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A B S T R A C T

Age-related cardiovascular diseases continue to be important issues that contribute to the societal
burden. Unveiling the molecular mechanisms underlying age-related cardiovascular diseases
provides novel opportunities to delay aging and facilitate early disease diagnosis and treatment.
This study utilized knockout mice lacking melatonin receptors type 1A (MT1) and 1B (MT2).
Ultrasonography, pathological staining, and transcriptomics were used to investigate the role of
MT1/2 in the hearts of aging mice. Knockout of both receptors decreased ejection fraction and
exacerbated fibrosis, inflammation, oxidative stress, and apoptosis levels in aging mice. Our
findings indicated that the cardiac function of MT1 knockout mice was more severely affected
than that of MT2 knockout mice. Additionally, we observed that intraperitoneal administration of
melatonin (20 mg/kg/day for 90 days) ameliorated abnormal cardiac function in aging mice.
However, the absence of MT1/2 resulted in the inability of melatonin to improve cardiac func-
tion. Our study, utilizing an aging polymerase chain reaction assay and cell experiments, revealed
that melatonin receptors potentially influence cardiac function in aging mice through their effects
on leukocyte differentiation antigen 14 (CD14) expression. Consequently, melatonin receptors,
particularly MT1, are key contributors to cardiac aging, and therapeutic interventions targeting
this receptor are promising for delaying the progression of cardiac aging.

1. Introduction

Cardiovascular disease (CVD) is a primary health concern in aging populations. Aging is a major risk factor for CVD (heart failure
[HF]) and plays an important role in its occurrence and development [1]. Approximately 1% of the population over 50 years and 8.4%
over 75 is affected by HF. Cardiac aging is marked by cardiomyocyte enlargement, interstitial fibrosis, infiltration of inflammatory
cells, and ongoing myocardial rigidity [2–5]. The pathogenesis of cardiac aging includes inflammatory response, oxidative stress,
autophagy disorders, metabolic changes, impaired calcium regulation, activation of neuroendocrine pathways, and accumulation of
senescent cells. The stimulation of pathological factors such as oxidative stress and inflammation can cause stress senescence of
cardiomyocytes [6]. Studying cardiac aging and its mechanisms in older adults, investigating key factors in the process, and identifying
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novel targets for clinical interventions are essential.
Melatonin is a pleiotropic neurohormone and the most important hormone involved in the circadian rhythm [7]. Age also affects

melatonin levels, with peak levels higher in neonates and declining in older adults [8]. Numerous studies have shown that melatonin
has anti-aging properties [9,10]. It has a wide range of biological effects in biological rhythm, reproductive system, immune system,
digestive system, central nervous system, antioxidant and anti-tumor, and has been used in hypnosis, immune regulation, anti-aging
treatment [11]. In recent years, researchers have found that Melatonin has anti-inflammatory, antioxidant, blood pressure and lipid
lowering effects, while Melatonin and its receptors play important roles in CVD pathogenesis, and notably, the mechanisms by which
they exert their pharmacological effects are becoming more well-understood [12,13]. Melatonin receptor type l (MT1) and melatonin
receptor type 2 (MT2) are the primary melatonin receptors in the human body, belonging to the A family of G-protein-coupled re-
ceptors. MT1 is encoded by theMTNR1A gene and has 350 amino acids.MTNR1B encodes MT2 and has 362 amino acids [14]. MT1 and
MT2 are highly homologous, with an overall sequence similarity of 55 %, and a sequence similarity in the transmembrane region
reaching 70 % [15,16]. MT1 and MT2 are most densely distributed in the human nervous system, including the hypothalamus, retina,
cerebral cortex, hippocampus, midbrain, and pituitary gland. MT1 and MT2 are widely distributed in other human body organs and
tissues and play important physiological roles. AlthoughMT1 and MT2 are activated by melatonin to exert their functions, they exhibit
considerable differences in their specific distributions in the human body. The higher the expression of MT1 in breast cancer cells, the
stronger the sensitivity of tumor cells to melatonin [17]. Additionally, melatonin participates in the MT2-mediated RZR/RORα
pathway, leading to the inhibition of colon cancer cell proliferation [18]. The melatonin receptor agonist, ramelteon, induces MT2
activation and reactive oxygen species (ROS) release for cardioprotection [19]. Melatonin membrane receptor 2 activation is a key
determinant for melatonin-mediated cardioprotection in cardiac ischemia-reperfusion injury [20,21].

Animal aging has been used to explore mechanical models of cardiac aging. Rats and mice are equivalent to 85-year-old humans at
24 months [22]. However, in this study, the MT1 and MT2 knockout mice barely survived for 24 months. The survival rate was
approximately 50 % at 12 months. Therefore, we selected 12-month-old mice as an aging model. Macroscopic changes in the hearts of
aged mice included adventitial fat deposition, aortic valve calcification, atrial hypertrophy/dilatation, and left ventricular wall
thickening. DNA double-strand breaks trigger a DNA damage response, which activates the recruitment of ataxia-telangiectasia
mutated (ATM)- and ataxia telangiectasia and Rad3 (ATR)-related kinases to the site of damage and leads to Ser139 phosphoryla-
tion of histone γH2AX, which in turn activates the p53/p21 and p16/Rb signaling pathways [23,24]. Research indicates that mice with
p53 overexpression have a reduced lifespan and exhibit premature aging characteristics [25]. In mice and humans, p16 expression
increases with age [26].

