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INTRODUCTION 
 
Caloric overload, obesity, and aging are associated with 
cardiovascular disorders and other related 
pathophysiological and metabolic conditions such as 
lipotoxicity, disrupted oxidative phosphorylation 
(OXPHOS), insulin resistance, redox stress, inflammation, 

cardiac hypertrophy, and diastolic/systolic dysfunction  
[1–3]. These conditions are exacerbated by aging. 
 
In contrast, caloric restriction (CR) positively affects the 
physiological and pathophysiological events related to 
aging and lifespan in several species, including 
mammals and rodents [4–6]. 
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ABSTRACT 
 
The beneficial effects of caloric restriction (CR) against cardiac aging and for prevention of cardiovascular 
diseases are numerous. However, to our knowledge, there is no scientific evidence about how a high-calorie 
diet (HCD) background influences the mechanisms underlying CR in whole heart tissue (WHT) in experimental 
murine models.  
In the current study, CR-treated mice with different alimentary backgrounds were subjected to transthoracic 
echocardiographic measurements. WHT was then analyzed to determine cardiac energetics, telomerase 
activity, the expression of energy-sensing networks, tissue-specific adiponectin, and cardiac precursor/cardiac 
stem cell markers. 
Animals with a balanced diet consumption before CR presented marked cardiac remodeling with improved 
ejection fraction (EF) and fractional shortening (FS), enhanced OXPHOS complex I, III, and IV, and CKMT2 
enzymatic activity. Mice fed an HCD before CR presented moderate changes in cardiac geometry with 
diminished EF and FS values, but improved OXPHOS complex IV and CKMT2 activity.  
Differences in cardiac remodeling, left ventricular systolic/diastolic performance, and mitochondrial energetics, 
found in the CR-treated mice with contrasting alimentary backgrounds, were corroborated by inconsistencies in 
the expression of mitochondrial-biogenesis-related markers and associated regulatory networks. In particular, 
disruption of eNOS and AMPK -PGC-1α-mTOR-related axes. 
The impact of a past habit of caloric overload on the effects of CR in the WHT is a scarcely explored subject that 
requires deeper study in combination with analyses of other tissues and organs at higher levels of organization 
within the organ system. Such research will eventually lead to the development of preventative and 
therapeutic strategies to promote health and longevity. 
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Preliminary trials in animal models and humans have 
revealed that CR without malnutrition delays cardiac 
aging, prevents cardiovascular disease, reduces arterial 
hypertension and endothelial dysfunction, induces 
cardioprotection by preserving cardiac contractile and 
cardiomyocyte function, and lessens cardiac remodeling 
[7–12]. 
 
These mechanisms are orchestrated by a wide range of 
biochemical and cellular events, involving redox 
homeostasis, inflammation [13, 14], apoptosis [15], 
autophagy [16, 17], telomerase activity [18], 
mitochondrial biogenesis/function [19], energy-sensing 
pathways [20–26], and adipokines [27], among other 
components. 
 
The myocardium has an enormous and steady 
requirement for energy that is generated by fatty acid 
oxidation (FAO) via OXPHOS, which occurs in the 
mitochondrial matrix and produces ~95% of the ATP 
needed to maintain cardiac activities [28]. However, the 
capacity for mitochondrial oxidative metabolism is 
tuned at the transcriptional and translational levels. For 
instance, activation of the energy homeostasis-
regulating AMPK -SIRT1- mTOR and PGC-1α-SIRT1-
AMPK networks confers cardioprotective benefits and 
delays diabetes and related metabolic disorders in 
mammals [26, 27, 29], in part through control of energy 
expenditure and mitochondrial respiration, biogenesis, 
and function [26, 30–32]. 
 
Mitochondria are chronically exposed to reactive 
oxygen molecules. Consequently, different tissues, 
particularly the heart, are subjected to an age-associated 
increase in reactive oxidant-induced mitochondrial 
DNA (mtDNA) damage [33]. CR has been suggested to 
synergize with telomerase expression to result in 
significant lifespan extension [34], and telomere 
shortening is associated with aging [35]; thus, telomere 
dynamics may play a role in the systemic effects of CR. 
 
