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Abstract

Background: The number of older people in the world is increasing year by year; studies have shown that more than 90% of cardio-
vascular disease occurs in the older people population, indicating that aging is one of the major risks involved in the development of
cardiovascular disease. Therefore, retarding the development of cardiac aging is an important strategy to prevent aging-related cardio-
vascular diseases. Methods: In the current study, we examined the anti-cardiovascular aging potential of canthaxanthin in vitro and in
vivo experiments. For this, a model of cardiomyocyte senescence induced by D-galactose was established, which was used to investigate
the canthaxanthin’s effect on cardiac premature aging. Results: We found that canthaxanthin obviously mitigated the cardiomyocyte
senescence in vitro. Further mechanistic studies revealed that canthaxanthin seems to alleviate cardiomyocyte senescence by regulating
the autophagy process. Furthermore, the effects of canthaxanthin on cardiovascular senescence were further evaluated. We also observed
that canthaxanthin mitigated cardiac aging and fibrosis in the aged mice model. Conclusions: To sum up, the current work showed that
canthaxanthin could obviously alleviate cardiac premature aging, indicating that canthaxanthin could be used as a biologically active
molecule for the treatment of cardiac aging and fibrosis.
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1. Introduction Haematococcus pluvialis and Digitococcus chlorella [7]. In
addition to algae, corn, shrimp, mollusks, and insect larvae
also contain the abundant canthaxanthin [7]. Because hu-
mans cannot synthesize canthaxanthin, canthaxanthin can
only be obtained from the diet. Currently, canthaxanthin
is frequently used as a food additive with positive effects
on animal health [8]. Similar to carotenoids, CX has good
antioxidant and immune regulation properties in vitro and
in vivo [9-12]. Furthermore, CX can scavenge free radi-
cals and reactive oxygen species (ROS) and prevent DNA
damage [10]. Previous studies have shown that canthax-
anthin has various biological activities, such as antioxidant
and immune regulation [11]. Dietary CX also significantly
increases mitogen-induced lymphocyte proliferation in rats
[11]. In addition, it has been reported that canthaxanthin
has immunomodulatory activity [12].

At present, the proportion of older people in the world
is increasing year by year, and the proportion of the older
people population will increase from 12% in 2015 to 22%
in 2050 [1]. Therefore, the aging society will face huge
economic, social, and health challenges in the next few
decades. Studies have found that more than 90% of car-
diovascular disease occurs in the older people population
[2], indicating that aging is one of the major risks involved
in the development of cardiovascular disease. Aging is a
complex physiological process [3]. Cardiac aging refers to
age-dependent degenerative changes, which in turn make
the heart more sensitive to stress damage [4]. The risk of
age-related cardiovascular disease in older people increases
significantly year by year. Therefore, delaying the occur-
rence and retarding the development of cardiac aging is an

important strategy in the prevention of aging-related cardio- Currently, the effect of canthaxanthin on cardiovas-

vascular diseases.

Canthaxanthin (B, B-carotene-4, 4’-dione) has a
molecular formula of C4oH5205 and a relative molecular
mass of 564.84 [5]. Canthaxanthin (CX) was first iso-
lated from the edible mushroom Celosia japonica [6]. Can-
thaxanthin comes from a wide range of sources, including

cular premature aging has not been studied. To this end,
in the present study, we established a model of cardiomy-
ocyte senescence induced by D-galactose, which was used
to further explore the effect of canthaxanthin on oxidative
stress-induced aging of cardiomyoblasts and arterial en-
dothelial cells. The experimental observations revealed that
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CX might mitigate cardiomyoblast senescence and cardiac
premature aging. Further mechanistic studies indicated that
canthaxanthin might alleviate cardiomyoblast senescence
by regulating the autophagy process. To sum up, this work
showed that canthaxanthin obviously mitigates cardiomy-
oblast senescence and cardiac premature aging, suggesting
that canthaxanthin has the potential application value for
treating premature aging of the heart.

