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1 | INTRODUCTION

The aging population has become a worldwide concern.

Abstract

Cerebroprotein hydrolysate-1 (CH-1), a mixture of peptides extracted from porcine
brain tissue, has shown a neuroprotective effect, but its role in brain senescence is
unclear. In the present study, we established a senescence model of PC12 cells and
mice to investigate the effect of CH-Il on brain senescence via JAK2/STAT3 pathway.
The results showed that CH-I could improve cell viability, inhibit the apoptosis of
cells, and reduce the senescence-positive cells induced by D-galactose. In vivo, CH-I
improved the learning ability and memory of aging mice, reduced neuronal damage in
mice hippocampus. Mechanism studies showed that CH-I could adjust BDNF protein
expressions, activate JAK2/STAT3 pathway, and finally enhance telomerase activity.
All these findings indicated that CH-I showed a neuroprotective effect against brain
senescence. These results might provide further reference and support for the ap-

plication of CH-l in delaying aging.
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of telomere length is mainly depended on telomerase activity.
Telomeres attrition and decreasing of telomerase activity in brain

may cause aging and death of neurons, leading to cognitive decline

Evidence suggests that brain aging can increase the possibility of
developing neurodegenerative disease (Coutu et al., 2017). Given
the incidence of neurodegenerative disease trends to rise year by
year (Arribas et al., 2018), researchers have been trying to seek
safe and effective treatments based on the mechanisms of aging.
Although the pathogenesis of aging is highly complex, the previous
study has shown that telomere attrition is an important factor in

accelerating aging (Lopez-Otin et al., 2013), and the maintenance

(Qi et al., 2019). The deletion of telomerase affected brain function
in mice, which showed neuron loss with memory impairment (Rolyan
etal., 2011) and anxious behavior (Lee et al., 2010). Telomerase reac-
tivation in adult mice could improve age-related decline in cognitive
performance (Jaskelioff et al., 2011), indicating that telomerase acti-
vation may be an effective method to delay brain aging.

Telomerase is composed of telomerase reverse transcriptase
(TERT) and telomerase RNA component (TERC). TERT is regarded
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as the main regulatory subunit of telomerase, and up-regulation or
phosphorylation of TERT can activate telomerase activity. TERT un-
dergoes transcriptional activation by a lot of signals, among which
signal transducer and activator of transcription 3 (STAT3) are consid-
ered as a prominent activator (Kumar et al., 2018; Wang et al., 2012).
Although STAT3 and phosphorylated STAT3 activate telomerase in
tumor cells, it still can play a positive role in aging and repair nerve
injury (Benito et al., 2017; Park et al., 2013). The activation of STAT3
depends on the JAK2 (Janus kinase2) /STAT3 signaling pathway,
which is considered as a signaling cascade that has a prominent role
in immune function and cancer development. Increasing evidence
also suggests that JAK2/STAT3 signaling pathway plays an import-
ant role in the brain, especially in combination with neurotrophic
factors. Studies have shown that brain-derived neurotrophic factor
(BDNF) can promote nerve regeneration and improve nerve injury
by activating the JAK/STAT pathway (Benito et al., 2017). Activation
and phosphorylation of STAT3 by increasing BDNF can also improve
memory deficits in rats (Alawdi et al., 2017). The activation of JAK2/
STAT3 may be useful in treating cognitive impairment associated
with aging-related disorders (Park et al., 2013). Therefore, the JAK2/
STAT3 pathway may play a role in regulating brain senescence and
telomerase activity.

Cerebroprotein hydrolysate-I (CH-1) is a mixture of peptides ex-
tracted from porcine brain tissue which has been shown an effect
in inhibiting neuroinflammation and free radical formation and can
promote neurogenesis (Guan et al., 2019). In addition, it can pass
through the blood-brain barrier to improve neuronal survivals and
repair neurons (Rockenstein et al., 2015). Therefore, CH-I is widely
regarded as a potential neurotrophic and neuroprotective drugin the
treatment of vascular dementia, stroke and AD (Cui et al., 2019; Li
et al., 2013). Based on the above, we speculate that CH-I may act on
telomerase through JAK2/STAT3 pathway to delay aging. However,
the effects of CH-1 on brain senescence have not been yet reported.
In this study, we try to investigate the neuroprotective effects and

possible mechanisms of CH-1 against brain senescence.