The involvement of melatonin and its receptors in heart failure (HF) treatment has been previously investigated [27]. Adminis-
tering melatonin before and after ischemia has resulted in equal levels of cardio-protection in ischemia-reperfusion-injured hearts. Its
beneficial effects on cardiac arrhythmias and cardiac mitochondrial function and dynamics depend on the activation of MT2. However,
aging models have not confirmed whether MT1 and MT2 play a role in HF. Thus, in this study, knockout mice were utilized to examine
the significance of MT1 and MT2 in aging and to elucid the potential mechanisms through which melatonin safeguards the aging
mouse heart via these receptors.

2. Materials and methods

2.1. Animals and treatment

MT1 and MT2 KO C57BL/6 male mice were purchased from the Cyagen Biosciences (Suzhou, China). Litter control and knockout
mice were fed for 12 months (23–25 g). Young C57BL/6 male mice were selected litter control at 8 weeks of age (23–25 g), and
purchased from Liaoning Changsheng biotechnology co., Ltd. All mice were maintained under specific pathogen-free, environmentally
controlled (Temperature: 20–25 ◦C; Humidity: 50 ± 5 %) barrier conditions in individually ventilated cages, fed a standard rodent
laboratory diet and given free access to water and food. Mice were then randomly divided into four groups: Young group (n= 6), Aging
group (n = 6), MT1 group (n = 6) and MT2 group (n = 6). Nine months old mice and MT KO mice were injected Melatonin (selleck,
S1204, 20 mg/kg/day) via intraperitoneal for 90 days. Mice were then randomly divided into six groups: Aging group (n= 6), Aging+
melatonin group (n= 6), MT1 group (n= 6), MT1+melatonin group (n= 6), MT2 group (n= 6) and MT2+melatonin group (n= 6).
All procedures were approved by the Animal Care and Use Committee of Dalian Medical University (AEE21079). These experiments
were conducted according to established animal welfare guidelines. We performed the procedures in accord with the Guidelines.
Animal handling, care, killing, and other procedures involving animals were conducted in compliance with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.

2.2. Echocardiography

After removing chest hair using a hair removal cream, the mice were anesthetized by inhalation of 1.5 % isoflurane (Ezvet) and
their chests were coated with an ultrasound coupling gel. Mice were anesthetized and echocardiograms were performed using
Vevo2100 high resolution imaging system (Visualsonic, LTD.), and then LV ejection fraction (EF%) and LV fractional shortening (FS%)
were calculated [28].
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2.3. Histopathology

All mice were euthanized after being anesthetized by injection of tribromoethanol (T48402, sigma-aldrich, 20 mL/kg, i.p.)
following echocardiography. Normal saline was drawn into a 1 mL syringe. A puncture was then made in the left ventricle with the
injection needle, which was left in place. Normal saline was slowly injected for perfusion to eliminate residual blood in the heart.
Finally, the heart was removed with scissors. The heart was collected and stored at − 80 ◦C for further experiments or fixed with 4 %
paraformaldehyde for histological analysis. Heart tissues were fixed by 4% paraformaldehyde. The fixed heart tissues were dehydrated
with a series of ethanol solutions: 85 % ethanol for 40 min, followed by 90 % ethanol for another 40 min, then immersed in two
changes of anhydrous ethanol for each change lasting for 40 min, subsequently treated with two changes of xylene each lasting for 40
min, further processed in liquid paraffin for 1 h to prepare paraffin blocks, and the paraffin blocks were prepared using a tissue
embeddingmold. The heart tissues were cut into 5 μm sections. The paraffin sections of heart tissue were dewaxed in the first xylene for
10 min, the second xylene for 10 min, the first anhydrous ethanol for 5 min, the second anhydrous ethanol for 5 min, 95 % ethanol for
5 min, and 80 % ethanol for 5 min. Then rinse under running water for 10 min. Hematoxylin-eosin(H&E) staining and Masson’s
trichrome staining were performed with a hematoxylin-eosin staining kit (Solarbio, G1120) and a Masson’s trichrome stain kit
(Solarbio, G1340). The dyeing method was carried out according to the manufacturer’s instructions.

2.4. Immunohistochemical

For immunohistochemistry staining, the paraffin sections of heart tissue were dewaxed in the first xylene for 10 min, the second
xylene for 10 min, the first anhydrous ethanol for 5 min, the second anhydrous ethanol for 5 min, 95 % ethanol for 5 min, and 80 %
ethanol for 5 min. Then washed 3 times with PBS. After the sections were performed antigen retrieval, the tissue sections were treated
with 3 % H2O2 for 10 min and blocked with goat serum for 1 h at room temperature. Then, the sections were incubated with α-SMA
(1:500, ARG66381, arigo), iNOS (1:200, ARG56509, arigo) and P16 (1:50, ARG41366, arigo) at 4 ◦C overnight. After incubation with
secondary antibody, the DAB staining solution was added to each section. Then, the nucleus was stained with hematoxylin staining
solution. Finally, neutral balsam was used and observed by light microscope (OLYMPUS, BX53) [29].

2.5. Immunofluorescent analysis

For immunofluorescent staining, the paraffin sections of heart tissue were dewaxed in the first xylene for 10 min, the second xylene
for 10 min, the first anhydrous ethanol for 5 min, the second anhydrous ethanol for 5 min, 95 % ethanol for 5 min, and 80% ethanol for
5 min. Then washed 3 times with PBS. After the sections were performed antigen retrieval,The sections were incubated with enhanced
immunostaining permeabilization solution for 3 min and blocked with 5 % BSA in room temperature for 1 h. Then, the sections were
incubated with primary antibodies against Collagen III (1:150, 22734-1-AP, Proteintech) and γ-H2AX (1:150, ab81299, abcam)
overnight at 4 ◦C. After washed 3 times with PBS, incubation with secondary antibody. And the sections were washed 3 times with
ddH2O, using antifade mounting medium with DAPI to seal the sections. The sections were observed by fluorescence microscope
(OLYMPUS, BX53).