2. Materials and Methods
2.1 Reagents and Antibodies

Bicinchoninic Acid Assay (BCA) protein concentra-
tion assay kit, Reactive oxygen species detection kits, RIPA
lysate, and -galactosidase assay kit were purchased from
Beyontime Biotechnology Co., Ltd. (Shanghai, China); 4%
paraformaldehyde, trypsin, and D-galactose (D-galactose)
were purchased from Sigma Company (Shanghai, China).
Cell Counting Kit-8 (CCK-8) kit was purchased from
Boster Biological Company (Shanghai, China). The SDS-
PAGE gel preparation kit, TBST, PMSF protease inhibitor,
SOD detection kits, and MDA detection kits were pur-
chased from Beijing Solar-bio Company (Beijing, China).
PVDF membrane was purchased from Millipore Com-
pany (Burlington, MA, USA). Anti-Col-1 (1:500 dilution),
anti-a-SMA (1:1000 dilution), anti-3-catenin (1:1500 di-
lution), anti-p21 (1:1000 dilution), anti-p16 (1:1500 dilu-
tion), anti-p53 (1:1000 dilution), C62 (1:1500 dilution) and
LC3 (1:500 dilution) were purchased form Abcam (Cam-
bridge, UK). Bovine Serum Albumin (BSA), Dulbecco’s
Modified Eagle Medium (DMEM), ECL Chemilumines-
cent, and Western-blot Kits were purchased from Thermo-
Fisher Scientific company (Waltham, MA, USA). H9c2
(Cat.no. CRL-1446) and Primary Coronary Artery En-
dothelial Cells were purchased from ATCC (Manassas, VA,
USA).

2.2 Cell Culture

H9c2 (rat embryonic cardiomyoblast-derived cell
line) was purchased from the ATCC. HCAES (Human Pri-
mary Coronary Artery Endothelial Cells, Cat.no. PCS-100-
020) was from ATCC. H9¢c2 and HCAES cells were cul-
tured in the DMEM medium supplemented with 10% FBS,
100 U/mL penicillin, and 100 pg/mL streptomycin at 37 °C
and 5% COx. In addition, mycoplasma testing has been per-
formed for the H9¢2 and HCAES. H9c2 and HCAES have
been authenticated by STR.

2.3 Sa-B-gal Staining

After the cell culture medium was discarded,
paraformaldehyde (4%) was added to the cells, and cells
were fixed for 0.5 h. After washing, freshly prepared
Sa-(3-gal staining solution was added to the cells and incu-
bated overnight at 37 °C (the cell culture plate was sealed
with plastic wrap to prevent the staining solution from
evaporating). The cells were checked under a microscope.

2.4 Western-Blot Analysis

Cells were processed using cell lysate; the cells were
then centrifuged to harvest at 12,000 g for 30 min at 4 °C.
After centrifugation, the supernatant was collected. A BCA
kit was used to determine protein concentration. Proteins
were separated by SDS-PAGE and transferred to PVDF
membranes. The PVDF membrane was placed in a 5% BSA
blocking solution for 2 h at room temperature. PVDF mem-
branes were then placed into the diluted primary antibody
solution for 12 h at 4 °C. After washing, PVDF membranes
were placed in the secondary antibody solution for 120 min
at room temperature (RT). After three washes in TBST (10
min each time), the blots were detected by the enhanced
chemiluminescence (ECL) kit. The protein band images
were analyzed using image J software (developed by Na-
tional Institutes of Health, Bethesda, MD, USA).

2.5 CCK-8 Assay for Cell Viability

HO9c2/HCAES cells were seeded into 96-well plates at
a density of 5000 cells per well and cultured for 24 h, after
which the cells were cultured with fresh medium containing
D-gal at different concentrations (5, 10, 20, 40, 60 g/L),
the cells were cultured for 48 h. After washing, 10 uL of
CCK-8 solution was added into each well and incubated for
1.5 h. The absorbance of cell samples was detected using a
microplate reader at a wavelength of 450 nm.