2 | MATERIALS AND METHODS
2.1 | Cellculture

PC12 cells were purchased from iCell Institute of Biotechnology
(Shanghai, China) and maintained in RPMI 1,640 medium (HyClone,
USA) with 10% heat-inactivated horse serum (Solarbio, China), 5%
fetal bovine serum (Gibco, USA), and 1% penicillin-streptomycin
(Solarbio, China) at 37°C in a humidified atmosphere with 5% CO,,.

2.2 | D-gal-induced cell injury
The cells were seeded into 96-well plates and incubated for 24 hr,

and then treated with different concentrations (5, 10, 15, 20, 25,
and 30 mg/ml, for 24 hr, 48 hr, and 72 hr) of D-gal (purity 299%,

Aladdin, China). Cell viability was measured by Cell counting kit-8
(CCK-8 assay, Solarbio, China). 10 ul of CCK-8 solution was added to
each well and incubated for 2.5 hr at 37°C. Absorbance was meas-
ured at 450 nm with a Microplate Reader (SYNERGYH1, Bio-Tek
Instruments, Winooski, VT, USA). The suitable inhibitory concentra-
tion and time of D-gal were selected based on the result.

2.3 | Cell viability assay

PC12 cells were seeded into 96-well plates and incubated for 24 hr.
Different concentrations (15, 30, 60, 120, and 240 pg/ml) of CH-I
(0190501-1, 30 mg/ampoule, Hebei Zhitong, China, a Chinese FDA
ratification code of GuoYaoZhunZi-H20051737/H20051738) were
added to the cells for 12 hr, 24 hr, and 48 hr. Then, cells were treated
with 20 mg/ml of D-gal for 48 hr except for the control group. Cell

viability was evaluated by the CCK-8 assay as described above.

2.4 | Senescence associated -galactosidase staining

Cellular senescence was detected by senescence-associated f3-
galactosidase (SA-B-gal) staining kit (Beyotime, China). PC12 cells
were plated in 6-well plates. After grouped and treated as described
above, the cells were stained with p-galactosidase staining solution
and incubated overnight at 37°C (free CO,). The number of posi-
tive cells was calculated under a light microscope (IX-70, Olympus,

Tokyo, Japan).

2.5 | Cell apoptosis assay

Cell apoptosis was determined by Annexin V-EGFP/PI cell apoptosis
detection kit (TransGen, China). PC12 cells which treated as indi-
cated were harvested and resuspended in 100 pl of binding buffer.
Then cells were incubated with 5 pl Annexin V-FITC and 5 pl PI
for 15 min at room temperature protected from light. The samples
were analyzed by Flow Cytometry (CytoFLEX, Beckman Coulter).

2.6 | Animals and treatment

Forty-eight male C57/BL6N mice (2-month old) were purchased
from Weitong Lihua Experimental Animal Technology (Beijing,
China) (SCXK: 2016-0006). The animal experiments were approved
by the Ethics Committee of Qingdao University Medical College
and The National Institutes of Health Guide for the Care and Use
of Laboratory Animals was used as a guide for the design of all
animal-related studies (QYFY WZLL 2020-10-26). All animals were
maintained in a controlled environment with constant temperature
(20 + 3) °C and relative humidity (60 + 10)%. The mice had free ac-
cess to food and water. The mice were randomly divided into four

groups (n = 12), including the control group, model group, CH-I
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groups (3 and 6 mg/kg). The mice in control group were given an
intraperitoneal injected of normal saline, while others were given
D-gal (150 mg/kg) once a day for 8 weeks. As described previously
(Nam et al., 2019), after 3 weeks of D-gal treatment, CH-I was in-

jected separately to the mice once daily for 5 weeks.

