that of adult mice. In the 

HSP10-treated group, P16 protein levels did not show 

any significant changes (p = 0.9870) in the hippocampus 

of aged mice compared to that in the aged control group. 

However, in the Tat-HSP10-treated group, P16 protein 

levels were significantly increased to 157.0% of the 

control group compared to the aged control (p = 0.0232) 

or HSP10-treated (p = 0.0119) groups (Figure 1C). 

 

Tat-HSP10 enhances age-related cognitive 

impairments 

 

Adult mice showed significantly increased exploratory 

preferences for novel objects but showed no significant 

changes in novel object preference after HSP10 or Tat-

HSP10 treatment. Whereas aged mice did not show any 

significant preference for novel objects, and a similar 

pattern of preference was observed after treatment  

with HSP10. However, Tat-HSP10 administration 

significantly increased the preference for novel objects 

compared to familiar objects in aged mice. Additionally, 

the novel object preference was significantly increased, 

and familiar object preference decreased after Tat-HSP10 

treatment in aged mice compared to the control group. 
 

Aged group mice spent significantly less time exploring 

novel objects than those in the adult group. In addition, 

the number of object contacts and travel distance were 

significantly lower in the aged group than in the adult 

group. HSP10 treatment showed similar levels of 

exploration time, number of object contacts, and travel 

distance compared to those in the control group of adult 

and aged mice. However, treatment with Tat-HSP10 

ameliorated the reduction in exploration time, number 

of object contacts, and travel distance in the adult and 

aged groups compared to their respective control 

groups. In particular, Tat-HSP10 treatment in aged mice 

significantly increased the number of object contacts 

(291.5% of the control group compared to the aged 

control group (p = 0.0113) or HSP10-treated (p = 

0.0242) group (Figure 2A). 

 

In the testing trial, aged mice in the control group 

showed significantly longer escape latency on Morris 

water maze test day 1 (p = 0.0028), 2 (p = 0.0004), and 

3 (p = 0.0330) compared to adult mice. In the HSP10-

treated group, the escape latency was significantly 

decreased in aged mice only on day 2 (p < 0.0001) 

compared to that in the adult group. Meanwhile, escape 

latency was not significantly changed after Tat-HSP10 

treatment between the adult and aged groups. The 

administration of HSP10 or Tat-HSP10 showed no 

significant differences in escape latency in both adult 

and aged groups. In the probing trial, the time spent 

swimming in the target quadrant was significantly 

increased in the aged Tat-HSP10-treated group 

compared to the aged control group (p = 0.0302) or the 

HSP10-treated (p = 0.0255) group. Swimming speed 

tended to decrease in the aged group, and the platform 

crossing times were increased in the Tat-HSP10-treated 

groups of both the adult and aged groups. However, 

statistical significance was not detected among groups 

(Figure 2B). 

 

Tat-HSP10 increases cell proliferation and 

neuroblast differentiation in the dentate gyrus of 

adult and aged mice 

 

In all groups, Ki67 immunoreactivity was found in the 

nucleus, located in the subgranular zone of the dentate 

gyrus. In contrast, doublecortin (DCX) immuno-

reactivity in all groups was detected in the cytoplasm of 

the subgranular zone, granule cell layer, and dendrites 

in the molecular layer of the dentate gyrus. DCX 

immunoreactivity and the number of Ki67-immuno-

reactive nuclei were significantly lower in aged mice 

than in adult mice. Treatment with HSP10 showed 

slightly lower numbers of Ki67-immunoreactive nuclei 

or similar DCX immunoreactivity compared to the 

control group of adult and aged mice. Whereas 
administration of Tat-HSP10 significantly increased 

Ki67 immunoreactive nuclei (131.5% (p = 0.0464) and 

222.5% (p = 0.0134) in adult and aged mice, 
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respectively) and DCX immunoreactivity (276.5% (p < 

0.0001) and 444.4% (p = 0.0202) in adult and aged 

mice, respectively) compared to the control groups 

(Figure 3). 

 

Tat-HSP10 improves the Sirt1-FoxO1 pathway and 

synaptic plasticity in aged mice 

 

Sirt1 and FoxO1 mRNA expressions were significantly 

lower (p < 0.0001) in aged mice than in adult mice, 

whereas Sirt2 expression was not significantly different 

(p = 0.0716) between adult and aged mice. HSP10 

treatment did not affect the mRNA expression of Sirt1, 

Sirt2, or FoxO1 in adult and aged mice. However, the 

administration of Tat-HSP10 showed a tendency to 

increase Sirt1 and FoxO1 expression only in aged mice 

compared to that in the control group (Figure 4A). In 

particular, Sirt1 mRNA expression in aged mice was 

significantly higher (p = 0.0390) than that in the control 

group (149.3%). 

 

In aged mice, NMDAR1, PSD95, and VGLUT2 

expressions were significantly decreased to 34.7% (p < 

0.0001), 42.2% (p < 0.0001), and 56.2% (p = 0.0006), 

respectively, compared to adult mice. Administration of 

HSP10 did not result in any significant changes in 

protein expression compared to that in the control 

group. However, treatment with Tat-HSP10 

significantly alleviated NMDAR1 and PSD95 

expressions to 74.4% (p = 0.0004) and 72.7% (p = 

0.0026), respectively, in adult mice compared to those 

in aged mice (Figure 4B). 
 

DISCUSSION 
 

Mitochondrial dysfunction is a major cellular change 

observed in the hippocampus during aging [36]. HSP60 

and HSP10, mitochondrial chaperones, facilitate protein 

folding and are located on chromosome 2, controlled by 

a bidirectional promoter. Targeting HSP10 causes a 

significant reduction in mitochondrial activity and ATP 

production [28]. A recent study demonstrated a higher 

abundance of HSP10 in the hippocampus than HSP60 

[37] despite its head-to-head gene location. In the 

present study, we investigated the effects of HSP10 on 

hippocampal function in both adult and aged mice. To 

cross the blood-brain barrier, we synthesized the Tat-

HSP10 fusion protein because it can translocate a 

conjugated protein across the cell membrane and 

blood-brain barrier [38, 39]. In previous studies, 

 

 
 

Figure 2. Effects of Tat-HSP10 and HSP10 on novel object recognition (A) and Morris water maze task (B) in adult and aged mice. (A) 

Exploratory preference (familiar vs. new object), total exploration time, number of contacts with a novel object during the testing trial, and 
distance moved were analyzed in control, HSP10-, and Tat-HSP10-treated groups of adult and aged mice. (B) Escape latency was analyzed in 
four consecutive navigation tests. The time consumed in the aim quadrant, swimming speed, and platform crossing times were measured 
on the next navigation test in the control, HSP10-, and Tat-HSP10-treated groups of adult and aged mice. Data are represented as the mean 
± SD (n = 10 each group; analyzed by one-way or two-way ANOVA tests followed by Tukey’s post hoc test, *P < 0.05, vs. the familiar object; 
aP < 0.05, vs. adult group; bP < 0.05, vs. control group; cP < 0.05, vs. HSP10-treated group). Abbreviations: HSP: Heat shock protein; ANOVA: 
Analysis of Variance; SD: standard deviation. 
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Tat-conjugated protein translocation across the blood-

brain barrier has been reported in the mouse hippo-

campus [40, 41]. In the present study, we observed the 

expression of Tat-HSP10 and HSP10 proteins after 

synthesis, overexpression, and purification. In addition, 

we observed the conjugation of the Tat peptide and 

HSP10 by western blotting, which was confirmed by 

the differences in molecular weight between Tat-HSP10 

and HSP10. 