2.6 Flow Cytometry

The cells were washed twice with PBS, and 0.25%
trypsin was added to digest the cells. When the cells were
obviously round, and then the cell suspension was col-
lected. The cells were treated with 5 pL of Annexin V-FITC
(for 10 min) and 5 pL of PI solution (for 10 min), respec-
tively. The cell samples were subsequently detected using
a Flow cytometer (BD). Data were analyzed using Flow]
software (developed by Flow Cytometry Software Inc, ver-
sion: 10.8.1, Sunnyvale, CA, USA).

2.7 Mitochondrial Membrane Potential Detection

The cells were digested with trypsin. The cells were
then centrifuged at 1000 rpm for 5 min. Cells were washed
three times with PBS, 1 mL of complete medium was added,
then JC-1 staining solution was added and incubated in the
dark for 20 min. The JC-1 staining solution was discarded.
After 2 washes with pre-cooled PBS buffer, cells were de-
tected via a Flow cytometer.

2.8 Detection of ROS Content

The medium was discarded, and the cells were washed
once with sterile PBS. ROS fluorescent probe (DCFH-DA,
1:1000 dilution) was added. After incubation for 20 min,
the medium was discarded, and the cells were washed three
times with a serum-free medium. The cells were checked
under a fluorescence microscope within 30 min.
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Fig. 1. Establishment of H9¢2 senescent cell model. (A) The cell viability of H9c2 cells was decreased after D-gal treatment. (B) D-gal

induced the senescence of H9¢2 cells. (C) Analysis of cell apoptosis by Flow analysis. Cells were treated with different concentrations

of D-gal, and then the cell apoptosis was analyzed using an Annexin V-PE/7-AAD double staining kit according to the manufacturer’s

instructions. (D) The expression of p16 and p21 was up-regulated in the D-gal treatment group. n =3 from 3 independent experiments.

*p < 0.05, ***p < 0.001.

2.9 Detection of Reactive Oxygen Species (ROS) by Flow
Cytometry

The reactive oxygen species detection kit (Solarbio,
Beijing, China) was used to detect the ROS level. The
cells were seeded in 6-well plates. When the cells reached
70-80% confluence, the cells were treated with CX. After
washing, the cells have been digested. The cells were col-
lected by centrifugation and rinsed once with a serum-free
medium. DCFH-DA was then added and incubated for 20
min. After washing three times with PBS, the cell samples
were analyzed by Flow cytometry.

2.10 MDA Detection Kit

Malondialdehyde content was determined using an
MDA detection kit. After canthaxanthin administration, the
cells were digested and prepared into a single-cell suspen-
sion. The cells were then centrifuged for 5 min. The cell
samples were centrifuged at 8000 g/min for 10 min. Cell
supernatants were assayed by a microplate reader.
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2.11 In Vivo Experiments

Experimental animals (C57 mice, weight 28-30 g, 18-
month-old) were purchased from Huafu Kang Biotechnol-
ogy Co (Beijing, China). We treated mice with canthax-
anthin (15 mg/kg) by gavage for 6 weeks, and the control
group was treated with normal saline by gavage. All animal
experiments were approved by the animal ethics committee
of Jinan University (approval number: 20200326).

2.12 HE Staining

Paraffin-embedded myocardial tissue was sectioned
into a thickness of approximately 4 um. After the sections
were deparaffinized, they were placed in xylene I (20 min),
xylene II (20 min), absolute ethanol I (5 min), absolute
ethanol II (5 min), and 75% alcohol (5 min), then sections
were washed and stained with Hematoxylin and Eosin. Af-
ter sealing with neutral gum, samples were observed using
a microscope. The images were analyzed by ImageJ soft-
ware.
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Fig. 2. Canthaxanthin alleviated the H9c2 senescence. (A) Effects of different concentrations of canthaxanthin on the proliferation
of H9¢2 cells. (B) The effect of canthaxanthin on the senescence of H9¢2 cells by Sa-(-gal staining. (C) The mitochondrial membrane
potential was increased by canthaxanthin treatment. (D) The ratio of S phage increased in the canthaxanthin treatment group. (E)
The protein expressions of p16, p21, and p53 in H9¢c2 cardiomyocytes were down-regulated by canthaxanthin treatment. (F) Indirect
immunofluorescence analysis of YH2AX expression. The cell membranes were stained using membrane-specific staining reagent DIO
(3,3’-dioctadecyloxacarbocyanine perchlorate). n = 3 from 3 independent experiments. *p < 0.05.