2.7 | Morris water maze

The Morris Water Maze (MWM) test was performed to measure spa-
tial learning and memory of mice (Ceglia et al., 2015). Briefly, the
mice were given a four-quadrant hidden platform test per day for
5 consecutive days and a probe trial on day 6. For the hidden plat-
form test, the mice were given 60 s to reach the hidden platform and
allowed to stay on the platform for 30 s. The platform was removed
on day 6 for the probe trial, and each mouse was allowed to explore
for 60 s. The swimming trajectory and the time spent in the target
platform quadrant were recorded and analyzed by the video tracking
analysis system.

2.8 | Open field experiment test

Following MWM test for 7 days, the open field experiment was used
to observe the spontaneous exploration activity of mice after the
administration of drugs (Zheng et al., 2019). Each mouse was placed
in one of the four corner squares facing the wall. Then, their behav-
ior was recorded on video for 5 min. The instrument recorded the la-
tency time for the mouse to walk out of the central and surrounding
areas. Each mouse was wiped off after completing the experiment
to avoid leaving odors and dirt that could interfere with the results
of the experiment.

2.9 | HE staining

Four mice were randomly selected from each group. Each mouse
was perfused through the heart to harvest the brain. Immersion-
fixed brain (hippocampus) tissues were routinely embedded in
paraffin and sectioned at 7 pm. The hippocampal sections were de-
waxed and rehydrated, then were stained by a hematoxylin-eosin
(HE) staining kit (Solarbio, China) according to the manufacturer's in-
struction. Finally, all the staining sections were used an inverted mi-
croscope (Olympus, Tokyo, Japan) to obtain the images. The degree
of damage is denoted by the denatured cell index (DCIl = number of

denatured cells/total number of cells).

2.10 | Western blot analysis

Total proteins from cells and hippocampal tissues of mice were
extracted and the protein content was determined. Samples were

separated by dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and electrotransferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Burlington, MA, USA). The mem-
branes were blocked with 5% skim milk at room temperature for 2 hr
and incubated at 4°C overnight with the primary antibodies (BDNF
1:1,000, Zen, China) (JAK2 1:1,000,STAT3 1:1,000, p-STAT3 1:1,000,
B-actin 1:10,000, Affinity, USA) (p-JAK2 1:1,000, Boster, China)
(TERT 1:500, Novus, USA). Then, the membranes were washed and
incubated with the horseradish peroxidase-secondary antibody
(goat anti-rabbit IgG 1:10,000, goat anti-mouse IgG 1:10,000) at
room temperature for 1.5 hr. Protein signals were detected using
enhanced chemiluminescence reagents (Millipore, Burlington, MA,
USA). Images were acquired by a BioSpectrum version 810 imaging
system (UVP) and analyzed using the Quantity One software.

2.11 | Telomerase activity assay

Telomerase activity was measured by Telomerase PCR-ELISA kit
(Roche, Germany) according to the manufacturer's protocols. Briefly,
extracts from the hippocampal tissues of C57 mice were obtained
using lysate. Then, the extracts were added to reaction mixture and
transferred to a thermal cycler (Bio-Rad, CA, USA). Measurement
protocol times were as follows: 25°C for 30 min, 94°C for 5 min, 30
cycles at 94°C for 30 s, 50°C for 30 s, and 72°C for 90 s. Cell extracts
that were previously heat-inactivated (at 95°C for 10 min) were used
as a negative control, while protein extracts supplied with the kit
served as a positive control. Upon dilution of PCR product with the
Hybridization buffer, the mixtures were added onto 96-well plates.
Following denaturation and hybridization at 37°C for 2 hr, anti-
digoxigenin peroxidase conjugate and TMB substrate were used
for the ELISA assay, and the absorbance at 450 nm was measured
using a microplate reader (Bio-Tek Instruments, Winooski, VT, USA).
Samples with relative absorbance values more of than 0.2 were con-

sidered positive.

2.12 | Statistical analysis

All statistical analyses were analyzed by GraphPad Prism version 8.
One-way analysis of variance was used to assess multiple groups of
data and Student's t-test was used to compare between two groups.

p < .05 was considered statistically significant.

