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Abstract
Aging is a natural and inevitable process of organisms. With the intensification of population aging, research on aging has 
become a hot topic of global attention. The most obvious manifestation of human aging is the aging of brain function, which 
has been linked to the development of neurodegenerative diseases. In this study, COP-22, a mono-carbonyl curcumin deriva-
tive, was evaluated for its anti-aging ability, especially its ability to resist brain aging induced by D-galactose (D-gal) in mice. 
For brain protection, COP-22 could resist D-gal–induced oxidative stress by increasing the activity of antioxidative defense 
enzymes and enhancing antioxidant capacity in the brain tissue; COP-22 could improve the dysfunction of the cholinergic 
system by decreasing the increased activity of acetylcholinesterase and increasing the reduced content of acetylcholine 
induced by D-gal; and COP-22 could protect nerve cells of the brain. Further, western blot was used to determine related 
proteins of the brain. We found that COP-22 could effectively protect against brain injury (SIRT1, p53, p21, and p16) by 
inhibiting oxidative stress (Nrf2 and HO-1), inflammation (IL-6 and TNF-α), and apoptosis (Bax and caspase-3) in D-gal–
induced aging mice. Additionally, COP-22 demonstrated the ability to reduce oxidative stress in serum and liver caused 
by D-gal, as well as relieve the damages in the liver and kidney induced by D-gal. These results indicated that COP-22 had 
potential anti-aging activity and could be used in the therapy of aging and aging-associated diseases like Alzheimer disease.
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Introduction

From a perspective, aging is a process that spontaneously 
and inevitably occurs in organisms over time. It is character-
ized by functional decline and structural degeneration [1] 
and decreased adaptability and resistance. From a patho-
logical perspective, aging can be attributed to various fac-
tors such as infection and injury, stress and strain, weakened 

immune response, malnutrition, and metabolic disorders 
[2–6]. With the intensification of population aging, research 
on aging has become a hot topic of global attention. The 
most obvious manifestation of aging in the human body is 
the aging of brain function, which has been implicated in 
the progression of neurodegenerative diseases, including 
Alzheimer’s disease and Parkinson’s disease [7–11].

The D-galactose (D-gal)–induced aging mouse model 
has been the commonly used model for studying aging in 
recent years [12–14]. Accumulating evidence indicated that 
the aging changes induced by chronic administration of D-
gal were similar to natural aging in animals [15, 16], and the 
brain aging processes induced by D-gal in mice are similar 
to these in humans [17, 18], including increased oxidative 
stress, neuronal degradation, inflammation, apoptosis, and 
so on [14, 17–19].

Curcumin is a kind of yellow polyphenolic compound 
extracted from Curcuma longa species with different bio-
logical properties, including anti-cancer, anti-inflammatory, 
antioxidant, anti-neurodegenerative, anti-aging activities, 
and so on [20, 21]. However, the poor bioavailability of 
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curcumin limits its biomedical applications, due to the pres-
ence of β-diketone moiety in its chemical structure [22, 23]. 
Therefore, many mono-carbonyl curcumin derivatives have 
been designed, studied, and developed with improved bio-
logical activities in preventing and treating various diseases 
[24–27]. EF24 (Fig. 1), a potent synthetic curcumin deriva-
tive, is tenfold more anti-cancer potent than curcumin [28]; 
and was also a potent anti-aging agent [29]. COP-22 (Fig. 1) 
is also a synthetic curcumin derivative with low cytotoxicity 
and strong antioxidative and anti-inflammatory activity [30, 
31]. Our previous works have demonstrated that COP-22 
can protect Raw264.7 cells from inflammation induced by 
lipopolysaccharide (LPS) and oxidative stress induced by 
tert-butyl hydroperoxide and mice from ulcerative colitis 
induced by dextran sulfate sodium (DSS) [32] and acute 
liver injury induced by LPS/D-galactosamine.

In this research, we investigated the anti-aging activity of 
COP-22, in particular the protective effects of the brain, in 
the model of aging induced by D-gal in mouse. We evalu-
ated the levels of the total antioxidant capacity (T-AOC), 
superoxide dismutase (SOD), catalase (CAT), malondial-
dehyde (MDA), and glutathione peroxidase (GPx), which 
are regarded as oxidative stress biomarkers of serum, liver, 
and brain. Moreover, we analyzed the histopathological 
changes of the brain stained with HE and Nissl. Further-
more, we evaluated the expressions of aging-, oxidative 
stress-, inflammation-, and apoptosis-associated markers in 
the brain tissue.

Method

Animal

C57bl/6j mice (male, 7-month-old, about 30 g) were pur-
chased from Pengyue Experiment Animal Breeding Co. 
LTD. The mice were fed in the experimental animal house 
with a constant temperature of 23 ± 2 °C, and a 12-h dark/
light cycle, and no restriction on access to a standard diet 
and water was provided. For the care and use of laboratory 
animals, all of the animal experiments were conducted in 

accordance with the guide of the national institute. The 
experimental protocols were backed by the ethics board 
of Liaocheng University.

Treatment of D‑gal–induced aging of mice

After the adopted feed for 1 week, C57bl/6j mice were 
divided randomly into five groups (n = 8). All of the mice 
but those raised in the group of control received daily 
intraperitoneal injection of 500 mg/kg D-gal (Amresco), 
and the mice raised in the group of 50, 100, or 200 mg/kg 
received daily oral administration of corresponding con-
centrations of COP-22 dissolved in physiological saline for 
10 weeks. COP-22 was synthesized according to our pre-
viously published paper [30]. The mice were decapitated 
after the last administration. The blood was collected in a 
1.5-mL centrifuge tube containing heparin. After storage 
for 2 h at room temperature, the blood was centrifuged at 
4 °C at 1000 g for 10 min, and the supernatant was col-
lected as the serum for subsequent experiments. Half of 
the liver, kidney, and brain were collected in cryotubes 
and stored in liquid nitrogen. They were ground into 10% 
tissue homogenate supplemented with protease inhibitors 
(Beyotime) using a handheld homogenizer (Beyotime), 
and then centrifuged at 4 °C at 12,000 g for 10 min. The 
tissue homogenate supernatant was used to detect bio-
chemical parameters. Another half of them were collected 
in 5-mL centrifuge tubes containing 4% paraformaldehyde 
fix solution (Beyotime) for histopathological analysis.