2.13 Masson Staining

Masson staining was performed to analyze the de-
gree of tissue fibrosis. Cardiac tissue was dehydrated with
different concentrations of ethanol and then embedded in
paraffin. Subsequent processing of tissue samples was per-
formed according to Masson staining kit instructions.

2.14 Indirect Immun of Luorescence Staining

After H9c2 cells were treated with canthaxanthin, PBS
was added to rinse the cell slides 3 times (3 min each).
Cells were fixed using pre-chilled acetone for 15 min. After
the samples were washed 3 times, 0.5% Triton X-100 was
added to the cells. After incubation for 20 min, cell sam-
ples were washed three times. After blocking with BSA,
the cells were placed in the primary antibody solutions for
12 h. After 3 washes with PBS, fluorescently labeled sec-
ondary antibody was added and incubated at 37 °C for 1 h.
After the cell samples were washed three times with PBS,
DAPI staining solution was added and incubated in the dark

for 10 min. After washing three times with PBS, the sam-
ples were treated with 50% glycerol and observed under a
confocal microscope (Olympus, FV3000, Tokyo, Japan).

2.15 Statistical Analysis

The data were expressed as mean =+ standard error,
the comparison between multiple groups was performed by
one-way ANOVA, and the comparison between two groups
was performed by Student-# test, and p < 0.05 was consid-
ered statistically significant.

3. Results

3.1Establishment of D-gal-Induced H9c2 Cardiomyocyte
Senescence Model

D-gal was used to establish a model of cardiomyoblast
senescence. For this, we first analyzed the effect of D-gal
on the viability of H9¢2 cells. In the per-experiment, the
cells were cultured for 48 h in a complete medium contain-
ing 5 g/L, 10 g/L, 20 g/L,40 g/L, and 60 g/L D-gal, respec-
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Fig. 3. Effect of canthaxanthin on oxidative stress. (A) The reactive oxygen species (ROS) content was significantly decreased by
canthaxanthin treatment. (B) The effect of canthaxanthin on the levels of Malondialdehyde (MDA) and Superoxide Dismutase (SOD). n

=3 from 3 independent experiments. **p < 0.01, ***p < 0.001.

tively. The results showed that the cell viability of H9c2
cells decreased after treatment with different concentrations
of D-gal (Fig. 1A). Furthermore, we analyzed the effect of
different concentrations of D-gal on the H9¢2 senescence.
As shown in Fig. 1B, compared with the control group, the
different concentrations of D-gal induced H9c2 cell senes-
cence. The number of H9¢c2 senescence was increased in
a dose-dependent manner. When the concentration of D-
gal was at 60 g/L, the cell morphology changed signifi-
cantly, and some cells died (Fig. 1B). These findings sug-
gest that D-gal could induce the H9c2 cells senescence in
a dose-dependent manner. Furthermore, Flow cytometry
was conducted to test the apoptosis of H9c2 cells after treat-
ment with different concentrations of D-gal. As shown in
Fig. 1C, the H9¢c2 cell apoptosis rate was significantly in-
creased when the concentration of D-gal reached 60 g/L.
In addition, the expressions of p16 and p21 (the markers of
cellular senescence) were also increased (Fig. 1D). Taken
together, in the current study, D-gal at a concentration of
40 g/L was chosen to establish the H9c2 senescence model.
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3.2 Canthaxanthin Alleviated D-gal-Induced Senescence
in H9c2 Cardiomyocytes