2.6. Wheat germ agglutinin (WGA)

After the sections were dewaxed in the first xylene for 10 min, the second xylene for 10 min, the first anhydrous ethanol for 5 min,
the second anhydrous ethanol for 5 min, 95 % ethanol for 5 min, and 80 % ethanol for 5 min. Then washed 3 times with PBS. WGA
staining reagent (2 ng/ml, Sigma, Green; FL-1021, VECTOR, Red) was used for 1h at room temperature. After wash 3 times with
ddH2O, using antifade mounting medium seal the sections. And the cardiomyocyte of surface area was measured with ImageJ [30].

2.7. PCR array and data analysis

Total RNAs were extracted from Heart. the cDNA was subjected to PCR Array analysis (Aging PCR Array plate, Wcgene Biotech,
China). We defined genes with p values < 0.05 and Foldchange>1.5 or <0.666 as significantly different genes. The Heatmap and
volcano plot are made through Xiantao website (https://www.xiantao.love/).

2.8. Western blot analysis

Heart tissues and cells were lysed in RIPA Lysis Buffer added with PMSF, phosphatase inhibitor and protease inhibitor. The protein
concentration was determined by BCA Protein Assay Kit. Then the protein samples (30 μg/lane) were separated by 10% or 12.5% SDS-
polyacrylamide gels and transferred to polyvinylidene fluoride membranes (PVDF). The membranes were blocked with 5 % skimmed
milk at room temperature for 2h, and incubated with each primary antibody against p-AKT (1:1000, 66444-1-Ig, Proteintech), AKT
(1:1000, 60203-2-Ig, Proteintech), p-ERK1/2 (1:500, 4370, CST), ERK1/2 (1:1000, 4695, CST), Collagen III (1:1000, 22734-1-AP,
Proteintech), α-SMA (1:1000, A17910, ABclonal), NLRP3 (1:1000, PA5-88709, inventrigen), p-SMAD2/3 (1:1000, 8828, CST),
SMAD2/3 (1:1000, 5678, CST), TGF-β(1:1000, CST), NOX2 (1:1000, 19013-1-AP, Proteintech), NOX4 (1:1000, 14347-1-AP, Pro-
teintech), p53 (1:1000, 60283-2-lg, Proteintech), CD14 (1:1000, A5737, ABclonal), Mrpl43 (1:1000, A17793, ABclonal), Zmpste24
(1:1000, A18593, ABclonal), and β-actin (1:4000, T0022, Affinity Biosciences)overnight at 4 ◦C. Then incubated with a secondary
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antibody for 1 h at room temperature. After washing the membranes with TBST, using ECL luminescence solution to observe the
protein bands.

2.9. RNA isolation and quantitative real-time PCR

The heart tissue and cells were fully lysed with 1 ml TRIzol, then 0.2 ml chloroformwas added, then stratified, centrifuged at 4 ◦C at
13300g for 15 min after full shock, the upper transparent liquid was collected into a new RNA-free EP tube, the same volume of
isopropyl alcohol was added, mixed and placed at − 20 ◦C for 20 min. Centrifuge 13300g for 15 min, Discard the supernatant and add
75 % ethanol prepared with 1 ml DEPC water and anhydrous ethanol, reverse mix, centrifuge 13300g at 4 ◦C for 15 min; After
centrifugation, discard the supernatant, precipitate in the fume hood and blow until transparent, add an appropriate amount of DEPC
water to dissolve RNA. After the concentration was determined, 1 μg RNA was reverse-transcribed into cDNA using reverse tran-
scription kit. Real-time quantitative PCR was performed on Applied Biosystems 7500 Fast (ABI, USA) to detect the expression levels of
related genes using the universal blue qPCR SYBR Green Master Mix. The relative expression of mRNA was calculated by 2− ΔΔCt. The
primers sequences were shown in Table 1.

2.10. TDT-mediated dUTP nick end-labeling (TUNEL) staining

After the sections were dewaxed in the first xylene for 10 min, the second xylene for 10 min, the first anhydrous ethanol for 5 min,
the second anhydrous ethanol for 5 min, 95 % ethanol for 5 min, and 80 % ethanol for 5 min. Then washed 3 times with PBS, the
sections were incubated with DNase-free protease K (20 μg/ml) and washed 3 times with PBS. Thereafter, endogenous peroxidase
blocking buffer was added to each section. Next, the sections were incubated with biotin labeling solution for 1h at 37 ◦C, and then
incubated with labeled reaction termination solution. After washing 3 times with PBS, streptavidin-HRP working solution was used to
incubate. After DAB staining, the nucleus was stained with hematoxylin staining solution. Finally, neutral balsam was used and
apoptotic cells were observed by light microscope (OLYMPUS, BX53) [31].

2.11. Dihydroethidium (DHE)

DHE (sigma) was used to evaluate the production of superoxide anion in the heart sections. After the sections were dewaxed in the
first xylene for 10 min, the second xylene for 10 min, the first anhydrous ethanol for 5 min, the second anhydrous ethanol for 5 min, 95
% ethanol for 5 min, and 80 % ethanol for 5 min. Then washed 3 times with PBS, DHE solution (1:600) was incubated for 10 min at
room temperature. After wash 3 times with ddH2O, using antifade mounting medium seal the sections. And the sections were observed

Table 1
The primer sequence for qRT-PCR.