Histopathology Analysis

Brain, liver, and kidney were taken from decapitated 
mice, and then soaked in 4% paraformaldehyde fix solu-
tion, embedded in paraffin, and then sectioned. Stain the 
sections obtained from the brain, liver, and kidney with 
hematoxylin–eosin (H&E) and obtained from the brain 
with Nissl; then those sections stained were photographed 
by the Olympus microscope (BX53 + DP80).

Fig. 1  Chemical structures of curcumin and its derivatives
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Measurement of Aspartate Aminotransferase (AST)/
Alanine Aminotransferase (ALT)

According to the instruction (Applygen), add 24 μL of the 
standard solution into the standard well, 4 μL serum, and 20 
μL buffer solution into the sample well, and 4 μL serum into 
the reference well. After incubation at 37 °C for 30 min, 20 
μL of the chromogen solution was added into all of the wells, 
and 20 μL buffer solution was added into the reference well. 
After incubation at 37 °C for 20 min, 200 μL of the stop 
solution was added into all of the wells. Then, the mixture 
was incubated at room temperature for 10 min and measured 
at 520 nm by a microplate reader (BiotekSynergy H1).

Measurement of BUN

According to the instruction (Nanjing Jiancheng Bioen-
gineering Institute), 1 mL of reagent I and reagent II was 
added into 20 μL of the serum. Then, the mixture was heated 
at 100 °C for 15 min, lowered with cold water, and measured 
at 520 nm by a microplate reader (BiotekSynergy H1).

Measurement of Creatinine (CRE)

According to the instruction (Nanjing Jiancheng Bioengi-
neering Institute), 6 μL serum or standard was added into 
180 μL reagent 1. The mixture was incubated at 37 °C 
for 5 min and measured at 546 nm (A1). Then, the mix-
ture was added to 60 μL reagent II, incubated at 37 °C for 
5 min, and the absorbance of the mixture was measured at 
546 nm (A2). ΔA = A2 − 186*A1/246; the content of CRE 
(μmol/L) = ΔAsample/ΔAstandard * 442.

GPx Assay

Adjust room temperature to 25 °C. Forty microliters of 
the detection buffer (Beyotime), 10 μL tissue homogenate 
supernatant, and 40 μL detection working solution of GPx 
were added into 96-well plates. Following the instruction 
of the reagent kit, the mixture solution was incubated for 
15 min; add 10 μL 30 mM peroxide reagent, and continu-
ously measure the absorbance at 340 nm for 5 min by a 
multiwall plate reader (Biotek Synergy H1). The activity 
of GPx in sample = (ΔA340/min)/(εμM × L(cm)). The εμM of 
NADPH at A340 nm is 0.00622 μM−1  cm−1, and the height 
of liquid in 96-well plates is 0.276 cm.

T‑AOC Assay

Detect the total antioxidant capacity in serum and tissue 
supernatant with the T-AOC detection kit (Beyotime). At 
first, following the instructions of the reagent kit, the work-
ing solution was prepared before 16 h. Add 10 μL serum or 

tissue homogenate supernatant to 200 μL working solution 
in 96-well plates. The mixture was incubated for 6 min and 
measured at 734 nm by a microplate reader (Biotek Synergy 
H1).

T‑SOD Assay

Following the instructions of the reagent kit (Beyotime), 
add NBT/enzyme working solution, sample, and reaction 
start working solution into 96-well plates, and the mixture 
was incubated at 37 °C for 30 min. Finally, the mixture was 
measured at 540 nm by a microplate reader (Biotek Synergy 
H1).

MDA Assay

Add 0.1 mL tissue homogenate supernatant and 0.2 mL 
MDA working solution (Beyotime) in 1.5-mL centrifuge 
tubes, and then mix. The mixture was heated at 100 °C for 
15 min, and lowered to room temperature using flowing 
water. After centrifuging for 10 min at 1000 g at 4 °C, 200 
μL supernatant was added into 96-well plates. Finally, the 
absorbance was measured at 532 nm by a microplate reader 
(Biotek Synergy H1).

CAT Assay

Add 10 μL tissue homogenate supernatant and 30 μL CAT 
detection buffer (Beyotime) into 1.5-mL centrifuge tubes, 
and then 10 μL 250 mM hydrogen peroxide solution was 
added for 5 min at 25 °C. In order to terminate the reaction, 
450 μL stop solution was added. Then, 10 μL of the termi-
nated reaction solution was pipetted to another centrifuge 
tube with 40 μL CAT detection buffer. Pipette 10 μL from 
the 50-μL mixture system in the previous step and 200 μL 
chromophoric reagent to 96-well plates, and then the mixture 
was incubated at 25 °C for 15 min and measured at 520 nm 
by a microplate reader (Biotek Synergy H1).

Acetylcholine (Ach) Assay

According to the instructions provided by the manufacturer 
(Nanjing Jiancheng Bioengineering Institute), the superna-
tant of brain tissue homogenate was prepared in the ratio of 
brain tissue (mg) to reagent VI (mL) = 1:9 (w/v), and cen-
trifuged at 3000 rpm for 10 min. The supernatant was taken 
for subsequent detection. The detection wells were divided 
into blank wells, standard wells, sample wells, and reference 
wells. First, 50 μL water was added into the blank well; 40 
μL water and 10 μL standard solution were added into the 
standard well, and 25 μL tissue supernatant was added into 
the sample well and control well. Then, 100 μL working 
solution was added into all wells except the reference well. 
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After mixing and incubation at room temperature for 15 min, 
50 μL of the termination solution and chromogenic solution 
was added into all wells, and 25 μL clarification solution 
was added into the sample wells and control wells, and then 
replenish 100 μL the reagent working solution to the refer-
ence well. Measure the absorbance at 550 nm after mixing 
and incubation for 10 min at room temperature.

Acetylcholinesterase (AchE) Assay

Take the prepared 10% brain tissue homogenate supernatant 
for the detection of AchE enzyme activity, and the instruc-
tion provided by the reagent kit was strictly followed dur-
ing all experimental operations (Nanjing Jiancheng Bioen-
gineering Institute). The detection wells were divided into 
blank wells, standard wells, sample wells, and reference 
wells. Except for the reference well, 10 μL 10% brain tis-
sue homogenate supernatant, 50 μL substrate buffer, and 50 
μL chromogenic solution were added into each well. After 
incubating at 37 °C for 6 min, 3 μL inhibitor and 10 μL 
transparent agent were added into all detection wells, and 10 
μL 10% brain tissue homogenate supernatant was added into 
the control well. The absorbance at 412 nm was measured 
after mixing and incubating at room temperature for 15 min.