3 | RESULTS
3.1 | CH-lreduce D-gal-induced injury in PC12 cells

D-gal in the range of 20-30 mg/ml can significantly decreased
cell viability (p < .05), which was decreased to (56.27 + 2.92) % by
20 mg/ml of D-gal for 48 hr (Figure 1a). Therefore, D-gal at 20 mg/ml
for 48 hr was selected. The test was given to explore the protective
effect of CH-I (15, 30, 60, 120, and 240 ug/ml for 12 hr, 24 hr, and
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48 hr). CH-1 could prevent cells from the damage of D-gal as shown
by improved cell viability, while treatment with 60 and 120 pg/ml
CH-| showed a significantly protective effect compared with D-gal
group (p < .05) (Figure 1b). Therefore, the two concentrations of

CH-I were selected for further experiments.

3.2 | CH-I prevents senescence-induced by D-gal in
PC12 cells

The SA-B-gal staining results show that the numbers of blue senes-
cent cells in D-gal group were obviously increased, which was sig-
nificantly reduced by CH-I (p < .01). Compared with D-gal group,
the proportion of SA-p-Gal-positive cells was markedly decreased in
treatment with CH-I (p < .05) (Figure 2).

3.3 | CH-I prevents apoptosis induced by D-Gal in
PC12 cells

Flow cytometry was used to detect the effect of CH-I on apoptosis
in PC12 cells. The result showed that CH-I increased the apoptosis
rate of PC12 cells damaged by D-gal compared to the control group
(p < .01). And compared with D-gal group, the apoptosis rate was
significantly reduced by the CH-I (p < .05) (Figure 3).

3.4 | CH-I promotes TERT expression and activates
JAK2/STATS3 signaling in PC12 cells

To verify whether JAK2/STAT3 pathway was involved in protec-
tive effects of CH-I, we further analyze protein characterization
of PC12 cells using Western blotting. The results showed that
compared with control group, the expression of BDNF was de-
creased, and the phosphorylation levels of JAK2 and STAT3 were
down-regulated after D-gal induction. The expression of TERT
protein was also reduced (p < .05). But after treatment with CH-I,
the expression of BDNF was significantly increased, and the lev-
els of p-JAK2, p-Stat3, and TERT were raised (p < .05) (Figure 4).
Meanwhile, the total protein levels of JAK2 and STAT3 were rela-

tively constant in all the groups.
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3.5 | CH-Ilimproved the Cognition and
Exploratory Dysfunction of Aging Mice

In terms of search strategy, the search strategy of model group was
mainly random and aimless, while the data in CH-I groups showed a
straight line and purpose especially at 6mg/kg, suggesting the em-
bodiment of strong spatial learning and memory ability (Figure 5a).
In the probe trial (Figure 5b), compared with control group, the
latency of first entrance to target and the time spent in the tar-
get platform quadrant in model group were significantly reduced
(p < .01), which was reversed by CH-I (p < .05). The above results
indicated that CH-I significantly improved the cognition deficit of
aging mice.

The open-field experiment was used to assess autonomic activi-
ties and exploratory behaviors. A high frequency of these behaviors
indicates increased locomotion and exploration (Figure 5c). The re-
sults showed (Figure 5d) that D-gal-treated mice exhibited a signif-
icant reduction in open field activity compared with control group
of mice (p < .01). Compared with D-gal group, CH-I groups signifi-
cantly improved autonomic activities (p < .05). The results indicated
that CH-I could ameliorate the behavioral impairments caused by
D-gal.