Gene Primer

Mouse nppa Forward 5’ - GTGCGGTGTCCAACACAGAT - 3′
Reverse 5’ - TCCAATCCTGTCAATCCTACCC - 3′

Mouse nppb Forward 5’ - AGTCCTTCGGTCTCAAGGCA - 3′
Reverse 5’ - CCGATCCGGTCTATCTTGTGC - 3′

Mouse Acta2 Forward 5’ - CCCAGACATCAGGGAGTAATGG - 3′
Reverse 5’ - TCTATCGGATACTTCAGCGTCA - 3′

Mouse Col1a1 Forward 5’ - TAAGGGTCCCCAATGGTGAGA - 3′
Reverse 5’ - GGGTCCCTCGACTCCTACAT - 3′

Mouse Col3a1 Forward 5’ - CTGTAACATGGAAACTGGGGAAA - 3′
Reverse 5’ - CCATAGCTGAACTGAAAACCACC - 3′

Mouse Il-1β Forward 5’ - CTCGACTCAGTGCGACTTCTC - 3′
Reverse 5’ - CGAATGTTCATCCGCCAATTCAG - 3′

Mouse Il-6 Forward 5’ - CTGCAAGAGACTTCCATCCAG - 3′
Reverse 5’ - AGTGGTATAGACAGGTCTGTTGG - 3′

Mouse Tgfβ1 Forward 5’ - CCACCTGCAAGACCATCGAC - 3′
Reverse 5’ - CTGGCGAGCCTTAGTTTGGAC - 3′

Mouse Cybb Forward 5’ - CCTCTACCAAAACCATTCGGAG - 3′
Reverse 5’ - CTGTCCACGTACAATTCGTTCA - 3′

Mouse Nox4 Forward 5’ - CCTTTTACCTATGTGCCGGAC - 3′
Reverse 5’ - CATGTGATGTGTAGAGTCTTGCT - 3′

Mouse Actb Forward 5’ - GTGACGTTGACATCCGTAAAGA - 3′
Reverse 5’ - GCCGGACTCATCGTACTCC - 3′

Rat CD14 Forward 5’ - GCCCAATTCAGGATTGTCAGAC - 3′
Reverse 5’ - GTTATACGCCTCCGACTGGG - 3′

Rat Mrpl43 Forward 5’ - TTCCATTGCCCACGTCTACC - 3′
Reverse 5’ - TGCAAGGAGGCCACATGAAT - 3′

Rat Zepste24 Forward 5’ - CCTGCGGAGAAGCGAATCTT - 3′
Reverse 5’ - TCTGGTGGTACATGAGTCGT - 3′

Rat Actb Forward 5’ - CTATGAGGGTTACGCGCTCC - 3′
Reverse 5’ - ATGTCACGCACGATTTCCCT - 3′
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with a fluorescence microscope (OLYMPUS, BX53) [32].

2.12. Cell culture and treatment

H9C2 cells were obtained from the Procell, and were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10 % fetal
bovine serum and 1 % penicillin-streptomycin, at 37 ◦C, with 5 % CO2, and treated after reaching a confluence of ~80 %.H9C2 cells
were pretreated with melatonin (50 μM) and luzindole (10 μM) for 1 h and then stimulated with D-gal (10 g/L) for 24 h. Cells were then
processed for cytochemical staining of β-gal.

2.13. SA-β-gal staining

To estimate cell senescence, staining for SA-β-gal was performed with a Senescence β-Galactosidase Staining Kit (Solarbio, G1580),
following the manufacturer’s protocols. Briefly, AC16 cells were cultured in six-well plate. The cells were washed with PBS after
different treatments. Add 1 ml β-Gal Fixative to each pore and fix for 15 min at room temperature, and wash cells 3 times. We added 1
ml Dyeing Working Solution to each hole, and incubated overnight at 37 ◦C. After wash cells 3 times with PBS, the cells were observed
and images were taken with an inverted microscope (OLYMPUS, IX73).

Fig. 1. Deletion of MT1 and MT2 inhibits the protective effect of melatonin on cardiac function in aging mice. (A) Survival curves of mice in
MT1 group and aging group; (B) Survival curves of mice in MT2 group and aging group; (C) the ratios of heart weight to tibia length (HW/TL); (D)
the ratios of heart weight to body weight (HW/BW); (E) M-mode echocardiography; (F) quantification of EF%; (G) quantification of FS%; (H) Heart
cross-sections were stained with WGA; (I) The mRNA expression of Nppa and Nppb in each group; (J) The expression of p-ERK 1/2, ERK 1/2, p-AKT,
AKT and β-actin in each group.
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2.14. Statistics

All experimental results are expressed as mean ± SD. One-way ANOVA or two-way ANVOAs were performed for comparisons
among three or four groups (correct test by Bonferroni). P < 0.05 were considered statistically significant.