Furthermore, we confirmed the delivery of proteins into 

mouse hippocampus 1 h after protein treatment by 

immunohistochemical staining and western blotting for 

His-Tag. This result suggests that Tat-HSP10 protein is 

quickly delivered into the mouse hippocampal dentate 

gyrus, including granule cells and interneurons in the 

polymorphic layer of the dentate gyrus. However, in the 

present study, we observed significantly lower levels of 

His-Tag expression in the hippocampus of aged mice 

 

 
 

Figure 3. Effects of Tat-HSP10 and HSP10 on cell proliferation and neuroblast differentiation in adult and aged mice. 
Immunohistochemical staining for (A) Ki67 and (B) DCX are conducted to visualize the proliferating cells and differentiated neuroblasts in 
the dentate gyrus, respectively, in the control, HSP10-, and Tat-HSP10-treated groups of adult and aged mice. Scale bar = 50 μm. 
Immunohistochemical staining is quantified by counting the Ki67-immunoreactive nuclei in the subgranular zone and measuring the 
immunodensity of DCX-immunoreactive neuroblasts in the whole dentate gyrus. The immunodensity of DCX is normalized into percentile 
value vs. the control group of adult mice. Data are represented as the mean ± SD (n = 5 each group; analyzed by two-way ANOVA test 
followed by Tukey’s post hoc test, aP < 0.05, vs. adult group; bP < 0.05, vs. control group; cP < 0.05, vs. HSP10-treated group). Abbreviations: 
HSP: Heat shock protein; ANOVA: Analysis of Variance; SD: standard deviation; DCX: doublecortin. 
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than in adult mice. However, significantly higher 

protein expression was found in the hippocampus of 

aged mice than in the control group. This result suggests 

that the transduction efficacy of Tat-HSP10 decreased 

in aging animals. 

 

In the present study, we excluded the Tat peptide group 

because several studies demonstrated that Tat peptide 

produced memory deficits in terms of novel object 

recognition and the Morris water maze test [42]. In 

addition, Tat peptide decreased the proliferation, 

migration, and differentiation of neural stem cells [43, 

44]. We screened the markers such as Sirt3 and P16 to 

observe age-related mitochondrial function and 

senescence after Tat-HSP10 treatment. Sirt3, an 

important deacetylase in mitochondria, plays a crucial 

role in mitochondrial quality control [45]. Over-

expression of Sirt3 attenuated anesthesia-induced 

learning and memory dysfunction [46] and ameliorated 

diabetes-induced cognitive impairment and mito-

chondrial dysfunction [47]. Reduced Sirt3 expression 

causes hyperacetylation of mitochondrial proteins 

linked with neuronal excitotoxicity and cell death [45]. 

The depletion of Sirt3 in mice showed cognitive 

impairments during the probe trial in the Morris water 

maze test [48]. 

 

In the present study, we observed significant increases in 

Sirt3 levels after Tat-HSP10 treatment, suggesting that 

mitochondrial function may be enhanced by treatment 

with Tat-HSP10 in the hippocampus of adult and aged 

mice. P16 inhibits the G0/G1 cell cycle via the 

enhancement of P21 stability, and the expression was 

enhanced in the hippocampus of D-galactose-induced 

aged mice [49]. In addition, the overexpression of P16 

facilitates senescence and negatively affects lifespan [50]. 

Consistent with previous studies [51, 52], P16 protein 

expression was significantly increased in the hippocampus 

of aged mice compared to adult mice. Treatment with Tat-

HSP10 significantly ameliorated the increase of P16 

protein in the aged hippocampus, suggesting that 

Tat-HSP10 can be a candidate for anti-aging therapeutics. 

 

 

 
 

 

Figure 4. Effects of Tat-HSP10 and HSP10 on the expression of aging-related genes and synaptic plasticity-related proteins 
in the hippocampus. (A) Real-time PCR is performed to detect Sirt1, Sirt2, and FoxO1 mRNA levels in the control, HSP10-, and Tat-HSP10-

treated groups of adult and aged mice. In addition, (B) NMDAR1, PSD95, and VGLUT2 protein levels are detected using western blotting in 
aged mice. Data from western blotting are quantified based on the immunodensity of each band. Data are represented as the mean ± SD 
(n = 5 each group; analyzed by two-way ANOVA test followed by Tukey’s post hoc test, aP < 0.05, vs. adult group; bP < 0.05, vs. control 
group; cP < 0.05, vs. HSP10-treated group). Abbreviations: HSP: Heat shock protein; ANOVA: Analysis of Variance; SD: standard deviation; 
Sirt1: sirtuin 1; Sirt2: sirtuin 2; FoxO1: forkhead box O1; NMDAR1: N-methyl-D-aspartate receptor 1; PSD95: postsynaptic density 95; 
VGLUT2: vesicular glutamate transport 2. 
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Next, we examined the effect of Tat-HSP10 on cognition 

memory using novel object recognition and the Morris 

water maze test to elucidate the effects of Tat-HSP10 

against aging-induced cognitive impairments using two 

independent memory tests. Adult mice showed a higher 

exploratory preference for novel objects than familiar 

objects, but aged mice showed lower exploratory activity 

based on exploratory time, the number of object 

contacts, and the distance moved. In addition, aged mice 

had less than 50% preference, which indicates memory 

impairment [53, 54]. In this study, the administration of 

Tat-HSP10 demonstrated more than 50% preference for 

novel objects, and we observed statistically significant 

differences in preference. In addition, we found that the 

number of object contacts was significantly higher in the 

Tat-HSP10-treated aged mice. In the Morris water maze 

test, we found significant decreases in escape latency 

during the testing period and significant increases in the 

time spent swimming in the target quadrant during  

the probing trial. Collectively, Tat-HSP10 enhances 

cognitive function in aged (not adult) mice. 

 

We also observed cell proliferation and neuroblast 

differentiation in the dentate gyrus because adult 

neurogenesis is closely related to learning, memory, 

mood, and cognitive flexibility [55, 56]. Aged mice had 

significantly fewer Ki67-immunoreactive proliferating 

cells and fewer DCX immunoreactive differentiated 

neuroblasts compared to adult mice. This result is 

consistent with previous studies showing that adult 

neurogenesis is inversely correlated with age [18, 19]. 

In contrast, increased adult neurogenesis rejuvenates 

memory circuits, learning, and memory [20, 21]. We 

observed that the administration of Tat-HSP10 

significantly increased the number of proliferating cells 

in aged mice and differentiated neuroblasts in both adult 

and aged mice. This result suggests that Tat-HSP10 

ameliorates cognitive impairment in aged mice, which 

may be associated with the enhancement of hippo-

campal neurogenesis. Antidepressants, such as 

venlafaxine or fluoxetine, significantly increase adult 

hippocampal neurogenesis. 

 

Interestingly, the induction of HSP10 expression has 

been reported after antidepressant treatment in the rat 

hippocampus [57]. In peripheral organs, HSP10 

overexpression prevents age-related atrophy of skeletal 

muscles in old mice by reducing the accumulation of 

protein carbonyls [30]. Additionally, treatment with 

exogenous HSP10 prolonged survival time after skin 

grafting [58] and reduced tissue damage from 

myocardial infarction [59, 60]. 

 
To elucidate the effects of Tat-HSP10 on age-related 

gene expression, we conducted real-time polymerase 

chain reaction (PCR) analysis for FoxO1, Sirt1, and 

Sirt2 in the hippocampus because FoxO1 and Sirt1 are 

abundantly expressed in the hippocampus and decrease 

with the aging process [61, 62]. We observed Sirt2 

mRNA levels in the hippocampus, which are not 

directly associated with hippocampal senescence [63]. 

Consistent with previous studies [61, 62, 64], FoxO1 

and Sirt1 mRNA levels were significantly decreased in 

aged mice, but Sirt2 mRNA levels were not 

significantly different between the groups. Treatment 

with Tat-HSP10 significantly alleviated this reduction 

in Sirt1 mRNA levels in aged mice. We also performed 

western blotting for NMDAR1, PSD95, and VGLUT2, 

which are hippocampal markers of synaptic plasticity 

[65–67]. As reported in previous studies, NMDAR1, 

PSD95, and VGLUT2 protein expressions were 

significantly decreased in the hippocampus during aging 

[68–70]. Treatment with Tat-HSP10 significantly 

ameliorated the reduction in NMDAR1 and PSD95 

levels in the hippocampi of aged mice. A recent study in 

mice demonstrated that Sirt1 knockdown in the 

hippocampus reduced PSD95 levels, which causes 

spatial learning and memory deficits [71]. 