Western Blotting Assay

The tissues of sacrificed mice were lysed by radio immu-
noprecipitation assay (RIPA) buffer (Beyotime), and the 
protein extracted from the tissues was examined by west-
ern blot assay. Primary antibodies are as follows: SIRT1 
(Wanleibio, WL00599, 1:1000), p53 (Wanleibio, WL01919, 
1:1000), p21 (Wanleibio, WL0362, 1:1000), p16 (Wanleibio, 
WL01418, 1:1000), HO-1 (Wanleibio, WL02400, 1:1000), 
Nrf2 (Beyotime, AF7623, 1:1000), Caspase-3 (Wanleibio, 
WL02117, 1:1000), Bax (Cell Signaling Technology, 2772S, 
1:1000), interleukin (IL)-6 (Wanleibio, WL02841, 1:1000), 
tumor necrosis factor-α (TNF-α) (Wanleibio, WL01581, 
1:1000), β-actin (Servicebio, GB15003-100, 1:1000).

Statistical Analysis

The data were expressed as the mean ± SD of at least three 
independent experiments. Statistical significances were ana-
lyzed using one-way ANOVA followed by Dunnett’s mul-
tiple comparison test. p < 0.05 was considered statistically 
significant.

Ach(�g∕mgprot) =
(

Adetermination − Areference

)

∕
(

Astandard − Ablank

)

× Cstandard∕Ctheproteinconcentrationofthesample

AchE(U∕mgprot) = (Adetermination − Acontrol)∕(Astandard − Ablank) ∗ Cstandard∕Ctheproteinconcentrationofthesample

Results

Effects of COP‑22 on Liver and Kidney Functions 
of Aging Induced by D‑gal in Mice

Effects of COP‑22 on AST, ALT, BUN, and CRE Levels 
in the Serum

To regard kidney and liver functions, we examined the 
biochemical parameters (AST, ALT, BUN, and CRE 
levels) in the serum. As shown in Fig. 2A, for the liver 
damage, the AST level was increased in the model 
group due to chronic administration by D-gal. After 
the D-gal–induced mice were treated with COP-22, the 
increase of AST level was reduced, and this was con-
centration dependent. However, there was no statistical 
significance (p > 0.05) in the expression of ALT among 
groups (Fig. 2B). As shown in Fig. 2C and D, for the 
kidney damage, the BUN and CRE levels induced by 
D-gal were increased. After the D-gal–induced mice were 
treated with COP-22, the increases of BUN and CRE lev-
els were reduced.

Effects of COP‑22 on Liver and Kidney Histopathological 

Alterations

HE staining of the liver and kidney was used for histopatho-
logical study. As illustrated in Fig. 3, there were no abnor-
malities in the morphology of control liver tissue, but the 
cells in the model group are swollen (triangle) and have a 
binuclear phenomenon (arrow). The morphology of the kid-
ney tissue from the control group was normal, but the mor-
phology of the kidneys of model group showed an increase 
in glomerular volume (star). However, COP-22 treatment 
can significantly improve these pathological conditions.

Effects of COP‑22 on Oxidative Stress Biomarkers 
in the Serum and Livers of Aging Induced by D‑gal 
in Mice

As illustrated in Fig. 4, the reduction of T-AOC, GPx, CAT, 
and SOD in the serum of aging mice was induced by D-gal. 
Treatment with COP-22 reversed these changes in oxidative 
stress biomarkers in a dose-dependent manner.

As illustrated in Fig. 5A, the increase of MDA in the 
liver of aging mice was induced by D-gal. Treatment with 
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COP-22 reduced the increase of MDA in a dose-dependent 
manner. As illustrated in Fig. 5B and D, the reduction of 
CAT and SOD in the liver of aging mice was induced by 

D-gal. Treatment with COP-22 reversed these reductions in a 
dose-dependent manner. There was no statistical significance 
(p > 0.05) in the levels of GPx among groups (Fig. 5C).

Fig. 2  The expressions of ALT  (A) and  AST  (B) in serum for the 
liver fuction, and  BUN  (C) and CRE  (D) in serum for  the  kid-
ney function after administration of COP-22 and D-gal. *p < 0.05; 

**p < 0.01; ***p < 0.001, compared with the control group. #p < 0.05; 
##p < 0.01; ###p < 0.001, compared with the model group

Fig. 3  Effects of COP-22 treatment on pathological changes in the liver and kidney. HE staining (triangle, swollen; arrow, binuclear phenom-
enon; star, an increase in glomerular volume) (Scale bar: liver, 50 μm; kidney, 50 μm)
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Effects of COP‑22 on Protective Brain of D‑gal–
Induced Aging in Mice

Effects of COP‑22 on Oxidative Stress Biomarkers 
in the Brain

As illustrated in Fig. 6, COP-22 reduced the increase of 
MDA induced by D-gal, and increased the reduction of CAT 
and GPx induced by D-gal in aging mice, in a dose-depend-
ent manner. There was no statistical significance (p > 0.05) 
in the levels of SOD among groups (Fig. 6D).

Effects of COP‑22 on the Expression of Ach Level 
and the Activity of AchE in the Brain

As illustrated in Fig. 7, a decrease in Ach level and an 
increase in AchE activity in the brain were caused by D-gal. 
COP-22 increased the decrease of Ach in a dose-dependent 
manner. Only 50 mg/kg/day COP-22 reversed the increase 
of the activity of AchE.

Effects of COP‑22 on Histopathological Alternations 
in the Brain

As illustrated in Fig. 8A, the morphology of CA1, CA3, 
and DG areas in the hippocampus of the control group was 
normal. However, the model group showed that the structure 
of the hippocampus was loose, the membrane boundary was 
faint, and the morphology of the DG area changed, which 
demonstrated that D-gal treatment caused damages to the 
hippocampal neurons. Treatment with 200 mg/kg/day COP-
22 significantly improved these pathological conditions.

As shown in Fig. 8B and C, the model group was only 
slightly stained by Nissl, but the 200 mg/kg/day COP-22 
treatment groups could improve this situation.

Effects of COP‑22 on Aging, Oxidative Stress, Inflammation, 
and Apoptosis‑Related Proteins

As shown in Fig. 9A–E, we analyzed the senescence-
associated proteins SIRT1, p16, p21, and p53 in the brain 

Fig. 4  Effects of COP-22 on T-AOC  (A), CAT  (B), GPx  (C), and SOD  (D) levels  in the serum of D-gal–induced aging mice. *p < 0.05; 
**p < 0.01; ***p < 0.001, compared with the control group. #p < 0.05; ##p < 0.01; ###p < 0.001, compared with the model group
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tissue using western blot assay. In D-gal–induced aging 
mice, the level of SIRT1 was decreased, and the level of 
p16, p21, and p53 was increased. The treatment of COP-22 
effectively reversed the reduced expression of SIRT1 and 
the upregulation of expressions of p16, p21, and p53 in a 
dose-dependent manner.