3. Results

Deletion of MT1 and MT2 inhibits the protective effect of melatonin on cardiac function in aging mice.
To investigate the impact of melatonin receptor knockout on the hearts of aging mice, MT1/2 knockout mice and wild-type mice

were fed for 12 months. The survival curve indicated that the young and aging mice did not die, whereas the mortality rate of MT1
knockout mice was approximately 60.0 %, and that of MT2 knockout mice was 64.3 % (Fig. 1A and B). Cardiac hypertrophy is an
crucial risk factor for myocardial aging. We found no significant difference in the myocardial weight to tibia (HW/TL) ratio between
aging and young mice. Compared with aging mice, the HW/TL ratio of MT1/2 knockout mice was not significantly different (Fig. 1C).
However, compared with the control group, the HW/body weight (BW) of MT1/2 knockout mice was significantly different. We found
no statistically significant difference in the HW/BW ratio between aging and young mice. Compared with aging mice, the HW/BW of
MT1 knockout mice was significantly different; however, the HW/BW of MT2 knockout mice was not significantly different (Fig. 1D).
Subsequently, an echocardiography was performed. There was no statistical difference in% EF and% FS between the four groups. The
EF% and FS% values of MT1 and MT2 knockout mice significantly differed from those of the young mice (Fig. 1E–G). The size of
cardiomyocytes in each group of mice was measured using wheat germ agglutinin (WGA) staining. The results showed that the car-
diomyocytes were larger in aged mice than in young mice. Compared with the cardiomyocytes of aged mice, those of the MT1/2
knockout group were significantly larger. Moreover, the cardiomyocytes in the MT1 knockout group were significantly larger than
those in the MT2 knockout group (Fig. 1H). We also tested myocardial-hypertrophy-related indicator genes, and compared them with
young mice; the mRNA expression of Nppa and Nppb in aging mice were significantly increased, while compared with aging mice, the
mRNA expression of Nppa and Nppb was significantly increased in the hearts of MT1/2 knockout mice (Fig. 1I). We also tested
myocardial hypertrophy related indicator proteins. The results showed that compared with young mice, the expression of p-ERK 1/2
and p-AKT in aging mice was significantly increased. In contrast, compared with aging mice, the expression of p-ERK 1/2 and p-AKT
was significantly increased in the hearts of MT1/2 knockout mice (Fig. 1J).

3.1. Deletion of MT1 and MT2 promotes myocardial inflammation and fibrosis in aging mice

Inflammatory aging is a low-grade chronic inflammatory state that occurs during the aging process. We found that aging mice had
more inflammatory aggregates than young mice. Melatonin inhibited cardiac inflammation in aging mice, and MT1/2 knockout mice
exhibited more nuclear aggregates than the aging group using H&E staining (Fig. 2A). We also examined inducible nitric oxide
synthase (iNOS) expression. The results showed that iNOS expression was significantly higher in the aging group than in the young
group. Compared with the aging group, the expression of iNOS in MT1/2 knockout mice was significantly increased. iNOS expression
in MT1 knockout mice was significantly higher than in the MT2 knockout group (Fig. 2A). Masson’s experiment showed that fibrosis
levels were significantly higher in aged mice than in control mice. Fibrosis levels were significantly increased in the MT1/2 knockout
mice. The degree of fibrosis was significantly increased in MT1 knockout mice than in MT2 knockout mice (Fig. 2B). We investigated
collagen III expression in the hearts of mice from each group using immunofluorescence staining. The results showed that Collagen III
expression was significantly higher in aged mice than in young mice. Compared with aging mice, Collagen III expression levels were
significantly increased inMT1/2 knockout mice. Compared withMT2 knockout mice, the collagen III expression level was significantly
increased in MT1 knockout mice (Fig. 2C). Smooth muscle actin (SMA) expression was measured using immunohistochemistry. SMA
expression was significantly higher in the aging group than in the young group. Compared with the aging group, SMA expression in
MT1/2 knockout mice was significantly increased. SMA expression in MT1 knockout mice was significantly higher than in the MT2
knockout group (Fig. 2D). We also tested the expression of inflammation- and fibrosis-related indicator genes. The results showed that
compared with young mice, α-SMA, tgfb1, Col1, Col3, interleukin (IL) 1b, and IL-6 mRNA expression were significantly increased in
agingmice, and compared with agingmice, the mRNA expression of α-SMA, tgfb1, Col1, Col3, il1b, and il6 were significantly increased
in the hearts of MT1/2 knockout mice (Fig. 2E). We also tested inflammation and fibrosis related indicator proteins. Compared with
young mice, aging mice exhibited significantly increased α-SMA, NLRP3, Collagen III, p-SMAD2/3 and TGF-β1 expression. Compared
with aging mice, the expression of α-SMA, NLRP3, Collagen III, p-SMAD2/3 and TGF-β1 was significantly increased in the hearts of
MT1/2 knockout mice (Fig. 2F).

3.2. Knockout of MT1 and MT2 promotes oxidative stress in the hearts of aging mice

Aging disrupts the balance between oxidation and antioxidant systems in the body, leading to an accumulation of free radicals or a
decrease in scavenging capacity, thereby promoting aging. First, we determined the oxidative stress level in each group of mice by
dihydroethidium (DHE) staining. The results showed that compared with young mice, the DHE expression level was significantly
increased in aging mice. Compared with aging mice, DHE expression level in MT1/2 knockout mice were significantly increased.
Compared with MT2 knockout mice, the DHE expression level were significantly increased in MT1 knockout mice (Fig. 3A). Next, we
measured γ-H2AX by immunofluorescence to observe DNA damage in the hearts of mice in each group. The results showed no sig-
nificant difference in γ-H2AX expression levels between aged and young mice. Compared with aging mice, the γ-H2AX expression
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Fig. 2. Deletion of MT1 and MT2 promotes myocardial inflammation and fibrosis in aging mice. (A) Representative H&E staining (UP) and
iNOS (DOWN); (B) Representative images of Masson trichrome staining; (C) Representative images of Collagen III staining; (D) Representative
α-SMA immunohistochemistry; (E) The mRNA expression of α-SMA, tgfb1, Col1, Col3, il1b, and il6 in each group; (F) The expression of α-SMA,
NLRP3, Collagen III, p-SMAD 2/3, SMAD 2/3, TGF-β1 and β-actin in each group.