 

In conclusion, Tat-HSP10 is efficiently delivered into 

the hippocampus of adult and aged mice, but the 

efficacy was higher in the adult group than in the aged 

group. In addition, the delivered Tat-HSP10 protein 

increases a mitochondrial functional protein such as 

Sirt3 and ameliorates classical senescence markers such 

as P16 in both adult and aged mice. In addition, Tat-

HSP10 ameliorated cognitive deficits in aged mice by 

increasing the number of proliferating cells and 

differentiated neuroblasts, probably by alleviating the 

aging-induced reduction in Sirt1, NMDAR1, and 

PSD95 in the hippocampus. Our results suggest that 

Tat-HSP10 treatment facilitates mitochondrial function, 

and Tat-HSP10 supplementation ameliorates the aging 

phenotypes in the mouse hippocampus. 

 

MATERIALS AND METHODS 
 

Synthesis of Tat-HSP10 and its control protein 

 

Two oligonucleotides encoding the basic domain of 

HIV-1 Tat (amino acids 49–57) were synthesized, 

annealed, and ligated into a NdeI-XhoI-digested pET15b 

vector with 6x histidine, as described previously [72, 

73]. Sense and antisense primers for human HSP10 

cDNA (Takara Bio Inc., Shiga, Japan) were synthesized 

and amplified using PCR. The digestion of PCR 

products was performed using XhoI and BamHI, and the 

resulting products were ligated into a TA cloning vector 

(Promega, Madison, WI, USA) with a Tat vector. 

Plasmids encoding Tat-HSP10 and its control (HSP10) 

were transformed into E. coli BL21 (DE3) and colonies 

were selected on Luria-Bertani medium. 
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Induction of overexpressed proteins was performed by 

adding 0.5 mM isopropyl-β-D-thiogalactoside (IPTG; 

Duchefa, Haarlem, The Netherlands). Five hours after 

treatment with IPTG, cells were harvested and lysed; 

the proteins were purified using a Ni2+-nitrilotriacetic 

acid Sepharose column (Qiagen, Inc., Valencia, CA, 

USA); and desalted by PD-10 desalting column 

chromatography (GE Healthcare, Piscataway, NJ, 

USA). Expression of Tat-HSP10 and HSP10 proteins 

was confirmed by western blotting for His-Tag to detect 

6x histidine as described previously [40, 72]. 

 

Experimental animals and treatment with Tat-

HSP10 and HSP10 

 

Male C57BL/6 mice (5 weeks old; Japan SLC Inc., 

Shizuoka, Japan) were housed in the specific pathogen-

free facility of Seoul National University College of 

Veterinary Medicine. The experimental protocols for 

the animal study were approved by the Institutional 

Animal Care and Use Committee of the Seoul National 

University (SNU-160929-5-2). At 3 and 21 months of 

age, mice were intraperitoneally injected with 1 mg/kg 

Tat-HSP10 or HSP10 once a day for 3 months. To 

confirm the delivery of proteins into the hippocampus, 

3-month-old mice received intraperitoneal injection of 1 

mg/kg Tat-HSP10 or HSP10 and the animals were 

sacrificed 1 h after protein treatment. 

 

Novel object recognition test 

 

After 13 weeks of protein treatment, a novel object 

recognition test was performed to evaluate the 

recognition memory in mice. Mice were freed in a black 

acrylic box (25 cm × 25 cm × 25 cm) for 2 min 

adaptation, as described previously [74]. For the 

training trial, two identical objects were placed in the 

opposite corners 24 h after adaption (1 h after protein 

treatment), and mice (n = 10 in each group) were 

allowed to explore the box for 2 min. After 1 h of the 

training trial, one object was replaced with a new one, 

and the mice were freed to explore the familiar and new 

objects for 2 min. Exploratory preference was 

determined with percentile value by dividing the total 

exploratory time by the time to explore the object. The 

number of object contacts, exploration time, and 

distance traveled were calculated in all groups when the 

animals were approached within 2 cm of the new object. 

 

Morris water maze test 

 

After 13 weeks of protein treatment, the Morris water 

maze test was performed to evaluate the spatial learning 
memory in mice. For the water maze test, animals were 

released to find the platform in a circular pool (100 cm 

in diameter) filled with powdered milk-dissolved water 

(24–25°C). The escape platform (7 cm in diameter) was 

submerged within 5 mm of the water’s surface. The 

navigation test was conducted for 60 s (four trials per 

day for four consecutive days), and the time consumed 

to find the hidden platform (escape latency) was 

measured using the Videomex tracking system 

(Columbus Instruments, Columbus, OH, USA). The 

next day, mice were freed into the pool at a random 

quadrant, and a spatial probe test was performed to 

measure the time to cross the platform, swimming 

speed, and time spent swimming in the target quadrant 

within 60 s using the Videomex tracking system 

(Columbus Instruments). 

 

Immunohistochemistry 

 

Immediately after the novel object recognition test or 1 

h after protein treatment (for confirmation of protein 

delivery), the mice (n = 5 in each group) were 

anesthetized with a mixture of xylazine (10 mg/kg; 

Bayer Korea, Seoul, South Korea) and alfaxalone (75 

mg/kg; Careside, Seongnam, South Korea). Trans-

cardiac perfusion was performed via the left ventricle 

using physiological saline and 4% paraformaldehyde 

solution. Hippocampal sections (30 μm thickness) 

located between 1.82 and 2.30 mm caudal to the bregma 

[75] were obtained using a sliding microtome with a 

freezing station (HM430; Thermo Scientific, Waltham, 

MA, USA) after post-fixation and cryoprotection with 

same fixative and 30% sucrose solution, respectively. 

Three sections (120 μm apart from each other) were 

selected, and immunohistochemical staining was 

conducted, as described in the previous studies [40, 72, 

74]. Briefly, rabbit anti-His-Tag (1:1000, Cat#NBP2-

61482, Novus Biologicals, Centennial, CO, USA), 

rabbit anti-Ki67 antibody (1:1000, Cat# ab15580, 

Abcam, Cambridge, UK), rabbit anti- DCX antibody 

(1:5000, Cat# ab18723, Abcam), biotinylated goat anti-

rabbit IgG (1:200, Cat# BA-1000, Vector Lab., 

Burlingame, CA, USA), and the VECTASTAIN Elite® 

ABC system (Vector Laboratories, Burlingame) were 

used except for His-Tag. Immunoreactive signals were 

visualized using 3,3′-diaminobenzidine tetrachloride 

(Sigma, St. Louis, MO, USA). For His-Tag, the sections 

were incubated with Cy3-conjugated anti-rabbit IgG 

(1:100; Jackson ImmunoResearch Laboratories Inc., 

West Grove, PA, USA). 