As shown in Fig.  9A, F, and G, the oxidative 
stress–associated proteins HO-1 and Nrf2 in the brain 
were analyzed by western blot assay. The reductions of 
the expression levels of Nrf2 and HO-1 were induced by 
D-gal, while COP-22 reversed these changes.

As shown in Fig. 9A, H, and I, the inflammation-associ-
ated proteins TNF-α and IL-6 in the brain tissue were ana-
lyzed by western blot assay. The increases of the expres-
sion levels of IL-6 and TNF-α were induced by D-gal, 
while COP-22 reversed these changes.

As shown in Fig. 9A, J, and K, the apoptosis-associated 
proteins caspase-3 and Bax in the brain tissue were ana-
lyzed by western blot assay. The increase of the expression 

levels of Bax and caspase-3 was induced by D-gal, while 
COP-22 reversed these changes.

Discussion

In this study, we investigated the anti-aging activity of COP-
22 in the D-gal–induced aging mouse model, especially its 
protective effect on brain aging. Injecting D-gal can lead to 
excessive production of ROS in mice, causing an imbalance 
in the redox system, leading to oxidative stress and acceler-
ated aging, especially brain aging; this is because the brain 
is particularly susceptible to oxidative damage and a relative 
lack of antioxidant defense mechanisms.

Aging and age-associated diseases are primarily caused 
by oxidative stress [33]. The biomarkers of oxidative stress, 
T-AOC, an end product of lipid peroxidation (MDA), and the 
activities of antioxidative defense enzymes (GPx, SOD, and 
CAT) in the serum, liver, and brain of aging mice induced by 

Fig. 5  Effects of COP-22 on MDA  (A), CAT  (B), GPx  (C), and SOD  (D) levels in the liver tissue of D-gal–induced aging mice. *p < 0.05; 
**p < 0.01; ***p < 0.001, compared with the control group. #p < 0.05; ##p < 0.01; ###p < 0.001, compared with the model group
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Fig. 6  Effects of COP-22 on MDA (A), CAT (B), GPx  (C), and SOD (D) levels in the brain tissue of D-gal–induced aging mice. *p < 0.05; 
**p < 0.01; ***p < 0.001, compared with the control group. #p < 0.05; ##p < 0.01, ###p < 0.001, compared with the model group

Fig. 7  Effects of COP-22 on Ach (A) and AchE (B) levels  in the brain tissue. *p < 0.05; **p < 0.01; ***p < 0.001, compared with the control 
group. #p < 0.05; ##p < 0.01; ###p < 0.001, compared with the model group
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D-gal were determined. In the model group, D-gal induced 
the reduction of T-AOC, CAT, GPx, and SOD and the 
increase of MDA. COP-22 could effectively reverse these 
changes, thereby protecting mice against D-gal–caused oxi-
dative stress.

In addition to oxidative stress, inflammation also plays 
an important role in the aging process [34, 35], which can 
be explained by the imbalance between anti-inflammatory 
and pro-inflammatory factors [36]. The relationship between 
aging, oxidative stress, and inflammation is complex and 
interrelated. The brain aging is more sensitive, complex, and 
related with inflammation, oxidative stress, apoptosis, and 
so on [14, 17, 37, 38]. Furthermore, we further measured 
the expression of aging, oxidative stress, inflammation, and 
apoptosis proteins.

SIRT1, a protein related to mammalian aging, was down-
regulated by D-gal in the aging mice. According to reports, 

the SIRT1 deficiency can promote the expression of aging-
related genes [39]. p53/p21 and p16/Rb pathways play the 
critical role in the aging process through cell cycle arrest 
[40, 41]. In the aging mice, the expressions of p16, p21, 
and p53 were upregulated, indicating cell cycle arrest and 
aging. COP-22 could upregulate the expression of SIRT1 
and downregulate expressions of p16, p21, and p53. COP-22 
could intervene in brain aging caused by D-gal and reduce 
the degree of aging.

Nrf2 is a key oxidative stress signaling pathway, and 
HO-1 is an important downstream phase II antioxidant 
enzyme. When the occurrence of oxidative stress is caused 
by D-gal in aging mice, the expressions of Nrf2 and HO-1 
were downregulated. Therefore, these results indicated that 
COP-22 could protect the brain from D-gal–induced oxi-
dative stress and aging by regulating the Nrf2 signaling 
pathway.

Fig. 8  Effects of COP-22 treatment on pathological changes in the 
CA1, CA3, and DG areas of the hippocampus. A HE staining. B 
Nissl staining (scale bar: CA1, 50 μm; CA2, 50 μm; DG, 200 μm). 

C Relative ratio of Nissl staining of CA1, CA3, and DG areas. 
*p < 0.05; **p < 0.01; ***p < 0.001, compared with the control group. 
#p < 0.05; ##p < 0.01;###p < 0.001, compared with the model group



 Molecular Neurobiology

IL-6 and TNF-α are two kinds of cytokines, which have 
multiple functions such as regulating innate and adaptive 
immunity and participating in inflammatory reactions. In 
the aging mice, the expressions of IL-6 and TNF-α were 
upregulated; however, COP-22 could downregulate these 
expressions, which meant COP-22 effectively suppresses 
D-gal–induced inflammation to resist brain aging.

Bax, a pro-apoptotic type protein of the Bcl-2 family, was 
one of the most crucial regulatory genes in the process of 
regulating apoptosis. Caspase-3, in the process of apoptosis, 
was the most important apoptosis executing protease. D-gal 
caused the increases in expressions of Bax and Bcl-2 leading 
to brain apoptosis. COP-22 could downregulate the expres-
sions of Bax and Bcl-2 and effectively resist D-gal–induced 
apoptosis to protect the brain. As mentioned above, COP-22 
could delay brain aging by suppressing apoptosis, inflamma-
tion, and oxidative stress caused by D-gal in the aging mice.