Fig. 3. Knockout of MT1 and MT2 promotes oxidative stress in the hearts of aging mice (A) Representative DHE staining; (B) Representative
γ-H2AX and DAPI staining; (C) The mRNA expression of Nox2 and Nox4 in each group; (D) The protein expression of NOX2, NOX4 and β-actin in
each group.

Z. Feng et al. Heliyon 10 (2024) e38098 

8 



levels were significantly increased in MT1/2 knockout mice. Compared with MT2 knockout mice, the γ-H2AX expression levels were
significantly increased in MT1 knockout mice (Fig. 3B). We also tested for oxidative-stress-related indicator genes, and the results
showed that compared with youngmice, themRNA expression of Nox2 and Nox4 in agingmice was significantly increased. In contrast,
compared with aging mice, the mRNA expression of Nox2 and Nox4 was significantly increased in the hearts of MT1/2 knockout mice
(Fig. 3C). We also tested oxidative stress related indicator proteins. The results showed that compared with young mice, the expression
of NOX2 and NOX4 in aging mice was significantly increased. In contrast, compared with aging mice, NOX2 and NOX4 expression was
significantly increased in the hearts of MT1/2 knockout mice (Fig. 3D).

3.3. Knockout of MT1 and MT2 promoted cardiac senescence and myocardial apoptosis in aging mice

Oxidative stress promoted cardiomyocyte apoptosis. We observed cardiomyocyte apoptosis in each group by measuring the ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) expression. The results showed that compared with young mice,
the TUNEL expression levels were significantly increased in aging mice. TUNEL levels were significantly increased in MT1/2 knockout
mice compared with aging mice. Compared with MT2 knockout mice, the TUNEL levels in MT1 knockout mice were significantly
increased (Fig. 4A). p53 and p16 serve as crucial signaling molecules in mediating and sustaining cellular senescence. The expression
of p16 was evaluated via immunohistochemistry. The results revealed a significant difference in the p16 expression levels between
aged and young mice. Compared with aging mice, the p16 expression levels were significantly increased in MT1/2 knockout mice.
Compared with MT2 knockout mice, the p16 expression levels was significantly increased in MT1 knockout mice (Fig. 4B). We
measured the p53 protein expression levels in mice from each group using Western blot. The results showed that compared with the
control group, the p53 expression level was significantly increased in the aging group. Compared with the aging group, the p53
expression in MT1/2 knockout mice was significantly increased (Fig. 4C).

Leukocyte differentiation antigen 14 (CD14) may be a downstream regulatory factor of the melatonin receptor in the cardiac aging
signaling pathway.

Through pathological experiments, we found that the effect of MT1 knockout on the heart was significantly greater than that of

Fig. 4. Knockout of MT1 and MT2 promoted cardiac senescence and myocardial apoptosis in aging mice. (A) Representative TUNEL; (B)
Representative p16 immunohistochemistry in each group; (C) The expression of p53 and β-actin were detected by western Blot.
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MT2 knockout and that MT1 knockout was significantly greater than that on the atria. Therefore, we selected MT1 tissues for analysis
and screened for significant genes using an MT1 knockout. Five mice from each group were selected for aging polymerase chain re-
action (PCR) analysis. The results are displayed using a heatmap and a volcano map. The results showed that compared with the aging
group, the expression levels of Zmpste24, Cd14, Lmnb1, Vps13c, and Snap23 were significantly increased in MT1 knockout mice.
Compared with the aging group, Mrpl43, C1qc, C4a, and Hsp27 expression levels were significantly reduced in MT1 knockout mice
(Fig. 5A and B). Next, we performed in vitro experiments to verify these results. We first simulated aging using D-galactose, followed by

Fig. 5. Leukocyte differentiation antigen 14 (CD14) may be a downstream regulatory factor of the melatonin receptor in the cardiac aging
signaling pathway. (A) Heat map showing gene expression in each group; (B) Volcano plot showing gene expression in aging group and MT1
group; (C) the level of cell senescence in each group detected by β-galactosidase staining; (D) The mRNA expression of cd14, Mrpl43 and Zmpste24
in each group; (E) The mRNA expression of CD14 in each group; (F) The protein expression of cd14 and β-actin in each group; G) The protein
expression of CD14 and β-actin in each group; (H) the level of cell senescence in each group detected by β-galactosidase staining.
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treatment with a melatonin receptor inhibitor (luzindole). Compared with the control group, the β-galactosidase staining increased in
the D-galactose group and was more pronounced after luzindole treatment (Fig. 5C). In cardiomyocytes, we verified whether
significantly different genes changed significantly as well. The results showed that the mRNA and protein CD14 expression increased in
the aging group, whereas, the expression of Mrpl43 and Zmpste24 did not. CD14 expression further increased after luzindole treatment
(Fig. 5D and F). Finally, by stimulating cells with melatonin, we found that it could inhibit the increase in CD14 and β-galactosidase
caused by aging (induced by D-galactose). In contrast, inhibition of the melatonin receptor could inhibit the effect of melatonin
(induced by luzindole) (Fig. 5E–G and H).