3.6 | CH-I attenuated neuronal damage in the
hippocampus of aging mice

HE staining was performed to evaluate the neuroprotective effect
of CH-I treatment. As shown in Figure 6a, the neurons in hippocam-
pus were neatly arranged in control group, while the mice in D-gal
group showed that the nuclei of hippocampal neurons were pyk-
notic and hyperchromatic and the array of neurons were disordered
and incompact with part of them formed cavities. The DCI of D-gal
group was significantly higher than that in the control group (p < .01)
(Figure 6b). These results suggested that D-gal could cause patho-
logical changes of hippocampal neurons in mice. The hippocampal
morphologies of CH-I groups were restored. Compared with D-gal
group, the neurons in CH-I groups tended to be arranged in a more
orderly manner, and the DCI was significantly reduced (p < .05), sug-
gesting the effect of CH-I on reducing the neuron damages of the

aging brain.
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induced by D-gal in PC12 cells. (a)
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cells (magnification, x100). (b) The rate
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FIGURE 3 CH-Iprevents apoptosis induced by D-gal in PC12 cells. (a) Annexin V/PI staining and flow cytometry analysis of cell apoptosis.
(b) The average value of the percentages of apoptotic cells from repeated. **p < .01 vs control group; #n < .05 and #p < .01 vs D-gal group

3.7 | CH-lincreased the expression of TERT and (p < .01). However, the telomerase activity in hippocampus of CH-I
telomerase activity in hippocampus of aging mice treated mice was significantly increased compared with that of the

D-gal group (p < .05).
We evaluated the effect of CH-1 on TERT protein expression and
telomerase activities in the hippocampus of aging mice. Firstly, we

detected the protein expression of TERT. The protein expression 3.8 | CH-I promoted the activation of JAK2/STAT3
levels were declined in hippocampus in D-gal group (Figure 7a, 7b). signaling in D-gal-induced aging mice

Then, we examined telomerase activity using a PCR-ELISA assay.

The results showed that compared with control group, the telom- We then assessed the expression of JAK2/STAT3 signaling pathway-

erase activity was significantly decreased after D-gal treatment related proteins in hippocampus of aging mice after CH-I treatment.
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exploring behavior in the open field test. (d) The time spent in center of the open filed box. **p < .01 vs control group; ?p < .05 and #p < .01
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Similar results to the cell level, the expression of BDNF in the hip- (Hsieh et al., 2011; Kaviani et al., 2017). Therefore, PC12 cell dam-
pocampus was significantly increased (p < .05), and the decline of age and C57/BL6N mice senescence-induced by D-gal were se-
p-JAK2, p-Stat3 proteins caused by D-gal could be reversed (p < .05) lected as models to investigate the prevention and treatment effect
(Figure 8a, 8b). of CH-I on senility. The results showed that the positive rate of cell

aging and apoptosis of PC12 cells in model group was significantly
increased, the ability of learning and memory and autonomous
4 | DISCUSSION activity of mice in model group were significantly decreased, and
neuronal damage in the hippocampus was significantly aggravated.
A large number of studies have shown that abnormal accumulation CH-1 is a mixture containing bioactive peptides derived from

of D-gal in cells and mice can lead to nervous system senescence the porcine brain, which has similar effects to neurotrophic factors
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FIGURE 7 CH-I promoted TERT
expression and telomerase activity. (a)
The original bands of TERT and p-actin. -
actin was considered as loading controls.
(b) The effect of CH-I on TERT protein
expressions in hippocampus of aging mice.
(c) The relative absorbance of telomerase
activity was measured by PCR-ELISA. **p
< .01 vs control group; #p < .05 vs D-gal
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FIGURE 8 Effects of CH-1 on JAK2/STATS3 signaling pathway related proteins expressions of hippocampus in D-gal-induced aging mice.
(a) The original bands of BDNF, JAK2, p-JAK2, STAT3, p-STAT2, and f-actin. f-actin was considered as loading controls. (b) The ratio of
different proteins to p-actin was calculated by the band density. **p < .01 vs control group; #p < .05, "p < .01 vs D-gal group
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(such as brain-derived neurotrophic factor, nerve growth factor),
and has been considered as a potential neuroprotective drug for
the treatment of age-related nervous system diseases (Tatebayashi
et al., 2003; Xing et al.,2014). Our study demonstrated for the first
time that CH-I could significantly improve cell survival at concen-
trations of 60 and 120 pg/ml, alleviated D-gal-induced PC12 cell
senescence and apoptosis. D-gal-induced aging mice were accom-
panied by behavioral disorders such as the decrease of learning and
memory and autonomic activities, while hippocampus was obviously
damaged. Our study found that in animal models, CH-1 (3 and 6 mg/
kg) could improve the ability of learning and memory, increase the
autonomic activity of aging mice, and significantly reduce hippocam-
pal neuronal damage caused by D-gal in mice. These results suggest
that CH-I may play a role in the aging of the nervous system.