 

Western blot and quantitative PCR 

 

Immediately after the novel object recognition test, 

mice (n = 5 in each group) were anesthetized. Left and 

right hippocampal tissues were isolated for western 
blotting and quantitative PCR, respectively, as 

described previously [76, 77]. Sodium dodecyl sulfate-

polyacrylamide gel electrophoresis and nitrocellulose 
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membranes (Pall Crop, East Hills, NY, USA) were 

used. Rabbit anti-NMDAR1 (1:1000, Cat# 5704, Cell 

Signaling, Danvers, MA, USA), rabbit anti-PSD95 

(1:1000, Cat# ab18258, Abcam), rabbit anti-VGLUT2 

(1:5000, Cat# ab79157, Abcam), mouse anti-P16 

(1:500; Cat#sc-377412, Santa Cruz Biotechnology, 

Santa Cruz, CA, USA), rabbit anti-His-Tag (1:1000, 

Cat#NBP2-61482, Novus Biologicals), rabbit anti-Sirt3 

(1:1000; Cat#ab189860, Abcam), and peroxidase-

conjugated goat anti-rabbit IgG (Cat# PI-1000-1, Vector 

Lab.) or peroxidase-conjugated horse anti-mouse IgG 

(Cat# PI-2000-1, Vector Lab.) were used to identify 

respective proteins. For quantitative real-time PCR, 

specific forward and reverse primers were synthesized 

as follows: Foxo1 mRNA forward primer (5′-

ACATTTCGTCCTCGAACCAGCTCA-3′) and reverse 

primer (5′-ATTTCAGACAGACTGGGCAGCGTA-3′), 

Sirt1 mRNA forward primer (5′-CGGCTACCGAGGT 

CCATATAC-3′) and reverse primer (5′-CAGCTCA 

GGTGGAGGAATTGT-3′), and Sirt2 mRNA forward 

primer (5′-GAGCCGGACCGATTCAGAC-3′) and 

reverse primer (5′-AGACGCTCCTTTTGGGAACC-3′). 

 

Statistical analysis 

 

All experiments were conducted simultaneously, and 

the data were analyzed by two independent observers. 

Data are presented as mean ± standard deviation (SD). 

The effects of Tat-HSP10 or HSP10 depending on aging 

were analyzed by a two-way analysis of variance 

(ANOVA) followed by Tukey’s multiple comparisons 

test using GraphPad Prism 9.5 software (GraphPad 

Software, Inc., La Jolla, CA, USA). 

 

Abbreviations 
 

ANOVA: analysis of variance; FoxO1: forkhead box 

O1; HSP: heat shock protein; IPTG: isopropyl-β-D-

thiogalactoside; NMDAR1: N-methyl-D-aspartate 

receptor 1; PCR: polymerase chain reaction; PSD95: 

postsynaptic density 95; ROS: reactive oxygen species; 

SD: standard deviation; Sirt: sirtuin; VGLUT2: 

vesicular glutamate transport 2. 

 

AUTHOR CONTRIBUTIONS 
 

H.Y.J., H.J.K., K.R.H., W.K., D.Y.Y., Y.S.Y., 

D.W.K., and I.K.H. conceived the study. H.Y.J., 

H.J.K., D.W.K., and I.K.H. designed the study and 

wrote the manuscript. H.Y.J., K.R.H., W.K., D.Y.Y., 

and I.K.H. conducted the animal experiments. H.J.K. 

and D.W.K. conducted biochemical experiments. 

Y.S.Y. participated in designing and discussing the 

animal study. All authors read and approved the 

manuscript; all data were generated in-house, and no 

paper mill was used. 

ACKNOWLEDGMENTS 
 

The authors are grateful to Ms. Hyun Sook Kim for 

providing technical support for this study. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

ETHICAL STATEMENT 
 

The experimental protocols for the animal study were 

approved by the Institutional Animal Care and Use 

Committee of the Seoul National University (SNU-

160929-5-2). 

 

FUNDING 
 

This work was supported by the Basic Science Research 

Program through the National Research Foundation of 

Korea (NRF), funded by the Korea government (MSIT) 

(NRF-2019R1A2C1005440 to In Koo Hwang) and by 

the Ministry of Education (NRF-2021R1F1A1048079 

to Dae Won Kim). This work was also supported by the 

Research Institute for Veterinary Science at Seoul 

National University. 

 

REFERENCES 
 
1. Kregel KC, Zhang HJ. An integrated view of oxidative 

stress in aging: basic mechanisms, functional effects, 
and pathological considerations. Am J Physiol Regul 
Integr Comp Physiol. 2007; 292:R18–36. 
https://doi.org/10.1152/ajpregu.00327.2006 
PMID:16917020 

2. Luo J, Mills K, le Cessie S, Noordam R, van Heemst D. 
Ageing, age-related diseases and oxidative stress: 
What to do next? Ageing Res Rev. 2020; 57:100982. 
https://doi.org/10.1016/j.arr.2019.100982 
PMID:31733333 

3. Azam S, Haque ME, Balakrishnan R, Kim IS, Choi DK. 
The Ageing Brain: Molecular and Cellular Basis of 
Neurodegeneration. Front Cell Dev Biol. 2021; 
9:683459. 
https://doi.org/10.3389/fcell.2021.683459 
PMID:34485280 

4. Finger CE, Moreno-Gonzalez I, Gutierrez A, Moruno-
Manchon JF, McCullough LD. Age-related immune 
alterations and cerebrovascular inflammation. Mol 
Psychiatry. 2022; 27:803–18. 
https://doi.org/10.1038/s41380-021-01361-1 
PMID:34711943 

 5. Liu J, Zhao Y, Ding Z, Zhao Y, Chen T, Ge W, Zhang J. 

https://doi.org/10.1152/ajpregu.00327.2006
https://pubmed.ncbi.nlm.nih.gov/16917020
https://doi.org/10.1016/j.arr.2019.100982
https://pubmed.ncbi.nlm.nih.gov/31733333
https://doi.org/10.3389/fcell.2021.683459
https://pubmed.ncbi.nlm.nih.gov/34485280
https://doi.org/10.1038/s41380-021-01361-1
https://pubmed.ncbi.nlm.nih.gov/34711943


www.aging-us.com 12733 AGING 

Iron accumulation with age alters metabolic pattern 
and circadian clock gene expression through the 
reduction of AMP-modulated histone methylation. 
J Biol Chem. 2022; 298:101968. 
https://doi.org/10.1016/j.jbc.2022.101968 
PMID:35460695 

 6. Ionescu-Tucker A, Cotman CW. Emerging roles of 
oxidative stress in brain aging and Alzheimer's 
disease. Neurobiol Aging. 2021; 107:86–95. 
https://doi.org/10.1016/j.neurobiolaging.2021.07.014 
PMID:34416493 

 7. Sohal RS, Orr WC. The redox stress hypothesis of 
aging. Free Radic Biol Med. 2012; 52:539–55. 
https://doi.org/10.1016/j.freeradbiomed.2011.10.445 
PMID:22080087 

 8. Cenini G, Lloret A, Cascella R. Oxidative Stress in 
Neurodegenerative Diseases: From a Mitochondrial 
Point of View. Oxid Med Cell Longev. 2019; 
2019:2105607. 
https://doi.org/10.1155/2019/2105607 
PMID:31210837 

 9. Cini M, Moretti A. Studies on lipid peroxidation and 
protein oxidation in the aging brain. Neurobiol Aging. 
1995; 16:53–7. 
https://doi.org/10.1016/0197-4580(95)80007-e 
PMID:7723936 

10. Dorszewska J, Kowalska M, Prendecki M, Piekut T, 
Kozłowska J, Kozubski W. Oxidative stress factors in 
Parkinson's disease. Neural Regen Res. 2021; 
16:1383–91. 
https://doi.org/10.4103/1673-5374.300980 
PMID:33318422 

11. Simpson DSA, Oliver PL. ROS Generation in Microglia: 
Understanding Oxidative Stress and Inflammation in 
Neurodegenerative Disease. Antioxidants (Basel). 
2020; 9:743. 
https://doi.org/10.3390/antiox9080743 
PMID:32823544 

12. Stern M, McNew JA. A transition to degeneration 
triggered by oxidative stress in degenerative 
disorders. Mol Psychiatry. 2021; 26:736–46. 
https://doi.org/10.1038/s41380-020-00943-9 
PMID:33159186 

13. Raz N, Ghisletta P, Rodrigue KM, Kennedy KM, 
Lindenberger U. Trajectories of brain aging in middle-
aged and older adults: regional and individual 
differences. Neuroimage. 2010; 51:501–11. 
https://doi.org/10.1016/j.neuroimage.2010.03.020 
PMID:20298790 

14. Burgess N, Maguire EA, O'Keefe J. The human 
hippocampus and spatial and episodic memory. 
Neuron. 2002; 35:625–41. 
https://doi.org/10.1016/s0896-6273(02)00830-9 