Perhaps the component most noticeably perturbed by 
caloric overload or CR is the adipose tissue, which is now 
recognized as an endocrine organ that secretes multiple 
peptides that are together referred to as adipokines. 
Emerging evidence suggests that adipokines play a vital 
role in the regulation of the cardiovascular system [7]. At 
the cellular and molecular levels, the adipokine 
adiponectin (and its receptors), whose expression and 
serum levels decrease in obesity and increase after weight 
loss [36, 37], exerts anti-inflammatory, antioxidant, 
antiapoptotic, and antihypertrophic activity, which is 
crucial in cardioprotection [38–44]. 
 
CR has also been suggested to attenuate the decreases in 
cardiomyocyte number and function in the aging heart, 

possibly due to cardiomyocyte turnover from 
endogenous cardiac stem cells (CSCs), cardiac 
progenitor cells (CPCs), or both [45–47]. Whether the 
adult heart possesses CSCs for cardiomyocyte 
regeneration is an important yet controversial subject in 
cardiovascular and regenerative medicine [48]. 
 
To the best of our knowledge, there is no evidence 
regarding how the effects of short-term CR in the whole 
heart tissue (WHT) of mice are impacted by a high-
calorie diet (HCD) background. 
 
Based on the aforementioned beneficial effects of CR in 
the heart and cardiovascular system and our most recent 
findings suggesting that caloric overload prior to CR 
exerts (to some degree) positive effects on skeletal 
muscle function and energy metabolism [49], the 
present work aimed to investigate the impacts of past 
habits of caloric overload on some of the most relevant 
mechanisms and molecular pathways that interact to 
modulate CR-elicited genetic, metabolic, and functional 
changes in the WHT in a murine model. 
 
MATERIALS AND METHODS 
 
Food design 
 
The animal food was developed by Beijing Keao Xieli 
Feed Co., Ltd. (Beijing Chaoyang District, Yangshan 
Road, Number 4). The standard food (3.1 kcal/kg) 
formulation supplied by the manufacturer is shown in 
Supplementary Table 1. The HCD food was developed 
by proportionally increasing the macronutrients (total 
lipids and carbohydrates) in the standard food to 
achieve 5.5 kcal/kg. The HCD was a hypercaloric 
formula designed to induce obesity and metabolic 
disorders in the experimental animal model 
(Supplementary Table 2). 
 
Generation of the animal model and dietary 
interventions 
 
Female CD-1 (ICR) mice were maintained in a specific 
pathogen-free animal facility in individually ventilated 
cages and were housed at 23°C under a 12-hour 
dark/light cycle. Water and food were given ad libitum 
prior to the dietary interventions. All animal work was 
conducted using protocols approved by the Institutional 
Review Board of the Chengdu Jinjiang Maternity and 
Child Health Hospital. 
 
For generation of the experimental models (Figure 1), 
three cohorts of animals were developed: one cohort for 
measurement of metabolic and genetic variables (n = 
80), one cohort for measurement of lipid content by acid 
hydrolysis assay (n = 32), and one cohort for 
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determination of cardiac function/geometry and 
mitochondrial energetics (n = 32). 
 
Briefly, ~12-month-old mice (n = 80-32-32) fed 3.1 
kcal/kg standard food ad libitum (first stage) were 
divided (second stage) into two groups: a group fed 
standard food ad libitum (n = 30-16-16) and another 
group fed a 5.5 kcal/kg HCD ad libitum for 17 weeks 
(n = 50-16-16). The mice initially fed 3.1 kcal/kg 
standard food that continued with the same diet (n = 10-
8-8) became the 3.1 kcal/kg control group (3.1CG). The 
animals initially fed standard food that were then 
subjected to CR for 13 weeks with a low-calorie diet 
consisting of 60% of the ad libitum 3.1 kcal/kg calorie 
intake (n = 19-8-8), became the 3.1CR group (3.1CR).  
The animals fed the 5.5 kcal/kg HCD diet ad libitum for 
17 weeks that continued with the same diet (n = 14-8-8) 
became the 5.5 kcal/kg control group (5.5CG). The 
animals fed the 5.5 kcal/kg HCD ad libitum for 17 
weeks that were switched to “standard food” with 60% 
of the calories in the HCD and fed ad libitum for 13 
weeks (n = 33-8-8) became the 5.5CR group (5.5CR). 
The daily amount of food of the CR-treated animals was 
periodically adjusted according to changes in body 

weight to maintain nutritional balance relative to the 
body mass index (BMI). The transition from the 
standard food or HCD ad libitum to CR was gradually 
achieved over a period of one week. 
 