Accumulated evidence support that telomerase reactivation is
an effective way to delay aging (Cheung et al., 2014; Shay, 2016; Yu
et al., 2014; Cheng et al., 2019). The role of telomerase in brain aging
has been confirmed, and the inactivation of telomerase is associated
with many neurodegenerative diseases (Eitan et al., 2012; Shoeb
et al., 2020), making telomerase a potential therapeutic target for
age-related neurological diseases. Telomerase reverse transcriptase
(TERT), as the key structure and main regulatory subunit of telomer-
ase, plays an important role in the regulation of telomerase activity.
We found that TERT protein expression was significantly decreased
in D-Gal-induced PC12 cells and mice hippocampal tissues, and a
significant increase in TERT expression was also observed following
treatment with CH-I.

Increased telomerase expression may have some beneficial ef-
fects on the development and progression of neurodegenerative
diseases. In rodent brains, telomerase activity becomes undetect-
able by postnatal day 10, the TERT mRNA maintains at a lower level
until adulthood (Klapper et al., 2001). Other studies confirmed the
telomerase activity in the adult hippocampus, cerebellum and cor-
tex (Lee et al., 2010; Mamdani et al., 2015). Compared with control
group, telomerase activity in hippocampus of D-gal-induced aging
mice was significantly decreased. After CH-I treatment, telomerase
activity in the hippocampus was significantly increased compared
with the model mice. Meanwhile, the learning and memory ability of
the aging mice were dramatically improved. Therefore, we consid-
ered that CH-I can antagonize the cognitive dysfunction associated
with aging induced by D-gal in mice, which may be related to the
enhancement of telomerase activity.

TERT can be up-regulated by a variety of transcription factors. In
this study, we focused on exploring the ways to regulate TERT ex-
pression and telomerase activity. STAT3 is a transcription factor that
plays a key role in cytokine and growth factor signaling, it has been
shown that as a transcription factor of TERT, STAT3 can up-regulate
TERT expression (Guo et al., 2012; Wang et al., 2012) and plays arole
in aging and repair nerve injury (Benito et al., 2017; Park et al., 2013).
STAT3 activation is dependent on the JAK2/STAT3 signaling path-
way, and the activation of JAK2/STAT3 may be useful in treating
cognitive impairment associated with aging-related disorders (Park
et al., 2013). Based on this, we think that the JAK2/STAT3 pathway
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may play a role in regulating aging and telomerase activity. Previous
studies have shown that neurotrophic factors such as BDNF can
activate the JAK2/STAT3 pathway (Qi et al., 2019). Therefore, we
detected the expression of BDNF, p-JAK2 and p-STAT3 proteins in
PC12 cells and hippocampal tissues of aging mice after the addition
of CH-I. In this study, we found that BDNF levels were significantly
increased after treatment with CH-I, which is consistent with previ-
ous research (Alvarez et al., 2016). And CH-I reversed the decrease
of p-JAK2, p-STAT3 induced by D-gal, which was consistent with
TERT protein expression and telomerase. The results suggested that
CH-1 showed anti-aging and neuroprotective effects, which may be
related to the enhancement of BDNF expression, activation of JAK/
STAT pathway, and ultimately activation of telomerase activity. This
study is expected to provide new approaches for delaying senes-

cence of the nervous system and preventing age-related diseases.

5 | CONCLUSION

In conclusion, D-gal induced senescence and apoptosis of PC12 cells
and resulted in a hippocampal tissue senescence damage in mice.
Our results suggest that CH-I can improve the senescence of PC12
cells and mice hippocampal tissue, which may be achieved by in-

creasing telomerase activity.
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