PMID:12194864 

15. Geinisman Y, Detoledo-Morrell L, Morrell F, Heller RE. 
Hippocampal markers of age-related memory 
dysfunction: behavioral, electrophysiological and 
morphological perspectives. Prog Neurobiol. 1995; 
45:223–52. 
https://doi.org/10.1016/0301-0082(94)00047-l 
PMID:7777673 

16. Sun D, Gao G, Zhong B, Zhang H, Ding S, Sun Z, Zhang 
Y, Li W. NLRP1 inflammasome involves in learning and 
memory impairments and neuronal damages during 
aging process in mice. Behav Brain Funct. 2021; 
17:11. 
https://doi.org/10.1186/s12993-021-00185-x 
PMID:34920732 

17. Nogueira AB, Hoshino HSR, Ortega NC, Dos Santos 
BGS, Teixeira MJ. Adult human neurogenesis: early 
studies clarify recent controversies and go further. 
Metab Brain Dis. 2022; 37:153–72. 
https://doi.org/10.1007/s11011-021-00864-8 
PMID:34739659 

18. Babcock KR, Page JS, Fallon JR, Webb AE. Adult 
Hippocampal Neurogenesis in Aging and Alzheimer's 
Disease. Stem Cell Reports. 2021; 16:681–93. 
https://doi.org/10.1016/j.stemcr.2021.01.019 
PMID:33636114 

19. Culig L, Chu X, Bohr VA. Neurogenesis in aging and 
age-related neurodegenerative diseases. Ageing Res 
Rev. 2022; 78:101636. 
https://doi.org/10.1016/j.arr.2022.101636 
PMID:35490966 

20. McAvoy KM, Scobie KN, Berger S, Russo C, Guo N, 
Decharatanachart P, Vega-Ramirez H, Miake-Lye S, 
Whalen M, Nelson M, Bergami M, Bartsch D, Hen R, 
et al. Modulating Neuronal Competition Dynamics in 
the Dentate Gyrus to Rejuvenate Aging Memory 
Circuits. Neuron. 2016; 91:1356–73. 
https://doi.org/10.1016/j.neuron.2016.08.009 
PMID:27593178 

21. Berdugo-Vega G, Arias-Gil G, López-Fernández A, 
Artegiani B, Wasielewska JM, Lee CC, Lippert MT, 
Kempermann G, Takagaki K, Calegari F. Increasing 
neurogenesis refines hippocampal activity 
rejuvenating navigational learning strategies and 
contextual memory throughout life. Nat Commun. 
2020; 11:135. 
https://doi.org/10.1038/s41467-019-14026-z 
PMID:31919362 

22. Henderson B, Pockley AG. Molecular chaperones and 
protein-folding catalysts as intercellular signaling 
regulators in immunity and inflammation. J Leukoc 
Biol. 2010; 88:445–62. 
https://doi.org/10.1189/jlb.1209779 

https://doi.org/10.1016/j.jbc.2022.101968
https://pubmed.ncbi.nlm.nih.gov/35460695
https://doi.org/10.1016/j.neurobiolaging.2021.07.014
https://pubmed.ncbi.nlm.nih.gov/34416493
https://doi.org/10.1016/j.freeradbiomed.2011.10.445
https://pubmed.ncbi.nlm.nih.gov/22080087
https://doi.org/10.1155/2019/2105607
https://pubmed.ncbi.nlm.nih.gov/31210837
https://doi.org/10.1016/0197-4580(95)80007-e
https://pubmed.ncbi.nlm.nih.gov/7723936
https://doi.org/10.4103/1673-5374.300980
https://pubmed.ncbi.nlm.nih.gov/33318422
https://doi.org/10.3390/antiox9080743
https://pubmed.ncbi.nlm.nih.gov/32823544
https://doi.org/10.1038/s41380-020-00943-9
https://pubmed.ncbi.nlm.nih.gov/33159186
https://doi.org/10.1016/j.neuroimage.2010.03.020
https://pubmed.ncbi.nlm.nih.gov/20298790
https://doi.org/10.1016/s0896-6273(02)00830-9
https://pubmed.ncbi.nlm.nih.gov/12194864
https://doi.org/10.1016/0301-0082(94)00047-l
https://pubmed.ncbi.nlm.nih.gov/7777673
https://doi.org/10.1186/s12993-021-00185-x
https://pubmed.ncbi.nlm.nih.gov/34920732
https://doi.org/10.1007/s11011-021-00864-8
https://pubmed.ncbi.nlm.nih.gov/34739659
https://doi.org/10.1016/j.stemcr.2021.01.019
https://pubmed.ncbi.nlm.nih.gov/33636114
https://doi.org/10.1016/j.arr.2022.101636
https://pubmed.ncbi.nlm.nih.gov/35490966
https://doi.org/10.1016/j.neuron.2016.08.009
https://pubmed.ncbi.nlm.nih.gov/27593178
https://doi.org/10.1038/s41467-019-14026-z
https://pubmed.ncbi.nlm.nih.gov/31919362
https://doi.org/10.1189/jlb.1209779


www.aging-us.com 12734 AGING 

PMID:20445014 

23. Kiang JG, Tsokos GC. Heat shock protein 70 kDa: 
molecular biology, biochemistry, and physiology. 
Pharmacol Ther. 1998; 80:183–201. 
https://doi.org/10.1016/s0163-7258(98)00028-x 
PMID:9839771 

24. Liu Y, Steinacker JM. Changes in skeletal muscle heat 
shock proteins: pathological significance. Front Biosci. 
2001; 6:D12–25. 
https://doi.org/10.2741/liu 
PMID:11145923 

25. Hansen JJ, Bross P, Westergaard M, Nielsen MN, 
Eiberg H, Børglum AD, Mogensen J, Kristiansen K, 
Bolund L, Gregersen N. Genomic structure of the 
human mitochondrial chaperonin genes: HSP60 and 
HSP10 are localised head to head on chromosome 2 
separated by a bidirectional promoter. Hum Genet. 
2003; 112:71–7. 
https://doi.org/10.1007/s00439-002-0837-9 
PMID:12483302 

26. Deocaris CC, Kaul SC, Wadhwa R. On the brotherhood of 
the mitochondrial chaperones mortalin and heat shock 
protein 60. Cell Stress Chaperones. 2006; 11:116–28. 
https://doi.org/10.1379/csc-144r.1 
PMID:16817317 

27. Szegő ÉM, Dominguez-Meijide A, Gerhardt E, König A, 
Koss DJ, Li W, Pinho R, Fahlbusch C, Johnson M, 
Santos P, Villar-Piqué A, Thom T, Rizzoli S, et al. 
Cytosolic Trapping of a Mitochondrial Heat Shock 
Protein Is an Early Pathological Event in 
Synucleinopathies. Cell Rep. 2019; 28:65–77.e6. 
https://doi.org/10.1016/j.celrep.2019.06.009 
PMID:31269451 

28. Wardelmann K, Rath M, Castro JP, Blümel S, Schell M, 
Hauffe R, Schumacher F, Flore T, Ritter K, Wernitz A, 
Hosoi T, Ozawa K, Kleuser B, et al. Central Acting 
Hsp10 Regulates Mitochondrial Function, Fatty Acid 
Metabolism, and Insulin Sensitivity in the 
Hypothalamus. Antioxidants (Basel). 2021; 10:711. 
https://doi.org/10.3390/antiox10050711 
PMID:33946318 

29. Izaki K, Kinouchi H, Watanabe K, Owada Y, Okubo A, 
Itoh H, Kondo H, Tashima Y, Tamura S, Yoshimoto T, 
Mizoi K. Induction of mitochondrial heat shock 
protein 60 and 10 mRNAs following transient focal 
cerebral ischemia in the rat. Brain Res Mol Brain Res. 
2001; 88:14–25. 
https://doi.org/10.1016/s0169-328x(01)00012-2 
PMID:11295228 