In order to study the effect of canthaxanthin on H9¢c2
senescence, we first determined the concentration of can-
thaxanthin used in the current work by CCKS8 assays. The
results showed that 10 uM canthaxanthin showed a good
effect on promoting cell proliferation (Fig. 2A). Therefore,
we used 10 pM canthaxanthin for the following experi-
ments. To analyze the effect of canthaxanthin on the senes-
cence of H9¢2 cells, SA-S-gal staining was performed to
detect the cell senescence in each group. As shown in
Fig. 2B, compared with the control group, the number of
Sa-3-gal-positive cells in the D-gal group was significantly
increased; compared with the D-gal group, the number of
senescent cells was significantly decreased after 48 h of
canthaxanthin treatment. Next, we analyzed the effect of
canthaxanthin on D-gal-induced mitochondrial membrane
potential in H9¢2 cells; the results of JC-1 staining showed
that compared with the control group, the mitochondrial
membrane potential of the D-gal treatment group decreased
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Fig. 4. Exploring the molecular mechanism of cantaxanthin in alleviating cellular aging. (A) Autophagy levels were elevated
by canthaxanthin treatment. (B) Canthaxanthin exhibited an anti-aging effect via regulating autophagy. n = 3 from 3 independent
experiments. *p < 0.05. Different letters indicate significant differences.

significantly (Fig. 2C). However, canthaxanthin treatment
increased the mitochondrial membrane potential. Further-
more, the proportions of cells in S phase also increased
(Fig. 2D). The effect of canthaxanthin on D-gal-induced ex-
pression of senescence-related markers in H9¢2 cells was
also investigated. Western blot analyses were performed.
As shown in Fig. 2E, compared with the control group, D-
gal treatment up-regulated the protein expressions of pl6,
p21, and p53 in H9¢2 cells. In addition, YH2AX (DNA-
damage-sensing molecule) also obviously elevated. Can-
thaxanthin treatment decreased the expression of p16, p21,
p53, and YH2AX (Fig. 2F) in the H9¢2 cells.

3.3 The Effect of Canthaxanthin on Oxidative Stress in the
H9c2 Cell

We investigated the effect of canthaxanthin on D-gal-
induced oxidative stress in H9¢2 cardiomyoblasts. Flow
cytometry analyses were performed to detect ROS content.
As shown in Fig. 3A, the mean fluorescence intensity of
the D-gal group was enhanced compared with the control
group, indicating that the ROS content was significantly
increased; compared with the D-gal group, the ROS level
in H9¢2 cardiomyoblasts was significantly decreased after
48 h of canthaxanthin treatment. Furthermore, the effect
of canthaxanthin on the levels of Malondialdehyde (MDA)
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Fig. 5. Canthaxanthin alleviated the human primary coronary artery endothelial cells (HCAEC) senescence. (A) D-gal treatment

decreased the viability of HCAEC cells compared with the control group. (B) Canthaxanthin reduced the senescence of HCAEC cells.
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of the senescent cells. (E) Canthaxanthin treatment down-regulated the expression of p53, p21 and pl16. (F) YH2AX expression was

detected by IFA. The cell membranes were stained using membrane-specific staining reagent DIO (3,3’-dioctadecyloxacarbocyanine

perchlorate). n =3 from 3 independent experiments. *p < 0.05, ***p < 0.001.

and Superoxide Dismutase (SOD) was also detected. As
shown in Fig. 3B, SOD in the D-gal treatment group was
significantly decreased, but MDA content was significantly
increased. Compared with the D-gal group, the SOD in
the canthaxanthin treatment group was increased, and the
MDA content was obviously decreased. These results sug-
gest that canthaxanthin could alleviate the oxidative stress
of the senescent cardiomyocytes.