3.4. Inhibiting MT1/2 interferes with the protective effect of melatonin on the aging heart

We demonstrated that melatonin receptor function could inhibit the effects of melatonin in vitro. Further, in vivo experiments were
performed. WGA staining showed that the size of cardiomyocytes in aged mice was larger than that in young mice, and the addition of

Fig. 6. Inhibiting MT1/2 interferes with the protective effect of melatonin on aging heart. (A) Heart cross-sections were stained with WGA;
(B) Representative DHE staining; (C) Representative α-SMA immunohistochemistry; (D) Representative images of Masson trichrome staining; (E)
Representative images of Collagen III staining.
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melatonin inhibited the degree of cardiac hypertrophy in aging mice. However, after MT1/2 knockout, melatonin did not reduce the
degree of hypertrophy in aging mice (Fig. 6A). Similarly, DHE staining (Fig. 6B), α-SMA staining (Fig. 6C), Masson staining (Fig. 6D),
and Collagen III staining (Fig. 6E) showed that aging mice inflammation, fibrosis and oxidative stress were significantly higher than in
young group, and the addition of melatonin inhibited oxidative stress and fibrosis in the hearts of aging mice. After MT1/2 knockout,
melatonin did not reduce the degree of oxidative stress or fibrosis in the hearts of aging mice. We confirmed that melatonin regulates
the progression of cardiac senescence through MT1/2.

4. Discussion

Heart failure is a globally life-threatening condition. Cardiac aging is a complex pathophysiological process with unique histo-
logical and biochemical features, including cardiac remodeling and dysfunction. The precise mechanisms underlying cardiac aging are
still not fully understood. Melatonin and its receptors are known to be associated with aging [33,34]. In this study, MT1/2 knockout
mice were used to investigate the relationship between melatonin receptors and age-related CVDs. It was observed that MT1/2
knockout mice had a mortality rate of approximately 50 %when reared until 12 months of age. A 12-month-old mouse is equivalent to
a 40-year-old human. MT1/2 knockout has a strong effect in mice. It was observed that there was no change in heart function, perhaps
because of the HF with preserved EF, or because the mice were harvested at 12 months of age when only some pathological changes
occurred in the heart. The functional alterations did not show significant variance.

Research has shown that melatonin receptors also play an essential role in the cardiovascular system, mainly by regulating cardiac
output, blood pressure, and heart rate, among other functions. It has been found that melatonin receptors are distributed in the
vascular system [35], and can regulate the constriction and dilation of arteries [36,37]. When melatonin is below 0.1 μM, it controls
vascular constriction [38]; when its concentration is above 0.1 μM, it controls vascular dilation [39]. MT1 primarily regulates vascular
constriction, whereas MT2 regulates vascular dilation. Clinical data have indicated that patients with CVDs often exhibit abnormalities
in melatonin secretion, and clinical evidence has confirmed that melatonin has a good auxiliary therapeutic effect on CVDs such as
hypertension [40–42]. MT1/2 play vital roles in CVDs. However, in this study, we found that MT1/2 knockout worsened the aging of
mouse hearts. At the same time, supplementing with melatonin did not alleviate the aging of mouse hearts after MT1/2 knockout.

In older adults, monocytes/macrophages typically increase pro-inflammatory cytokine production and decrease the responsiveness
to external stimuli in a quiescent state. Immunosenescence manifests as the M1 polarization of certain monocytes to promote an in-
flammatory phenotype [43]. The accumulation of tumor necrosis factor, IL-6, and IL-1β in the myocardium and peripheral tissues plays
an vital role in the occurrence and development of HF. Our study revealed a significant increase in inflammation levels in aging mice
after MT1/2 gene deletion. At the same time, we found that the degree of immune cell infiltration by H&E staining was much higher in
MT1/2 group than that in the Aging group. Inflammation is the primary cause of cardiac aging. Therefore, MT1/2 may affect the aging
of the mouse heart by regulating inflammation.

Cardiomyocyte death activates the inflammatory cascade, leading to fibrosis and scarring. Although fibrosis is a normal repair
mechanism that preventing myocardial rupture, a robust inflammatory response, and excessive fibrosis may contribute to the
developing of HF. Fibrosis is involved in the pathogenesis of various chronic diseases and age-related organ failure and is the ultimate
hallmark of myocardial pathological remodeling [44]. Tissue fibrosis is closely related to aging and triggers and induces its pro-
gression. Normal aging is usually accompanied by reduced left ventricular wall compliance and left atrial dilatation, both of which are
associated with increased myocardial fibrosis. In addition, fibrosis can cause left and right cardiac load [23]. In this study, using
Masson staining and collagen III immunofluorescence staining, we found that the fibrosis levels in 12-month-old mice were signifi-
cantly higher than those in young mice. The level of myocardial fibrosis in MT1/2 knockout mice was more apparent than in other
mice. Fibrosis causes myocardial tissue stiffness and reduces flexibility, leading to cardiac systolic dysfunction and an increased the
risk of HF [45]. Therefore, reducing the occurrence of myocardial fibrosis is the goal of treating HF, and the negative regulation of the
endogenous pathways involved in myocardial fibrosis is the key to inhibiting cardiac aging.