The mice were monitored daily by laboratory members 
and animal health technicians. Before the experimental 
endpoint, the mice experienced minimal pain and stress 
during routine handling, body weight determination, 
echocardiography procedures, and blood collection 
from the tail vein to measure blood glucose levels. 
 
No ill or deceased mice were observed before the 
experimental endpoint (when the mice were 19 to 20 
months old). The animals were euthanized by the 
cervical dislocation technique. 
 
Transthoracic echocardiographic measurement 
 
Cardiac function and geometry were evaluated in 
anesthetized (1.5% isoflurane) mice using a 2-D guided 
M-mode Vevo-3100 echocardiograph (FUJIFILM, 
Japan) equipped with a 9- to 70-MHz UHF probe. The 
transmission frequency was set at 30 MHz, the 

 

 
 

Figure 1. Generation of the experimental animals. Representative graphics for the characterization of the animal models. CD-1 mice 
fed for 12 months with standard food ad libitum (first stage) were separated into animals fed standard food ad libitum and animals fed an 
HCD ad libitum for a period of 17 weeks (second stage). Some animals were subjected to CR for a period of 13 weeks before sacrifice (third 
stage). The experimental groups included mice fed a 3.1 kcal/kg diet and subjected to CR (the 3.1CR group) and animals with an HCD 
background subjected to CR (the 5.5CR group).  
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acquisition gain was 27.0 dB, and the dynamic range was 
60 dB. The animals were placed on a homeothermic table, 
and the core temperature was maintained at 37°C. The 
hearts were imaged in the parasternal long-axis (PLAX) 
view to assess left ventricular (LV) dimensions and 
systolic/diastolic parameters. The heart rates in the 
experimental groups were consistently monitored 
between ~400 and ~500 bpm. The interventricular septal 
thickness at diastole (IVS-d), interventricular septal 
thickness at systole (IVS-s), LV internal end-diastolic 
diameter (LVIDD), LV internal end-systolic diameter 
(LVIDs), LV posterior wall dimension-diastole (LVPW-
d), and LV posterior wall dimension-systole (LVPW-s) 
were measured. The ejection fraction (EF; %), fractional 
shortening (FS; %), LV mass (mg), corrected LV mass 
(mg), LV end-diastolic volume (LVvol-d; μL), and LV 
end-systolic volume (LVvol-s; μL) were automatically 
calculated with FUJIFILM VisualSonics, Inc. Vevo LAB 
3.1.0 image analysis software. All measures derived from 
echocardiography were obtained by averaging the 
readings of three consecutive and complete cardiac 
cycles. 
 
Tissue collection 
 
WHT was collected and weighed after completely 
removing the blood with ice-cold PBS. Samples were 
immediately analyzed or flash-frozen in liquid nitrogen 
and stored until execution of the experiments. 
 
Acid hydrolysis assay for determination of the total 
lipid content in WHT 
 
The acid hydrolysis method was performed according to 
the National Standard of the People’s Republic of China 
GB 5009.6-2016. Briefly, the WHT samples (n = 8 per 
group) were placed into a 25-mL conical flask, and 5 mL 
of 2 mol/L hydrochloric acid solution was added. The 
samples were heated on a boiling electric plate for 1 hour 
and were rotated and shaken once every 10 min. Fifteen 
milliliters of hot water was added and mixed well, and 
the mixture was filtered. The precipitate was washed with 
hot water, and after neutralization, dried in an oven at 
100°C ± 5°C for 1 hour and then allowed to cool. 
 
The total fat content in the test sample was calculated as 
follows: 
 

1 0

2

m mX 100
m
−

= ×  

 
X: weight of fat in the test sample, g/100 g 
m1: weight of the flask and fat after constant weight, g 
m0: weight of the flask, g 
m2: weight of the test sample, g 
100: conversion coefficient. 

Mitochondrial OXPHOS complex enzymatic activity 
assay 
 
NADH-coenzyme Q oxidoreductase (complex I), Q-
cytochrome c oxidoreductase (complex III), and 
cytochrome c oxidase (complex IV) activity levels were 
assayed with CheKine™ Mitochondrial Complex I, III, and 
IV Activity Colorimetric Assay Kits (Cat #: KTB1850, Cat 
#: KTB1870, Cat #: KTB1880; Abbkine, Inc.) according 
to the instructions provided by the manufacturer. 
 