3.4 Exploration of the Potential Molecular Mechanism by
which Canthaxanthin Could Alleviate Cardiomyocyte

Aging

Oxidative stress is closely related to aging, and it
has been reported that canthaxanthin has antioxidant ef-
fects. Here, we further analyzed whether canthaxanthin
could alleviate H9c2 cell senescence through other molec-
ular mechanisms. Previous studies have shown that cardiac
aging is closely related to autophagy [13]. In the senes-
cent cells, autophagy levels were significantly reduced [ 14].
In the current study, we found that in the senescent H2¢9
cells, LC3 expression was significantly decreased and p62
expression was increased (Fig. 4A). In contrast, the level of
autophagy was significantly increased in the canthaxanthin-
treated group by detecting LC3 (Supplementary Fig. 1).
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These results suggest that canthaxanthin mitigates cardiac
premature aging via regulating autophagy. In order to fur-
ther verify whether canthaxanthin inhibits myocardial ag-
ing by regulating autophagy, we conducted a rescue ex-
periment; canthaxanthin was added into the cell medium,
at the same time, an inhibitor of autophagy (chloroquine
diphosphate, ab142116, 50 uM) was also added. The exper-
imental results showed that the autophagy inhibitor neutral-
ized the anti-aging effects of canthaxanthin (Fig. 4B), which
suggests that the anti-aging effect of canthaxanthin may be
through the regulation of autophagy (at least in part).

3.5 Canthaxanthin Alleviated the Senescence of HCAEC

We also established the model of D-gal-induced
HCAEC senescence. We first analyzed the effect of D-
gal on HCAEC viability. Different concentrations of D-
gal (5-80 g/L) were used in the pre-experiment, and re-
sults showed that 30 g/L. D-gal could successfully induce
HCAEC senescence. Fig. SA showed that D-gal treat-
ment decreased the viability of HCAEC compared with
the control group. In contrast, canthaxanthin treatment
could significantly increase the viability of HCAEC. Fur-
thermore, D-gal treatment led to a significantly higher num-
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ber of senescent cells compared to the control group. How-
ever, canthaxanthin significantly reduced the senescence
of HCAEC cells (Fig. 5B). Furthermore, cell cycle exper-
iments showed that canthaxanthin significantly increased
the proportion of cells in S phase (Fig. 5C). JC-1 analy-
sis shown that canthaxanthin could increase the mitochon-
drial membrane potential (Fig. 5D). In addition, the effect of
canthaxanthin on the expression of the senescence-related
markers was also tested, and results were that D-gal treat-
ment increased the protein expressions of p16, p21 and p53
in HCAEC cells. YH2AX (DNA-damage response marker)
was also obviously up-regulated. In contrast, canthaxanthin
treatment down-regulated the expression of p16, p21, p53,
and YH2AX (Fig. 5E,F).

3.6 Effects of Canthaxanthin on Oxidative Stress in
HCAEC

We investigated the effect of canthaxanthin on D-gal-
induced oxidative stress in HCAEC. Flow cytometry was

used to analyze the ROS content. The results are shown in
Fig. 6A; the mean fluorescence intensity of the D-gal treat-
ment group was obviously enhanced. Compared to the D-
gal group, the level of ROS was significantly decreased af-
ter the H9¢2 cells were treated with canthaxanthin for 48
h. Furthermore, the effect of canthaxanthin on the expres-
sion levels of MDA and SOD in the HCAEC cells was also
analyzed, and the results showed that the SOD in the D-gal
group was significantly lower than that of the control group,
but the MDA content was significantly higher. Compared
to the D-gal group, the SOD in the canthaxanthin treatment
group was increased, and the MDA content was decreased
(Fig. 6B). These findings indicated that canthaxanthin can
relieve the oxidative stress of HCAEC cells.