Ach is a neurotransmitter, and it can be rapidly destroyed 
by cholinesterase. There is a large amount of Ach in human 
brain tissue; however, the content of Ach will decrease with 
the increase of age. The decrease in Ach is one of the rea-
sons for brain function decline [42]. AchE, a crucial enzyme 
in biological nerve conduction, can degrade Ach between 
cholinergic synapses, block the excitatory effect induced by 
neurotransmitters on the postsynaptic membrane, and ensure 
the nerve signals can be transmitted normally within the 

organism [43, 44]. The changes of the Ach content and AchE 
activity in the brain have become one of the main indica-
tors for studying human brain functional aging. In aging 
mice, D-gal reduced the content of Ach and upregulated 
the expression of AchE; however, COP-22 reversed these 
changes. COP-22 improved the dysfunction of the choliner-
gic system and protected the brain against aging.

In addition, histopathological alternations of the brain 
were analyzed by the staining of HE and Nissl. D-gal can 
decrease the surviving neurons of the hippocampus in pre-
vious studies [45]. Nissl bodies, large basophilic masses 
and granules within the cell body or dendrites of neurons, 
can serve as markers of neuronal functional status. Using 
the Nissl staining method to stain brain tissue can be used 
to evaluate the state of neurons [46]. The histopathologi-
cal alternations in the brain stained by HE and Nissl were 
improved, indicating that COP-22 could resist the hippocam-
pal neuron damages caused by D-gal, and protect nerve cells 
of the brain against D-gal–induced brain aging.

According to reports, injecting D-gal can cause dam-
age to the liver and kidney [47, 48]. The biochemical 
parameters AST, ALT, BUN, and CRE in the serum and 
histopathological alterations of the liver and kidney were 
determined. COP-22 reduced the increases of AST, BUN, 
and CRE caused by D-gal in aging mice. And COP-22 
improves those histopathological alterations, such as 

Fig. 9  Effects of COP-22 on aging (SIRT1, p53, p21, and p16), 
oxidative stress (Nrf2 and HO-1), inflammation (IL-6 and TNF-
α), and apoptosis (caspase 3 and Bax) in the brain tissue. *p < 0.05; 

**p < 0.01; ***p < 0.001, compared with the control group. #p < 0.05; 
##p < 0.01; ###p < 0.001, compared with the model group
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swollen and binuclear of liver cells and the increase in glo-
merular volume of the kidney. These results of biochemi-
cal parameters in the serum and histopathological analyses 
suggested that COP-22 could effectively reverse the liver 
and kidney damages in aging mice induced by D-gal.

Conclusion

In this study, COP-22, a mono-carbonyl curcumin deriva-
tive, was evaluated for its anti-aging ability, especially its 
ability to resist brain aging, in the aging induced by D-gal in 
mice. The result suggested that COP-22 could reduce liver 
and kidney damages induced by D-gal. And COP-22 could 
resist oxidative stress induced by D-gal in serum and liver 
by increasing the activity of antioxidative defense enzymes 
and enhancing antioxidant capacity. For brain protection, 
COP-22 could also resist oxidative stress induced by D-gal 
in the brain tissue; COP-22 could improve the dysfunc-
tion of the cholinergic system by decreasing the increased 
activity of AchE and increasing the reduced content of Ach 
induced by D-gal, and COP-22 could protect nerve cells of 
the brain. Further, the western blot was used to determine 
related proteins of the brain. We found that COP-22 could 
effectively protect against brain injury (SIRT1, p53, p21, 

and p16) by inhibiting oxidative stress (HO-1 and Nrf2), 
apoptosis (caspase-3 and Bax), and inflammation (TNF-α 
and IL-6) in D-gal–induced aging in mice (Fig. 10).

To sum up, these results indicated that COP-22 had 
potential anti-aging activity, especially alleviating brain 
aging, via attenuating oxidative stress, inflammation, and 
apoptosis, which could be used in the therapy of aging and 
aging-associated diseases like Alzheimer disease. However, 
additional anti-aging molecular mechanisms and COP-22-
loaded nanoparticles, with the improved dissolution and 
bioavailability, need to be explored in future investigations.

Author Contribution Yazhong Ma performed the experiments and 
analyzed data; Xiaotong Wang, Xin Li, Xi Chen, and Zhifeng Teng 
performed the experiments; Xuekun Wang provided the financial sup-
port; Jie Yang designed the experiments, wrote the manuscript, and 
provided the financial support; Guoyun Liu reviewed and edited the 
manuscript and provided the financial support.

Funding This work was supported by the National Natural Sci-
ence Foundation of China (Grant No. 81901420), Shandong Pro-
vincial Natural Science Foundation (Grant No. ZR2023MB089), 
the Research Fund of Liaocheng University (NO. 318012106), and 
“Guangyue Young Scholar Innovation Team” of Liaocheng University 
(LCUGYTD2022-04).

Data Availability Data will be made available under the reasonable 
request.

Fig. 10  Possible mechanism underlying the protective effects of COP-22 intervention on D-gal–induced aging in mice



 Molecular Neurobiology

Declarations 

Ethics Approval For the care and use of laboratory animals, all of the 
animal experiments were conducted in accordance with the guide of 
the national institute. The experimental protocols were backed by the 
ethics board of Liaocheng University.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Competing Interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Harman D (1981) The aging process. Proc Natl Acad Sci U S A 
78:7124–7128. https:// doi. org/ 10. 1073/ pnas. 78. 11. 7124

 2. Grimm A, Eckert A (2017) Brain aging and neurodegeneration: 
from a mitochondrial point of view. J Neurochem 143:418–431. 
https:// doi. org/ 10. 1111/ jnc. 14037

 3. Patterson SL (2015) Immune dysregulation and cognitive vulner-
ability in the aging brain: interactions of microglia, IL-1β, BDNF 
and synaptic plasticity. Neuropharmacology 96:11–18. https:// doi. 
org/ 10. 1016/j. neuro pharm. 2014. 12. 020

 4. Stefanatos R, Sanz A (2018) The role of mitochondrial ROS in 
the aging brain. FEBS Lett 592:743–758. https:// doi. org/ 10. 1002/ 
1873- 3468. 12902

 5. Hou YJ, Dan XL, Babbar M, Wei Y, Hasselbalch SG, Croteau 
DL, Bohr VA (2019) Ageing as a risk factor for neurodegenera-
tive disease. Nat Rev Neurol 15:565–581. https:// doi. org/ 10. 1038/ 
s41582- 019- 0244-7

 6. Benfante R, Di, Lascio.S., Cardani, S., Fornasari, D, (2021) Ace-
tylcholinesterase inhibitors targeting the cholinergic anti-inflam-
matory pathway: a new therapeutic perspective in aging-related 
disorders. Aging Clin Exp Res 33:823–834. https:// doi. org/ 10. 
1007/ s40520- 019- 01359-4