Briefly, 100 mg of tissue was homogenized on ice with 
1 ml of Reagent I and 10 µL of Reagent III. The 
homogenate was centrifuged at 600 × g for 5 min (4°C), 
and the supernatant was transferred into a new 
centrifuge tube and centrifuged at 11,000 × g for 10 min 
at 4°C. The pellet, which contained the mitochondrial 
extract, was mixed with 200 µL of Reagent II and 2 µL 
of Reagent III. Then, the samples were resuspended and 
used to detect the activity of mitochondrial respiratory 
chain complexes with a Multiskan GO microplate 
reader (Thermo Fisher Scientific, Oy Ratastie 2, P.O. 
Box 100 FI-01621, Finland). 
 
For complex I, 10 µL of the sample, 15 µL of Working 
Reagent VI, and 200 µL of Working Solution were 
mixed and poured into a 96-well UV microplate. The 
absorbance was immediately read at 340 nm (A1) and 
after 2 min (A2). 
 
For complex III, 10 µL of the sample, 25 µL of Reagent 
VI, and 200 µL of working solution were mixed and 
poured into a 96-well microplate. The absorbance was 
immediately read at 550 nm (A1) and after 2 min (A2). 
 
For complex IV, 10 µL of sample and 200 µL of 
working solution were mixed and poured into a 96-well 
microplate. The absorbance was immediately read at 
550 nm (A1) and after 2 min (A2). The change in 
absorbance for each complex enzymatic assay was 
calculated as follows: ΔA= A1–A2 (complexes I and IV) 
or ΔA= A2–A1 (complex III). 
 
The activity of complexes I, III, and IV was calculated 
as follows: 
 
In the mitochondrial pellet: (U/g fresh weight) = [ΔA × 
V Total ÷ (ε × d) × 109] ÷ (W ÷ V Resuspended × V 
Sample) ÷ T = 731 (complex I), 249 (complex III), or 
444 (complex IV) × ΔA ÷ W 
 
Definitions: 
U: enzyme activity unit equivalent to the consumption 
of 1 nmol of NADH (complex I) or reduced cytochrome 
C (complex III, IV) in 1 g of tissue/min in the reaction 
system 
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V Total: total reaction volume (2.1 × 104 L) 
ε: reduced cytochrome C molar extinction coefficient 
(19.1 × 103 mol/L/cm) 
d: 96-well plate diameter (0.5 cm) 
109: unit conversion factor (1 mol = 109 nmol) 
V Sample: sample volume added (0.01 mL) 
T: reaction time (1 min) 
W: sample weight (g) 
ΔA2: determination value of pellet 
V Resuspended: volume of the resuspended pellet 
(0.202 mL). 
 
Mitochondrial creatine kinase (mtCK) s-type 
(CKMT2) quantitative determination 
 
mtCK, a sarcomeric isoenzyme, was analyzed in the 
WHT with the Mouse CKMT2 ELISA Kit (Quanzhou 
Ruixin Biological Technology Co., Ltd.) according to 
the instruction manual. 
 
Briefly, 50 μL of standard or sample was added to each 
appropriate well (all standards and samples were added 
in triplicate). One hundred microliters of enzyme 
conjugate was added to each standard or sample well 
except for the blank wells. The plate was covered with 
an adhesive strip and incubated for 60 min at 37°C. 
Then, the plate was washed four times. After the 
washing procedure, all wells were aspirated, and the 
plate was rewashed four times using Wash Buffer (1X). 
After the final wash, the plate was inverted and dried by 
tapping the plate on absorbent paper until no moisture 
was evident. Substrate A (50 μL) and Substrate B (50 
μL) were added to each well and gently mixed, and the 
plate was incubated for 15 min at 37°C in the absence 
of light. Then, 50 μL of stop solution was added to each 
well. Finally, the optical density (OD) was read at 450 
nm using a microtiter plate reader within 15 min. 
 