3.7 Anti-Aging Effects of Canthaxanthin in Vivo

In in vitro experiments, we evaluated the effect of can-
thaxanthin on heart aging. For an in vivo experiment, we se-
lected 18-month-old mice as research subjects. We treated
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Fig. 7. Evaluation of anti-aging effects of canthaxanthin in vive. (A) Canthaxanthin reduced the SA-{3-gal staining area of the heart

tissue. (B) The expressions of p16 and p21 were down-regulated after canthaxanthin treatment. (C) The rate of KI67-positive cells was

increased in the canthaxanthin-treated group. *p < 0.05.

the experimental mice with canthaxanthin (15 mg/kg) by
gavage and the control mice with normal saline by gavage.
Heart tissues were extracted for analysis of aging mark-
ers. Canthaxanthin treatment reduced the SA-3-gal staining
area of the heart tissue (Fig. 7A). In addition, the expres-
sion of both p16 and p21 was also significantly lower than
that of the control group (Fig. 7B). The number of Ki67-
positive cells was significantly higher in the CX-treated
group (Fig. 7C).

Heart aging is closely related to fibrosis; therefore,
we also analyzed the effect of CX on myocardial fibrosis
in vivo. Masson staining showed that the level of myocar-
dial fibrosis was significantly lower in the CX-treated group
(Fig. 8A). Furthermore, CX also inhibited the expression of
Col-1 in the cardiac tissue (Fig. 8B), and the expression of
a-SMA was also decreased in the heart tissue (Fig. 8C). On
this basis, we analyzed a molecular mechanism by which
CX might inhibit cardiac fibrosis. It is well known that ac-
tivation of [3-catenin leads to fibroblast activation and fi-
brogenesis in multiple organ systems. In myocardial tis-
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sue, it directly initiates the expression of the Col-1 gene.
Therefore, in order to determine whether the effect of CX
on myocardial fibrosis is related to -catenin, Western-blot
analyses were conducted to detect the expression level of
[-catenin. Compared with the control group, the expres-
sion of [-catenin protein in the myocardium of the aged
group was higher, and CX treatment reduced the expres-
sion of B-catenin protein in the myocardium of the aged
mice (Fig. 8D).

Compared with the hearts of young mice, the
heart/body-weight ratio (HW/BW) of the 18-month-old
mice was abnormal; the ratio was significantly higher in the
aged heart (Fig. 9A), suggesting that the myocardium may
be hypertrophic. The expression of brain natriuretic pep-
tide (BNP) and 5-myosin heavy chain (MHC) (the markers
of cardiac hypertrophy in mice) were significantly higher.
However, the expressions of BNP and MHC were signif-
icantly lower after CX treatment (Fig. 9B). These results
suggest that CX may partially alleviate cardiac hypertro-
phy in aged mice. Additionally, H&E staining showed that
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Fig. 8. The effect of CX on myocardial fibrosis in vivo. (A) The level of myocardial fibrosis was down-regulated in the canthaxanthin-

treated group. (B) Canthaxanthin inhibited the expression of Col-1 in cardiac tissue. (C) The expression of a-SMA was decreased in the

heart. (D) Canthaxanthin treatment reduced the expression of 3-catenin in the myocardium of the aged group mice. *p < 0.05.

the cardiomyocytes of young WT mice were arranged com-
pactly in an orderly manner, but the cardiomyocytes of the
aged mice were irregularly arranged, with enlarged inter-
cellular spaces. CX treatment significantly alleviated the
pathological changes caused by aging (Fig. 9C).

4. Discussion

Population aging has become one of the major social
problems in the world [15]. This brings great challenges to
limited social medical resources [16]. The aging popula-
tion has brought unprecedented challenges to medical and
health services [17]. Aging is a process of chronic accu-
mulation of biological changes in the body over time. Be-
cause of the importance of the heart, cardiac aging is one of
the important pathological factors in the aging of the body
[18]. Symptoms of cardiac aging include left ventricular
wall thickening, myocardial fibrosis, and decreased dias-
tolic function [19]. The expression of aging-related mark-
ers pl6 and p21 has been found to increase in aging car-
diomyocytes of humans and animals. Cardiomyocyte ag-
ing is closely related to the occurrence of cardiovascular
diseases such as heart failure, atherosclerosis, and arrhyth-
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mia [19]. Therefore, there is an urgent need for us to further
elucidate the underlying molecular mechanisms of cardiac
aging and to find effective treatments or interventions to de-
lay or retard cardiac aging. In the present study, we found
that CX has a promising anti-aging effect on the heart.