 7. Keller JN (2006) Age-related neuropathology, cognitive decline, 
and Alzheimer’s disease. Ageing Res Rev 5:1–13. https:// doi. org/ 
10. 1016/j. arr. 2005. 06. 002

 8. Lin MT, Beal MF (2006) Mitochondrial dysfunction and oxidative 
stress in neurodegenerative diseases. Nature 443:787–795. https:// 
doi. org/ 10. 1038/ natur e05292

 9. Middei S, Daniele S, Caprioli A, Ghirardi O, Ammassari-Teule M 
(2006) Progressive cognitive decline in a transgenic mouse model 
of Alzheimer’s disease overexpressing mutant hAPPswe. Genes 
Brain Behav 5:249–256. https:// doi. org/ 10. 1111/j. 1601- 183X. 
2005. 00160.x

 10. Opii WO, Joshi G, Head E, Milgram NW, Muggenburg BA, Klein 
JB, Pierce WM, Cotman CW, Buttereld DA (2008) Proteomic 

identification of brain proteins in the canine model of human 
aging following a long-term treatment with antioxidants and a 
program of behavioral enrichment: relevance to Alzheimer’s dis-
ease. Neurobiol Aging 29:51–70. https:// doi. org/ 10. 1016/j. neuro 
biola ging. 2006. 09. 012

 11. Reddy PH, Reddy TP, Manczak M, Calkins MJ, Shirendeb U, Mao 
P (2011) Dynamin-related protein 1 and mitochondrial fragmenta-
tion in neurodegenerative diseases. Brain Res Rev 67:103–118. 
https:// doi. org/ 10. 1016/j. brain resrev. 2010. 11. 004

 12. Lei H, Wang B, Li WP, Yang Y, Zhou AW, Chen MZ (2003) Anti-
aging effect of astragalosides and its mechanism of action. Acta 
Pharmacol Sin 24:230–234 (http:// www. en. cnki. com. cn/ Artic le_ 
en/ CJFDT otal- ZGLL2 00303 006. htm)

 13. XuF Gao LC, Chen WR, Yang PY, Wang H, You JF (2003) Study 
on metabolism of Se(IV) in senile mice by microwave-assisted 
digestion-HG-ICP-AES. Spectrosc Spect Anal 23:1163–1166 
(http:// en. cnki. com. cn/ Artic le_ en/ CJFDT OTAL- GUAN2 00306 
037. htm)

 14. Shwe T, Pratchayasakul W, Chattipakorn N, Chattipakorn SC 
(2018) Role of D-galactose-induced brain aging and its poten-
tial used for therapeutic interventions. Exp Gerontol 101:13–36. 
https:// doi. org/ 10. 1016/j. exger. 2017. 10. 029

 15. Zhang ZF, Fan SH, Zheng YL, Lu J, Wu DW, Shan Q, Hu B 
(2009) Purple sweet potato color attenuates oxidative stress and 
inflammatory response induced by D-galactose in mouse liver. 
Food Chem Toxicol 47:496–501. https:// doi. org/ 10. 1016/j. fct. 
2008. 12. 005

 16. Kumar A, Prakash A, Dogra S (2011) Centella asiatica attenu-
ates D-galactose-induced cognitive impairment, oxidative 
and mitochondrial dysfunction in mice. Int J Alzheimer’s Dis 
2011:347569. https:// doi. org/ 10. 4061/ 2011/ 347569

 17. Ho SC, Liu JH, Wu RY (2003) Establishment of the mimetic aging 
effect in mice caused by D-galactose. Biogerontology 4:15–18. 
https:// doi. org/ 10. 1023/a: 10224 17102 206

 18. El Assar M, Angulo J, Rodriguez-Manas L (2013) Oxidative 
stress and vascular inflammation in aging. Free Radic Biol Med 
65:380–401. https:// doi. org/ 10. 1016/j. freer adbio med. 2013. 07. 003

 19. Davalli P, Mitic T, Caporali A, Lauriola A, D’Arca D (2016) 
ROS, cell senescence, and novel molecular mechanisms in aging 
and age-related diseases. Oxid Med Cell Longev 2016:3565127. 
https:// doi. org/ 10. 1155/ 2016/ 35651 27

 20. Zia A, Farkhondeh T, Pourbagher-Shahri AM, Samarghandian S 
(2021) The role of curcumin in aging and senescence: molecular 
mechanisms. Biomed Pharmacother 134:111119. https:// doi. org/ 
10. 1016/j. biopha. 2020. 111119

 21. Benameur T, Soleti R, Panaro MA, La Torre ME, Monda V, 
Messina G, Porro C (2021) Curcumin as prospective anti-aging 
natural compound: focus on brain. Molecules 26:4794. https:// doi. 
org/ 10. 3390/ molec ules2 61647 94

 22. Wiggers HJ, Zaioncz S, Cheleski J, Mainardes RM, Khalil NM 
(2017) Chapter 7-Curcumin, a multitarget phytochemical: chal-
lenges and perspectives. Stud Nat Prod Chem 53:243–276. https:// 
doi. org/ 10. 1016/ B978-0- 444- 63930-1. 00007-7

 23. Singh A, Singh JV, Rana A, Bhagat K, Gulati HV, Kumar R, 
Salwan R, Bhagat K, Kaur G, Singh N et al (2019) Monocarbonyl 
curcumin-based molecular hybrids as potent antibacterial agents. 
ACS Omega 4:11673–11684. https:// doi. org/ 10. 1021/ acsom ega. 
9b011 09

 24. Chen LP, Li Q, Weng BX, Wang JB, Wu JZ (2018) Design, 
synthesis, anti-lung cancer activity, and chemosensitization of 
tumor-selective MCACs based on ROS-mediated JNK path-
way activation and NF-κB pathway inhibition. Eur J Med Chem 
151:508–519. https:// doi. org/ 10. 1016/j. ejmech. 2018. 03. 051