30. Kayani AC, Close GL, Dillmann WH, Mestril R, Jackson 
MJ, McArdle A. Overexpression of HSP10 in skeletal 
muscle of transgenic mice prevents the age-related 

fall in maximum tetanic force generation and muscle 
Cross-Sectional Area. Am J Physiol Regul Integr Comp 
Physiol. 2010; 299:R268–76. 
https://doi.org/10.1152/ajpregu.00334.2009 
PMID:20410481 

31. Bie AS, Fernandez-Guerra P, Birkler RI, Nisemblat S, 
Pelnena D, Lu X, Deignan JL, Lee H, Dorrani N, 
Corydon TJ, Palmfeldt J, Bivina L, Azem A, et al. 
Effects of a Mutation in the HSPE1 Gene Encoding 
the Mitochondrial Co-chaperonin HSP10 and Its 
Potential Association with a Neurological and 
Developmental Disorder. Front Mol Biosci. 2016; 
3:65. 
https://doi.org/10.3389/fmolb.2016.00065 
PMID:27774450 

32. Safwan-Zaiter H, Wagner N, Wagner KD. P16INK4A-
More Than a Senescence Marker. Life (Basel). 2022; 
12:1332. 
https://doi.org/10.3390/life12091332 
PMID:36143369 

33. Wong LW, Chong YS, Lin W, Kisiswa L, Sim E, Ibáñez 
CF, Sajikumar S. Age-related changes in hippocampal-
dependent synaptic plasticity and memory mediated 
by p75 neurotrophin receptor. Aging Cell. 2021; 
20:e13305. 
https://doi.org/10.1111/acel.13305 
PMID:33448137 

34. Xu W. PSD-95-like membrane associated guanylate 
kinases (PSD-MAGUKs) and synaptic plasticity. Curr 
Opin Neurobiol. 2011; 21:306–12. 
https://doi.org/10.1016/j.conb.2011.03.001 
PMID:21450454 

35. Pietrancosta N, Djibo M, Daumas S, El Mestikawy S, 
Erickson JD. Molecular, Structural, Functional, and 
Pharmacological Sites for Vesicular Glutamate 
Transporter Regulation. Mol Neurobiol. 2020; 
57:3118–42. 
https://doi.org/10.1007/s12035-020-01912-7 
PMID:32474835 

36. Mattson MP, Arumugam TV. Hallmarks of Brain 
Aging: Adaptive and Pathological Modification by 
Metabolic States. Cell Metab. 2018; 27:1176–99. 
https://doi.org/10.1016/j.cmet.2018.05.011 
PMID:29874566 

37. Larsson JNK, Nyström S, Hammarström P. HSP10 as a 
Chaperone for Neurodegenerative Amyloid Fibrils. 
Front Neurosci. 2022; 16:902600. 
https://doi.org/10.3389/fnins.2022.902600 
PMID:35769706 

38. Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF. In 
vivo protein transduction: delivery of a biologically 
active protein into the mouse. Science. 1999; 

https://pubmed.ncbi.nlm.nih.gov/20445014
https://doi.org/10.1016/s0163-7258(98)00028-x
https://pubmed.ncbi.nlm.nih.gov/9839771
https://doi.org/10.2741/liu
https://pubmed.ncbi.nlm.nih.gov/11145923
https://doi.org/10.1007/s00439-002-0837-9
https://pubmed.ncbi.nlm.nih.gov/12483302
https://doi.org/10.1379/csc-144r.1
https://pubmed.ncbi.nlm.nih.gov/16817317
https://doi.org/10.1016/j.celrep.2019.06.009
https://pubmed.ncbi.nlm.nih.gov/31269451
https://doi.org/10.3390/antiox10050711
https://pubmed.ncbi.nlm.nih.gov/33946318
https://doi.org/10.1016/s0169-328x(01)00012-2
https://pubmed.ncbi.nlm.nih.gov/11295228
https://doi.org/10.1152/ajpregu.00334.2009
https://pubmed.ncbi.nlm.nih.gov/20410481
https://doi.org/10.3389/fmolb.2016.00065
https://pubmed.ncbi.nlm.nih.gov/27774450
https://doi.org/10.3390/life12091332
https://pubmed.ncbi.nlm.nih.gov/36143369
https://doi.org/10.1111/acel.13305
https://pubmed.ncbi.nlm.nih.gov/33448137
https://doi.org/10.1016/j.conb.2011.03.001
https://pubmed.ncbi.nlm.nih.gov/21450454
https://doi.org/10.1007/s12035-020-01912-7
https://pubmed.ncbi.nlm.nih.gov/32474835
https://doi.org/10.1016/j.cmet.2018.05.011
https://pubmed.ncbi.nlm.nih.gov/29874566
https://doi.org/10.3389/fnins.2022.902600
https://pubmed.ncbi.nlm.nih.gov/35769706


www.aging-us.com 12735 AGING 

285:1569–72. 
https://doi.org/10.1126/science.285.5433.1569 
PMID:10477521 

39. Tünnemann G, Martin RM, Haupt S, Patsch C, 
Edenhofer F, Cardoso MC. Cargo-dependent mode of 
uptake and bioavailability of TAT-containing proteins 
and peptides in living cells. FASEB J. 2006; 20:1775–84. 
https://doi.org/10.1096/fj.05-5523com 
PMID:16940149 

40. Hahn KR, Kwon HJ, Yoon YS, Kim DW, Hwang IK. 
Phosphoglycerate kinase 1 protects against ischemic 
damage in the gerbil hippocampus. Aging (Albany 
NY). 2022; 14:8886–99. 
https://doi.org/10.18632/aging.204343 
PMID:36260875 

41. Kwon HJ, Kim W, Jung HY, Kang MS, Kim JW, Hahn KR, 
Yoo DY, Yoon YS, Hwang IK, Kim DW. Heat shock 
protein 70 increases cell proliferation, neuroblast 
differentiation, and the phosphorylation of CREB in 
the hippocampus. Lab Anim Res. 2019; 35:21. 
https://doi.org/10.1186/s42826-019-0020-2 
PMID:32257909 

42. Harricharan R, Thaver V, Russell VA, Daniels WM. Tat-
induced histopathological alterations mediate 
hippocampus-associated behavioural impairments in 
rats. Behav Brain Funct. 2015; 11:3. 
https://doi.org/10.1186/s12993-014-0047-3 
PMID:25880773 

43. Fan Y, Gao X, Chen J, Liu Y, He JJ. HIV Tat Impairs 
Neurogenesis through Functioning As a Notch Ligand 
and Activation of Notch Signaling Pathway. 
J Neurosci. 2016; 36:11362–73. 
https://doi.org/10.1523/JNEUROSCI.1208-16.2016 
PMID:27807176 

44. Jung HY, Kwon HJ, Kim W, Nam SM, Kim JW, Hahn KR, 
Yoo DY, Won MH, Yoon YS, Kim DW, Hwang IK. 
Phosphoglycerate Mutase 1 Promotes Cell 
Proliferation and Neuroblast Differentiation in the 
Dentate Gyrus by Facilitating the Phosphorylation of 
cAMP Response Element-Binding Protein. Neurochem 
Res. 2019; 44:323–32. 
https://doi.org/10.1007/s11064-018-2678-5 
PMID:30460638 

45. Mishra Y, Kaundal RK. Role of SIRT3 in mitochondrial 
biology and its therapeutic implications in 
neurodegenerative disorders. Drug Discov Today. 
2023; 28:103583. 
https://doi.org/10.1016/j.drudis.2023.103583 
PMID:37028501 

46. Liu Q, Sun YM, Huang H, Chen C, Wan J, Ma LH, Sun YY, 
Miao HH, Wu YQ. Sirtuin 3 protects against 
anesthesia/surgery-induced cognitive decline in aged 

mice by suppressing hippocampal neuroinflammation. 
J Neuroinflammation. 2021; 18:41. 
https://doi.org/10.1186/s12974-021-02089-z 
PMID:33541361 