With aging, the balance between the oxidation and antioxidant systems in the body is gradually destroyed, which can produce too
many free radicals or reduce the scavenging ability, thereby inducing aging [46]. ROS production significantly increases in the hearts
of aging animals, as seen in animal models. ROS can leak into cells from the mitochondria, damage proteins, lipids, and DNA, and
further induce heart damage by activating inflammatory cytokines that enhance inflammatory responses. Simultaneously, the ac-
tivities of antioxidant enzymes, such as superoxide dismutase and glutathione peroxidase, decrease, and the balance between
oxidation and antioxidant function is disrupted, leading to increased in oxidative stress.Previous literature reported that Melatonin can
directly detoxify the ROS and RNS by a receptor-independent mechanism. melatonin mainly entraps the radicals By the single electron
transfer and hydrogen transfer [47,48]. But there are also some experiments prove that melatonin by melatonin receptor downstream
the levels of oxidative stress. Melatonin can inhibit the oxidative stress injury of endothelial cells induced by high glucose, but the
protective function of melatonin disappeared after the addition of melatonin receptor inhibitor Luzindole. Also in the myocardial
infarction model, the anti-oxidative stress function of melatonin was inhibited after the addition of Luzindole [49,50]. In this article,
we study found after knockout of melatonin receptor, can inhibit the aging of melatonin on oxidative stress removal effect. ROS can
also cause DNA damage. Double-strand breaks cause DNA damage responses that activate and recruit ATM- and ATR-associated ki-
nases to the site of damage and lead to the phosphorylation of histone γH2AX at Ser139 [51–53]. In this experiment, compared with
young mice, we found that p-γH2AX expression in 12-month-old mice was increased, while p-γH2AX expression in MT1/2 knockout
mice was significantly increased. p-γH2AX induces phosphorylation of Chk1 and Chk2, activating the p53/p21 and p16/Rb signaling
pathways, where the p53 protein is the main transcription factor mediating the DNA damage response. Previous studies have shown
that mice overexpressing p53 live shorter lives and exhibit signs of premature aging. DNA damage activates p53 and directly or
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indirectly inhibits insulin signaling through the JNK/IKK-mediated pathways [54,55]. In this study, we found that p53 and p16
expression was increased in 12-month-old mice compared with young mice, whereas p53 and p16 expression was significantly
increased in MT1/2 knockout mice. It can be concluded that deleting the melatonin receptor can cause DNA damage and defects in the
DNA repair mechanism, leading to accelerated aging in mice.

Currently, melatonin has two main receptors: membrane and nuclear. The two types of membrane receptors are MT1 and MT2,
belonging to the G protein-coupled receptor superfamily [10]. The nuclear receptor belongs to the retinoic-acid-related orphan nucleus
receptor/retinoic acid Z receptor family. Melatonin receptors play an important role in reducing CVD risk [27,56]. Moreover, with
increasing mouse age, MT1/2 expression in the heart decreases, indicating that MT1 and MT2 play important roles in the heart.

Interestingly, previous reports have indicated that MT2 knockout, rather than MT1 knockout, plays an important role in ischemia-
reperfusion [20,21]. However, in an aging model, MT1 plays a greater role in cardiac aging [57]. This finding aligns with our own
experimental results, where we observed that the deletion of these two membrane receptors exacerbated fibrosis, inflammation,
apoptosis, HF, and other cardiac aging effects in mice. Melatonin can also play a direct physiological role via non-receptor pathways.
The effect of melatonin on anti-cardiac aging in mice was evident; however, when MT1/2 was knocked out, melatonin function
diminished. Melatonin was orally administered at 10 mg/kg/day during the last 2 months before the early- (12 months) and old-aged
(24 months) mice were sacrificed [58]. Melatonin therapy restored age-induced changes in mitochondrial dynamics but had little
effect on cardiac autophagy. Therefore, we speculated that melatonin plays an important role through the melatonin receptors
(MT1/2) during mouse aging, especially during heart aging.

Following this, we investigated the impact of specific genes on heart aging in agingMT1mice through PCR analysis. Cell senescence
was induced using D-galactose, revealing a significant increase in CD14 expression levels in senescent cells. CD14 was initially believed
to be a membrane receptor for lipopolysaccharide in macrophages and to mediate the host cell cytokine response to sepsis [59,60]. In
addition to macrophages, CD14 has been detected in various cell types, including human intestinal epithelial cells, human and mouse
liver cells, and pancreatic cells [61–63]. In this study, we found that cardiomyocytes also expressed CD14, indicating that CD14 may
induce cardiomyocyte aging. CD14 expression further increased after the melatonin receptor inhibitor was used to inhibit melatonin
receptor expression. CD14 is a polymorphic inflammatory cytokine mainly involved in regulating inflammation and immune responses
in the body [64]. In atherosclerotic lesions, CD14 expression in macrophages was significantly higher than that in the normal vascular
intima. CD14 activation in cancer cells induces MyD88 and TRIF signaling to orchestrate tumor-promoting inflammation and drive
tumor cell proliferation to promote tumor growth [65].

Increasing evidence has emphasized the role of the NLRP3 inflammasome in aging. Cardiomyocytes can also generate inflam-
masomes, secrete inflammatory factors, and promote cardiomyocyte aging [66]. CD14 can activate NLRP3-mediated inflammasome
assembly, leading to the release of IL-1β and IL-18 [67]. We hypothesize that melatonin modulates CD14 expression through MT1/2 in
cardiomyocytes, influencing inflammasome assembly, suppressing IL-18 secretion, and ultimately mitigating cardiomyocyte aging.

In conclusion, our study demonstrates that the knockout of MT1 and MT2 exacerbates cardiac damage in aging mice. Additionally,
the regulation of CD14 by melatonin receptors during cardiac aging is highlighted. Further investigation is required to determine if
CD14 can impede the anti-aging properties of melatonin and its receptors.
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