 25. Dinkova-Kostova AT, Cory AH, Bozak RE, Hicks RJ, Cory JG 
(2007) Bis(2-hydroxybenzylidene)acetone, a potent inducer of 
the phase 2 response, causes apoptosis in mouse leukemia cells 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.78.11.7124
https://doi.org/10.1111/jnc.14037
https://doi.org/10.1016/j.neuropharm.2014.12.020
https://doi.org/10.1016/j.neuropharm.2014.12.020
https://doi.org/10.1002/1873-3468.12902
https://doi.org/10.1002/1873-3468.12902
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1038/s41582-019-0244-7
https://doi.org/10.1007/s40520-019-01359-4
https://doi.org/10.1007/s40520-019-01359-4
https://doi.org/10.1016/j.arr.2005.06.002
https://doi.org/10.1016/j.arr.2005.06.002
https://doi.org/10.1038/nature05292
https://doi.org/10.1038/nature05292
https://doi.org/10.1111/j.1601-183X.2005.00160.x
https://doi.org/10.1111/j.1601-183X.2005.00160.x
https://doi.org/10.1016/j.neurobiolaging.2006.09.012
https://doi.org/10.1016/j.neurobiolaging.2006.09.012
https://doi.org/10.1016/j.brainresrev.2010.11.004
http://www.en.cnki.com.cn/Article_en/CJFDTotal-ZGLL200303006.htm
http://www.en.cnki.com.cn/Article_en/CJFDTotal-ZGLL200303006.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-GUAN200306037.htm
http://en.cnki.com.cn/Article_en/CJFDTOTAL-GUAN200306037.htm
https://doi.org/10.1016/j.exger.2017.10.029
https://doi.org/10.1016/j.fct.2008.12.005
https://doi.org/10.1016/j.fct.2008.12.005
https://doi.org/10.4061/2011/347569
https://doi.org/10.1023/a:1022417102206
https://doi.org/10.1016/j.freeradbiomed.2013.07.003
https://doi.org/10.1155/2016/3565127
https://doi.org/10.1016/j.biopha.2020.111119
https://doi.org/10.1016/j.biopha.2020.111119
https://doi.org/10.3390/molecules26164794
https://doi.org/10.3390/molecules26164794
https://doi.org/10.1016/B978-0-444-63930-1.00007-7
https://doi.org/10.1016/B978-0-444-63930-1.00007-7
https://doi.org/10.1021/acsomega.9b01109
https://doi.org/10.1021/acsomega.9b01109
https://doi.org/10.1016/j.ejmech.2018.03.051


Molecular Neurobiology 

through a p53-independent, caspase-mediated pathway. Cancer 
Lett 245:341–349. https:// doi. org/ 10. 1016/j. canlet. 2006. 01. 024

 26. He YH, Li W, Hu G, Sun H, Kong Q (2018) Bioactivities of 
EF24, a novel curcumin analog: a review. Front Oncol 8:614–622. 
https:// doi. org/ 10. 3389/ fonc. 2018. 00614

 27. Zhu HP, Xu TT, Qiu CY, Wu BB, Zhang YL, Chen LF, Xia QQ, 
Li CL, Zhou B, Liu ZG et al (2016) Synthesis and optimization of 
novel allylated mono-carbonyl analogs of curcumin (MACs) act as 
potent anti-inflammatory agents against LPS-induced acute lung 
injury (ALI) in rats. Eur J Med Chem 121:181–193. https:// doi. 
org/ 10. 1016/j. ejmech. 2016. 05. 041

 28. Adams BK, Ferstl EM, Davis MC, Herold M, Kurtkaya S, Cama-
lier RF, Hollingshead MG, Kaur G, Sausville EA, Rickles FR, 
Snyder JP, Liotta DC, Shoji M (2004) Synthesis and biological 
evaluation of novel curcumin analogs as anti-cancer and anti-
angiogenesis agents. Bioorg Med Chem 12:3871–3883. https:// 
doi. org/ 10. 1016/j. bmc. 2004. 05. 006

 29. Li W, He YH, Zhang RP, Zheng GR, Zhou DH (2019) The cur-
cumin analog EF24 is a novel senolytic agent. Aging 11:771–782. 
https:// doi. org/ 10. 18632/ aging. 101787

 30. Wang ZQ, Mu WW, Li PX, Liu GY, Yang J (2021) Anti-inflamma-
tory activity of ortho-trifluoromethoxy-substituted 4-piperidione-
containing mono-carbonyl derivatives in vitro and in vivo. Eur J 
Pharm Sci 160:105756. https:// doi. org/ 10. 1016/j. ejps. 2021. 105756

 31. Mu WW, Wang Q, Jia MX, Dong SJ, Li SJ, Yang J, Liu GY (2022) 
Hepatoprotective effects of albumin-encapsulated nanoparticles 
of a curcumin derivatives COP-22 against lipopolysaccharide/D-
galactosamine-induced acute liver injury in mice. Int J Mol Sci 
23:4903. https:// doi. org/ 10. 3390/ ijms2 30949 03

 32. Ma YZ, Guo XY, Wang Q, Liu T, Liu Q, Yang MN, Jia AX, Yang 
J, Liu GY (2022) Anti-inflammatory effects of β-ionone-curcumin 
hybrid derivatives against ulcerative colitis. Chem Biol Interact 
367:110189. https:// doi. org/ 10. 1016/j. cbi. 2022. 110189

 33. Zhang HQ, Davies KJA, Forman HJ (2015) Oxidative stress 
response and Nrf2 signaling in aging. Free Radic Biol Med 
88:314–336. https:// doi. org/ 10. 1016/j. freer adbio med. 2015. 05. 036

 34. Ruan Q, Liu F, Gao Z, Kong D, Hu X, Shi D, Bao Z, Yu Z (2013) 
The anti-inflamm-aging and hepatoprotective effects of huper-
zine A in D-galactose-treated rats. Mech Ageing Dev 134:89–97. 
https:// doi. org/ 10. 1016/j. mad. 2012. 12. 005

 35. Vatner SF, Zhang J, Oydanich M, Berkman T, Naftalovich R, Vatner 
DE (2020) Healthful aging mediated by inhibition of oxidative stress. 
Ageing Res Rev 64:101194. https:// doi. org/ 10. 1016/j. arr. 2020. 101194

 36. Candore G, Caruso C, Colonna-Romano G (2010) Inflammation, 
genetic background and longevity. Biogerontology 11:565–573. 
https:// doi. org/ 10. 1007/ s10522- 010- 9286-3

 37. Blinkouskaya Y, Caçoilo A, Gollamudi T, Jalalian S, Weicken-
meier J (2021) Brain aging mechanisms with mechanical manifes-
tations. Mech Ageing Dev 200:111575. https:// doi. org/ 10. 1016/j. 
mad. 2021. 111575