47. Chang Y, Wang C, Zhu J, Zheng S, Sun S, Wu Y, Jiang X, 
Li L, Ma R, Li G. SIRT3 ameliorates diabetes-associated 
cognitive dysfunction via regulating mitochondria-
associated ER membranes. J Transl Med. 2023; 
21:494. 
https://doi.org/10.1186/s12967-023-04246-9 
PMID:37481555 

48. Allen AR, Jones A', LoBianco FV, Krager KJ, Aykin-
Burns N. Effect of Sirt3 on hippocampal MnSOD 
activity, mitochondrial function, physiology, and 
cognition in an aged murine model. Behav Brain Res. 
2023; 444:114335. 
https://doi.org/10.1016/j.bbr.2023.114335 
PMID:36804441 

49. Xie Y, Song A, Zhu Y, Jiang A, Peng W, Zhang C, Meng 
X. Effects and mechanisms of probucol on aging-
related hippocampus-dependent cognitive 
impairment. Biomed Pharmacother. 2021; 
144:112266. 
https://doi.org/10.1016/j.biopha.2021.112266 
PMID:34634555 

50. Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, 
Zhong J, Saltness RA, Jeganathan KB, Verzosa GC, 
Pezeshki A, Khazaie K, Miller JD, van Deursen JM. 
Naturally occurring p16(Ink4a)-positive cells shorten 
healthy lifespan. Nature. 2016; 530:184–9. 
https://doi.org/10.1038/nature16932 
PMID:26840489 

51. Zhu L, Liu Z, Ren Y, Wu X, Liu Y, Wang T, Li Y, Cong Y, 
Guo Y. Neuroprotective effects of salidroside on 
ageing hippocampal neurons and naturally ageing 
mice via the PI3K/Akt/TERT pathway. Phytother Res. 
2021; 35:5767–80. 
https://doi.org/10.1002/ptr.7235 
PMID:34374127 

52. Chanmanee T, Wongpun J, Tocharus C, Govitrapong 
P, Tocharus J. Corrigendum to "The effects of 
agomelatine on endoplasmic reticulum stress related 
to mitochondrial dysfunction in hippocampus of aging 
rat model" [Chem. Biol. Interact. 351 (2022) 109703-
109717]. Chem Biol Interact. 2023; 379:110521. 
https://doi.org/10.1016/j.cbi.2023.110521 
PMID:37167648 

53. Yang W, Zhou X, Ma T. Memory Decline and 
Behavioral Inflexibility in Aged Mice Are Correlated 
With Dysregulation of Protein Synthesis Capacity. 
Front Aging Neurosci. 2019; 11:246. 
https://doi.org/10.3389/fnagi.2019.00246 

https://doi.org/10.1126/science.285.5433.1569
https://pubmed.ncbi.nlm.nih.gov/10477521
https://doi.org/10.1096/fj.05-5523com
https://pubmed.ncbi.nlm.nih.gov/16940149
https://doi.org/10.18632/aging.204343
https://pubmed.ncbi.nlm.nih.gov/36260875
https://doi.org/10.1186/s42826-019-0020-2
https://pubmed.ncbi.nlm.nih.gov/32257909
https://doi.org/10.1186/s12993-014-0047-3
https://pubmed.ncbi.nlm.nih.gov/25880773
https://doi.org/10.1523/JNEUROSCI.1208-16.2016
https://pubmed.ncbi.nlm.nih.gov/27807176
https://doi.org/10.1007/s11064-018-2678-5
https://pubmed.ncbi.nlm.nih.gov/30460638
https://doi.org/10.1016/j.drudis.2023.103583
https://pubmed.ncbi.nlm.nih.gov/37028501
https://doi.org/10.1186/s12974-021-02089-z
https://pubmed.ncbi.nlm.nih.gov/33541361
https://doi.org/10.1186/s12967-023-04246-9
https://pubmed.ncbi.nlm.nih.gov/37481555
https://doi.org/10.1016/j.bbr.2023.114335
https://pubmed.ncbi.nlm.nih.gov/36804441
https://doi.org/10.1016/j.biopha.2021.112266
https://pubmed.ncbi.nlm.nih.gov/34634555
https://doi.org/10.1038/nature16932
https://pubmed.ncbi.nlm.nih.gov/26840489
https://doi.org/10.1002/ptr.7235
https://pubmed.ncbi.nlm.nih.gov/34374127
https://doi.org/10.1016/j.cbi.2023.110521
https://pubmed.ncbi.nlm.nih.gov/37167648
https://doi.org/10.3389/fnagi.2019.00246


www.aging-us.com 12736 AGING 

PMID:31551760 

54. Gosrani SP, Jester HM, Zhou X, Ryazanov AG, Ma T. 
Repression of eEF2 kinase improves deficits in novel 
object recognition memory in aged mice. Neurobiol 
Aging. 2020; 95:154–60. 
https://doi.org/10.1016/j.neurobiolaging.2020.07.016 
PMID:32810756 

55. Anacker C, Hen R. Adult hippocampal neurogenesis 
and cognitive flexibility - linking memory and mood. 
Nat Rev Neurosci. 2017; 18:335–46. 
https://doi.org/10.1038/nrn.2017.45 
PMID:28469276 

56. Miller SM, Sahay A. Functions of adult-born neurons 
in hippocampal memory interference and indexing. 
Nat Neurosci. 2019; 22:1565–75. 
https://doi.org/10.1038/s41593-019-0484-2 
PMID:31477897 

57. Khawaja X, Xu J, Liang JJ, Barrett JE. Proteomic 
analysis of protein changes developing in rat 
hippocampus after chronic antidepressant treatment: 
Implications for depressive disorders and future 
therapies. J Neurosci Res. 2004; 75:451–60. 
https://doi.org/10.1002/jnr.10869 
PMID:14743428 

58. Morton H, McKay DA, Murphy RM, Somodevilla-
Torres MJ, Swanson CE, Cassady AI, Summers KM, 
Cavanagh AC. Production of a recombinant form of 
early pregnancy factor that can prolong allogeneic 
skin graft survival time in rats. Immunol Cell Biol. 
2000; 78:603–7. 
https://doi.org/10.1046/j.1440-1711.2000.00951.x 
PMID:11114970 

59. Maciel L, de Oliveira DF, Verissimo da Costa GC, Bisch 
PM, Nascimento JHM. Cardioprotection by the 
transfer of coronary effluent from ischaemic 
preconditioned rat hearts: identification of cardio-
protective humoral factors. Basic Res Cardiol. 2017; 
112:52. 
https://doi.org/10.1007/s00395-017-0641-2 
PMID:28695353 

60. Maciel L, de Oliveira DF, Monnerat G, Campos de 
Carvalho AC, Nascimento JHM. Exogenous 10 kDa-
Heat Shock Protein Preserves Mitochondrial Function 
After Hypoxia/Reoxygenation. Front Pharmacol. 
2020; 11:545. 
https://doi.org/10.3389/fphar.2020.00545 
PMID:32431608 

61. Jenwitheesuk A, Boontem P, Wongchitrat P, Tocharus 
J, Mukda S, Govitrapong P. Melatonin regulates the 
aging mouse hippocampal homeostasis via the 
sirtuin1-FOXO1 pathway. EXCLI J. 2017; 16:340–53. 
https://doi.org/10.17179/excli2016-852 

PMID:28507478 

62. Chen C, Zhou M, Ge Y, Wang X. SIRT1 and aging 
related signaling pathways. Mech Ageing Dev. 2020; 
187:111215. 
https://doi.org/10.1016/j.mad.2020.111215 
PMID:32084459 

63. Sola-Sevilla N, Ricobaraza A, Hernandez-Alcoceba R, 
Aymerich MS, Tordera RM, Puerta E. Understanding 
the Potential Role of Sirtuin 2 on Aging: 
Consequences of SIRT2.3 Overexpression in 
Senescence. Int J Mol Sci. 2021; 22:151. 
https://doi.org/10.3390/ijms22063107 
PMID:33803627 