MtDNA copy number assay 
 
DNA was isolated from WHT of the 3.1CG (n = 9), 3.1CR 
(n = 16), 5.5CG (n = 14), and 5.5CR (n = 30) groups with 
a TIANamp Genomic DNA Kit (TIANGEN), and the 
mtDNA was analyzed with a Mouse Mitochondrial DNA 
Copy Number Assay Kit (Detroit R&D, Inc.) through 
comparison of mtDNA and nuclear (n) DNA measured by 
quantitative real-time polymerase chain reaction (qPCR). 
 
The mtDNA copy number was calculated as follows: 
 
ΔCt1 = Ct (control mtDNA) − Ct (control nuclear DNA) 
ΔCt2 = Ct (experimental group mtDNA) − Ct (experimental 
group nuclear DNA) 
 
The Mouse Mitochondrial DNA Copy Number Assay 
Kit was used according to the manufacturer’s manual. 

qPCR assay 
 
Tissues preserved in liquid nitrogen were homogenized, 
and the RNA was extracted with Takara RNAiso PLUS 
Total RNA Extraction Reagent (Takara Bio, Inc.). DNA 
was extracted with a TIANamp Genomic DNA Kit 
(TIANGEN). The total nucleic acid concentration and 
OD were assayed by UV spectrophotometry. cDNA was 
obtained with a Takara kit (RR047Q). qPCR was 
performed with 100 ng of target DNA. SYBR Premix 
Ex Taq™ (Takara RR420Q) and an ABI7500 instrument 
(Applied Biosystems, Foster City, CA, USA) were used 
to quantify the relative expression of Cluster of 
Differentiation 29 (CD29); CD34 (hematopoietic 
progenitor cell antigen); Connexin-37; Connexin-40; 
GATA binding protein 4 (GATA4); GATA6; ISL1; 
MyoD; Myf5; Myosin Heavy Chain 6, Alpha Isoform 
(Myh6); Myosin Heavy Chain 7, Beta Isoform (Myh7); 
SSEA-1; T-Box Transcription Factor 18 (TBX18); 
Wilms' tumor suppressor gene (Wt1); Bone 
Morphogenetic Protein 4 (BMP4); Proto-Oncogene C-
KIT (C-KIT); Desmin; NKX2.5; endothelial nitric 
oxide synthase (eNOS); mammalian Target Of 
Rapamycin (mTOR); Adiponectin; AdipoR1; T-
cadherin; GAPDH (reference gene); and 18S rRNA 
(reference gene) (Supplementary Table 3). 
 
Western blot analysis 
 
Tissues were homogenized with 5 volumes of 
radioimmunoprecipitation assay (RIPA) buffer 
(Solarbio® Life Sciences), and the supernatants were 
fractionated by SDS–PAGE. The proteins were 
quantified with a BCA protein quantification kit 
(Solarbio® Life Sciences), transferred to PVDF 
membranes (Bio–Rad), and blocked with 5% blocking 
solution for Western blotting (Roche). The membranes 
were then exposed to an anti-eNOS antibody (EPR19296) 
(ab199956, Abcam; dilution: 1/1000), an anti-AMPK 
alpha 1 + AMPK alpha 2 antibody (EPR19549) 
(ab207442, Abcam; dilution: 1/1000), a recombinant 
anti-AMPK alpha 1 (phospho-T183) + AMPK alpha 2 
(phospho-T172) antibody (EPR5683) (ab133448, Abcam; 
dilution: 1/5000); an anti-PGC1 alpha rabbit pAb 
(#A11971, ABclonal; dilution: 1/1000), an anti-mTOR 
(phospho-S2448) antibody (EPR426[2]) (ab109268, 
Abcam; dilution: 1/5000), an anti-mTOR (phospho-
S2481) antibody (EPR427[N]) (ab137133, Abcam; 
dilution: 1/5000), an anti-adiponectin antibody 
(EPR17019) (ab181281, Abcam; dilution: 1/1000), and 
an anti-GAPDH antibody (EPR16891) loading control 
(ab181602, Abcam; dilution: 1/5000). Immunodetection 
was conducted using a goat anti-rabbit IgG H&L (HRP) 
(ab6721, Abcam; dilution: 1/3000) secondary antibody 
and an enhanced chemiluminescence device (Bio–Rad 
gel imager). 
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NAD-dependent deacetylase Sirtuin-1 assay 
 
One hundred milligrams of WHT homogenate from 
the 3.1CG (n = 10), 3.1CR (n = 19), 5.5CG (n = 14), 
and 5.5CR (n = 33) groups was analyzed with a 
Mouse NAD-Dependent Deacetylase Sirtuin-1 
(SIRT1) ELISA Kit (CUSABIO) for quantitative 
determination of SIRT1 according to the 
manufacturer’s instructions. 
 