In the present study, H9¢c2 was used as a cell model
to establish a senescent cardiomyoblast model. In in vitro
experiments, we found that CX could alleviate the senes-
cence of H9¢2. The proportion of Sa-S5-gal-positive cells
was significantly reduced in the CX-treated group. Further-
more, aging-related markers were also reduced. Addition-
ally, in vivo, we found that CX exhibited anti-aging effects.
Furthermore, the expression of pl6 and p21 was reduced
after CX treatment, and the rate of Ki67-positive cells was
increased. Heart aging is closely related to fibrosis. We
found that the level of myocardial fibrosis was reduced af-
ter CX treatment. In addition, in recent years, CX has been
reported to exhibit a number of other important biological
activities [20]. For example, (a) CX inhibited the prolifera-
tion of cancer cell lines [21]; (b) CX enhanced the produc-
tive and reproductive performance of broiler breeders [22];
and (c¢) CX has antioxidant properties [10,23].
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Autophagy is closely related to cardiomyocyte aging,
which is responsible for degrading the damaged organelles
and macromolecules [24]. Autophagy can be activated un-
der stress. However, studies have shown that autophagy
gradually decreases with aging. Therefore, the reduction of
autophagy is one of the important reasons for cardiac aging
[25]. In the current study, we showed that CX can increase
autophagy in the senescent cardiomyoblast, which may be
one of the potential mechanisms by which CX exhibits an
anti-aging effect.

The incidence of age-related cardiovascular diseases
increases exponentially with the global aging trend [26,27].
Studies have shown that vascular aging plays a key role in
the occurrence and development of aging-related diseases
[26,27]. Senescent endothelial cells accumulate continu-
ously in the vessel wall, leading to the decline of endothe-
lial function [28]. Previous studies have shown that senes-
cent endothelial cells accumulate in atherosclerotic plaques,
leading to vascular dysfunction [29]. Therefore, endothelial
cells can be used as a tool for evaluating vascular aging and
function. In the present study, we found that CX could sig-
nificantly alleviate the senescence of vascular endothelial
cells. These results suggest that CX can relieve vascular
endothelial cell senescence.
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Cardiac aging is closely related to oxidative stress
[30]. Oxidative stress occurs when ROS exceeds the buffer-
ing capacity of the antioxidant defense system. ROS-
mediated oxidative damage plays an important role in vas-
cular aging. In endothelial cells, nitric oxide (NO) is con-
sidered to be the main substance maintaining endothelial-
cell function. In the present study, we found that CX can
significantly increase vascular NO content.

CX has many advantages over the anti-aging sub-
stances that have been mentioned in previous reports. CX
can be eaten as food or applied as a medication (because
anti-aging is a long-term process). An interesting question
is, how much CX does the body get from food every day?
As of now, there is no data on how much CX can be ob-
tained from food every day because inter-individual vari-
ability is very large. However, studies have shown that CX
can be used in a very wide range of safe concentrations.

Of course, current research also has certain limita-
tions. HO9c2 cells are cardiomyoblast-derived immortal
cells that are fundamentally different from terminally dif-
ferentiated cardiomyocytes with respect to cell cycle pro-
gression. Since cell cycle arrest is a major determinant
of cellular senescence, H9¢2 cells are not the best model
for cardiomyocyte senescence. Theoretically, primary car-
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diomyocytes should be the best cellular model, but under
our experimental system, primary cardiomyocytes cannot
meet the current experimental requirements. Therefore, we
finally chose H9c2 as a model to evaluate the anti-aging
potential of canthaxanthin.

5. Conclusions

In the current study, we showed that CX can allevi-
ate cardiomyoblast senescence via regulating the autophagy
process, indicating that canthaxanthin may be an important
bioactive molecule that has shown potential for alleviating
cardiac aging and fibrosis.
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