64. Wang J, Hu JQ, Song YJ, Yin J, Wang YY, Peng B, Zhang 
BW, Liu JM, Dong L, Wang S. 2'-Fucosyllactose 
Ameliorates Oxidative Stress Damage in d-Galactose-
Induced Aging Mice by Regulating Gut Microbiota and 
AMPK/SIRT1/FOXO1 Pathway. Foods. 2022; 11:151. 
https://doi.org/10.3390/foods11020151 
PMID:35053883 

65. Tsien JZ, Huerta PT, Tonegawa S. The essential role of 
hippocampal CA1 NMDA receptor-dependent 
synaptic plasticity in spatial memory. Cell. 1996; 
87:1327–38. 
https://doi.org/10.1016/s0092-8674(00)81827-9 
PMID:8980238 

66. Taft CE, Turrigiano GG. PSD-95 promotes the 
stabilization of young synaptic contacts. Philos Trans 
R Soc Lond B Biol Sci. 2013; 369:20130134. 
https://doi.org/10.1098/rstb.2013.0134 
PMID:24298137 

67. Wozny C, Beed P, Nitzan N, Pössnecker Y, Rost BR, 
Schmitz D. VGLUT2 Functions as a Differential Marker 
for Hippocampal Output Neurons. Front Cell 
Neurosci. 2018; 12:337. 
https://doi.org/10.3389/fncel.2018.00337 
PMID:30333731 

68. Clayton DA, Grosshans DR, Browning MD. Aging and 
surface expression of hippocampal NMDA receptors. J 
Biol Chem. 2002; 277:14367–9. 
https://doi.org/10.1074/jbc.C200074200 
PMID:11891215 

69. Savioz A, Leuba G, Vallet PG. A framework to 
understand the variations of PSD-95 expression in 
brain aging and in Alzheimer's disease. Ageing Res 
Rev. 2014; 18:86–94. 
https://doi.org/10.1016/j.arr.2014.09.004 
PMID:25264360 

70. Jung HY, Yoo DY, Park JH, Kim JW, Chung JY, Kim DW, 
Won MH, Yoon YS, Hwang IK. Age-dependent 
changes in vesicular glutamate transporter 1 and 2 
expression in the gerbil hippocampus. Mol Med Rep. 

https://pubmed.ncbi.nlm.nih.gov/31551760
https://doi.org/10.1016/j.neurobiolaging.2020.07.016
https://pubmed.ncbi.nlm.nih.gov/32810756
https://doi.org/10.1038/nrn.2017.45
https://pubmed.ncbi.nlm.nih.gov/28469276
https://doi.org/10.1038/s41593-019-0484-2
https://pubmed.ncbi.nlm.nih.gov/31477897
https://doi.org/10.1002/jnr.10869
https://pubmed.ncbi.nlm.nih.gov/14743428
https://doi.org/10.1046/j.1440-1711.2000.00951.x
https://pubmed.ncbi.nlm.nih.gov/11114970
https://doi.org/10.1007/s00395-017-0641-2
https://pubmed.ncbi.nlm.nih.gov/28695353
https://doi.org/10.3389/fphar.2020.00545
https://pubmed.ncbi.nlm.nih.gov/32431608
https://doi.org/10.17179/excli2016-852
https://pubmed.ncbi.nlm.nih.gov/28507478
https://doi.org/10.1016/j.mad.2020.111215
https://pubmed.ncbi.nlm.nih.gov/32084459
https://doi.org/10.3390/ijms22063107
https://pubmed.ncbi.nlm.nih.gov/33803627
https://doi.org/10.3390/foods11020151
https://pubmed.ncbi.nlm.nih.gov/35053883
https://doi.org/10.1016/s0092-8674(00)81827-9
https://pubmed.ncbi.nlm.nih.gov/8980238
https://doi.org/10.1098/rstb.2013.0134
https://pubmed.ncbi.nlm.nih.gov/24298137
https://doi.org/10.3389/fncel.2018.00337
https://pubmed.ncbi.nlm.nih.gov/30333731
https://doi.org/10.1074/jbc.C200074200
https://pubmed.ncbi.nlm.nih.gov/11891215
https://doi.org/10.1016/j.arr.2014.09.004
https://pubmed.ncbi.nlm.nih.gov/25264360


www.aging-us.com 12737 AGING 

2018; 17:6465–71. 
https://doi.org/10.3892/mmr.2018.8705 
PMID:29532891 

71. Sun Z, Zhao S, Suo X, Dou Y. Sirt1 protects against 
hippocampal atrophy and its induced cognitive 
impairment in middle-aged mice. BMC Neurosci. 
2022; 23:33. 
https://doi.org/10.1186/s12868-022-00718-8 
PMID:35668361 

72. Jung HY, Kwon HJ, Kim W, Hahn KR, Moon SM, Yoon 
YS, Kim DW, Hwang IK. Phosphoglycerate Mutase 1 
Prevents Neuronal Death from Ischemic Damage by 
Reducing Neuroinflammation in the Rabbit Spinal 
Cord. Int J Mol Sci. 2020; 21:7425. 
https://doi.org/10.3390/ijms21197425 
PMID:33050051 

73. Kwon HJ, Hahn KR, Kang MS, Choi JH, Moon SM, Yoon 
YS, Hwang IK, Kim DW. Tat-malate dehydrogenase 
fusion protein protects neurons from oxidative and 
ischemic damage by reduction of reactive oxygen 
species and modulation of glutathione redox system. 
Sci Rep. 2023; 13:5653. 
https://doi.org/10.1038/s41598-023-32812-0 
PMID:37024665 

74. Yoo DY, Jung HY, Kim W, Hahn KR, Kwon HJ, Nam SM, 
Chung JY, Yoon YS, Kim DW, Hwang IK. Entacapone 
promotes hippocampal neurogenesis in mice. Neural 
Regen Res. 2021; 16:1005–110. 
https://doi.org/10.4103/1673-5374.300447 
PMID:33269743 

75. Paxinos G, Franklin KBJ. The mouse brain in 
stereotaxic coordinates. Academic Press: San Diego. 
2001. 

76. Yoo DY, Cho SB, Jung HY, Kim W, Nam SM, Kim JW, 
Moon SM, Yoon YS, Kim DW, Choi SY, Hwang IK. 
Differential roles of exogenous protein disulfide 
isomerase A3 on proliferating cell and neuroblast 
numbers in the normal and ischemic gerbils. Brain 
Behav. 2020; 10:e01534. 
https://doi.org/10.1002/brb3.1534 
PMID:31957985 

77. Jung HY, Kim W, Hahn KR, Nam SM, Yi SS, Kwon HJ, 
Kang MS, Choi JH, Kim DW, Yoon YS, Hwang IK. Spatial 
and temporal changes in the PGE2 EP2 receptor in 
mice hippocampi during postnatal development and its 
relationship with cyclooxygenase-2. Iran J Basic Med 
Sci. 2021; 24:908–13. 
https://doi.org/10.22038/ijbms.2021.56286.12556 
PMID:34712420 

 

 

https://doi.org/10.3892/mmr.2018.8705
https://pubmed.ncbi.nlm.nih.gov/29532891
https://doi.org/10.1186/s12868-022-00718-8
https://pubmed.ncbi.nlm.nih.gov/35668361
https://doi.org/10.3390/ijms21197425
https://pubmed.ncbi.nlm.nih.gov/33050051
https://doi.org/10.1038/s41598-023-32812-0
https://pubmed.ncbi.nlm.nih.gov/37024665
https://doi.org/10.4103/1673-5374.300447
https://pubmed.ncbi.nlm.nih.gov/33269743
https://doi.org/10.1002/brb3.1534
https://pubmed.ncbi.nlm.nih.gov/31957985
https://doi.org/10.22038/ijbms.2021.56286.12556
https://pubmed.ncbi.nlm.nih.gov/34712420