 38. Isaev NK, Stelmashook EV, Genrikhs EE (2019) Neurogenesis 
and brain aging. Rev Neurosci 30:573–580. https:// doi. org/ 10. 
1515/ revne uro- 2018- 0084

 39. Hwang JW, Yao H, Caito S, Sundar IK, Rahman I (2013) Redox 
regulation of SIRT1 in inflammation and cellular senescence. Free 
Radic Biol Med 61:95–110. https:// doi. org/ 10. 1016/j. freer adbio 
med. 2013. 03. 015

 40. Herranz N, Gil J (2018) Mechanisms and functions of cellular 
senescence. J Clin Invest 128:1238–1246. https:// doi. org/ 10. 1172/ 
JCI95 148

 41. Mijit M, Caracciolo V, Melillo A, Amicarelli F, Giordano A 
(2020) Role of p53 in the regulation of cellular senescence. Bio-
molecules 10:420. https:// doi. org/ 10. 3390/ biom1 00304 20

 42. Haam J, Yakel JL (2017) Cholinergic modulation of the hip-
pocampal region and memory function. J Neurochem 142:111–
121. https:// doi. org/ 10. 1111/ jnc. 14052

 43. Sharma K (2019) Cholinesterase inhibitors as Alzheimer’s thera-
peutics (Review). Mol Med Rep 20:1479–1487. https:// doi. org/ 
10. 3892/ mmr. 2019. 10374

 44. Silman I, Sussman JL (2005) Acetylcholinesterase: ‘classical’ 
and ‘non-classical’ functions and pharmacology. Curr Opin 
Pharmacol 5:293–302. https:// doi. org/ 10. 1016/j. coph. 2005. 
01. 014

 45. Chen XY, Li YX, Chen W, Nong ZH, Huang JP, Chen CX (2016) 
Protective effect of hyperbaric oxygen on cognitive impairment 
induced by D-galactose in mice. Neurochem Res 41(11):3032–
3041. https:// doi. org/ 10. 1007/ s11064- 016- 2022-x

 46. Nie J, Tian Y, Zhang Y, Lu YL, Li LS, Shi JS (2016) Dendrobium 
alkaloids prevent Aβ25-35-induced neuronal and synaptic loss via 
promoting neurotrophic factors expression in mice. PeerJ 4:e2739. 
https:// doi. org/ 10. 7717/ peerj. 2739

 47. Li L, Li YM, Luo J, Jiang YQ, Zhao Z, Chen YY, Huang QH, 
Zhang LQ, Wu T, Pang JX (2021) Resveratrol, a novel inhibitor 
of GLUT9, ameliorates liver and kidney injuries in a D-galac-
tose-induced ageing mouse model via the regulation of uric acid 
metabolism. Food Funct 12:8274. https:// doi. org/ 10. 1039/ d1fo0 
0538c

 48. Li YJ, Han Z, Ge L, Zhou CJ, Zhao YF, Wang HD, Ren J, Niu 
XX, Liang CG (2016) C-phycocyanin protects against low fertility 
by inhibiting reactive oxygen species in aging mice. Oncotarget 
7(14):17393–17409. https:// doi. org/ 10. 18632/ oncot arget. 8165

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.canlet.2006.01.024
https://doi.org/10.3389/fonc.2018.00614
https://doi.org/10.1016/j.ejmech.2016.05.041
https://doi.org/10.1016/j.ejmech.2016.05.041
https://doi.org/10.1016/j.bmc.2004.05.006
https://doi.org/10.1016/j.bmc.2004.05.006
https://doi.org/10.18632/aging.101787
https://doi.org/10.1016/j.ejps.2021.105756
https://doi.org/10.3390/ijms23094903
https://doi.org/10.1016/j.cbi.2022.110189
https://doi.org/10.1016/j.freeradbiomed.2015.05.036
https://doi.org/10.1016/j.mad.2012.12.005
https://doi.org/10.1016/j.arr.2020.101194
https://doi.org/10.1007/s10522-010-9286-3
https://doi.org/10.1016/j.mad.2021.111575
https://doi.org/10.1016/j.mad.2021.111575
https://doi.org/10.1515/revneuro-2018-0084
https://doi.org/10.1515/revneuro-2018-0084
https://doi.org/10.1016/j.freeradbiomed.2013.03.015
https://doi.org/10.1016/j.freeradbiomed.2013.03.015
https://doi.org/10.1172/JCI95148
https://doi.org/10.1172/JCI95148
https://doi.org/10.3390/biom10030420
https://doi.org/10.1111/jnc.14052
https://doi.org/10.3892/mmr.2019.10374
https://doi.org/10.3892/mmr.2019.10374
https://doi.org/10.1016/j.coph.2005.01.014
https://doi.org/10.1016/j.coph.2005.01.014
https://doi.org/10.1007/s11064-016-2022-x
https://doi.org/10.7717/peerj.2739
https://doi.org/10.1039/d1fo00538c
https://doi.org/10.1039/d1fo00538c
https://doi.org/10.18632/oncotarget.8165

	COP-22 Alleviates d-Galactose–Induced Brain Aging by Attenuating Oxidative Stress, Inflammation, and Apoptosis in Mice
	Abstract
	Introduction
	Method
	Animal
	Treatment of D-gal–induced aging of mice
	Histopathology Analysis
	Measurement of Aspartate Aminotransferase (AST)Alanine Aminotransferase (ALT)
	Measurement of BUN
	Measurement of Creatinine (CRE)
	GPx Assay
	T-AOC Assay
	T-SOD Assay
	MDA Assay
	CAT Assay
	Acetylcholine (Ach) Assay
	Acetylcholinesterase (AchE) Assay
	Western Blotting Assay
	Statistical Analysis

	Results
	Effects of COP-22 on Liver and Kidney Functions of Aging Induced by D-gal in Mice
	Effects of COP-22 on AST, ALT, BUN, and CRE Levels in the Serum
	Effects of COP-22 on Liver and Kidney Histopathological Alterations

	Effects of COP-22 on Oxidative Stress Biomarkers in the Serum and Livers of Aging Induced by D-gal in Mice
	Effects of COP-22 on Protective Brain of D-gal–Induced Aging in Mice
	Effects of COP-22 on Oxidative Stress Biomarkers in the Brain
	Effects of COP-22 on the Expression of Ach Level and the Activity of AchE in the Brain
	Effects of COP-22 on Histopathological Alternations in the Brain
	Effects of COP-22 on Aging, Oxidative Stress, Inflammation, and Apoptosis-Related Proteins


	Discussion
	Conclusion
	References