Telomerase detection assay 
 
Homogenates were analyzed with a TRAPeze RT 
Telomerase Detection Kit (Millipore) for fluorometric 
detection and real-time quantification of telomerase 
activity. 
 
Briefly, 50 to 100 mg of frozen WHT was 
homogenized and resuspended in 200 µl of CHAPS 
lysis buffer. Samples were incubated on ice for 30 
min and centrifuged at 12,000 × g for 20 min (4°C). 
One hundred sixty microliters of the supernatant was 
used to determine the protein concentration, and the 
remaining extract was used to perform the real-time 
telomerase assay according to the manufacturer’s 
manual. 
 
Statistical analysis 
 
The data were analyzed with two-tailed unpaired 
t tests with Welch’s correction for comparisons of 
two groups; two-way ANOVA with Tukey’s multiple 
comparison test for the acid hydroxylase assay, 
echocardiography, and mitochondrial energetics data; 
and two-way ANOVA with Bonferroni post hoc 
analysis for determination of the interactions among 
multiple groups with different sample sizes. 
Correlations were tested by Pearson analysis, and the 
data were processed using GraphPad Prism 8.3.0. 
Western blot analysis and protein densitometry were 
conducted with Image Lab 5.0. A P value < 0.05 was 
considered to indicate statistical significance. 
 
Institutional review board statement 
 
The study was conducted according to the guidelines of 
the Declaration of Helsinki and approved by the 
Institutional Review Board of Chengdu Jinjiang 
Hospital for Maternal and Child Health Care. Mice 
were daily monitored by laboratory members and by 
animal health technicians. 
 
Data availability 
 
All data generated or analyzed during this study are 
included in this published article. 

RESULTS 
 
Physiological changes during and after the 
development of the experimental animal model 
 
At the end of the second stage of animal model 
development, mice fed the HCD ad libitum (in the high-
calorie groups, HCGs) showed significant increases in 
body weight (Figure 2A). Interestingly, the HCG mice 
presented lower daily volumes of ingested food 
(Figure 2B) than the mice fed the standard 3.1 kcal/kg 
diet ad libitum (control group [CG] mice). Nevertheless, 
due to the food composition, the caloric intake of the 
HCGs was considerably higher than that of their control 
counterparts (Figure 2C). 
 
Although the groups with different feeding regimens 
(3.1 kcal/kg and 5.5 kcal/kg diets ad libitum) showed 
significant disparities in weight at the beginning of CR 
period, at the end of the CR period, the weights of the 
mice in the CR-treated (3.1CR and 5.5CR) groups had 
decreased such that there was no significant difference 
between them (Figure 2D), and the values in these 
groups were also significantly lower than those in their 
control counterparts (the 3.1CG and 5.5CG groups). 
 
The mRNA and protein expression of the adipose-type 
cytoplasmic fatty acid-binding protein Fabp4 (Figure 2E) 
was used in this work to predict intermyocellular 
(INTM) and intramyocellular (IM) fat infiltration [50]. 
The transcriptional and translational data suggested 
higher amounts of INTM and IM lipid content in the 
5.5CG group than in the other groups analyzed. 
Moreover, the 3.1CG, 3.1CR, and 5.5CR groups 
showed no significant differences at the end of the CR 
period. 
 
Due to the small sizes of mice, it is impossible to 
distinguish INTM and IM adiposity; thus, all available 
studies on IM adipogenesis in mice refer to both INTM 
and IM fat [51]. Moreover, due to the intricate and 
nonhomogeneous structure of the heart, we analyzed the 
total lipid content in the heart by the acid hydrolysis 
technique (Figure 2F). Since this assay requires the use of 
whole organ tissue, a separate cohort of 8 animals per 
group was selected according to the experimental animal 
model standards. WHT was collected and then hydrolyzed 
with hydrophobic acid, as explained in the Materials and 
Methods (section 2.5). The results showed a significant 
increase in the total lipid content in the 5.5CG group, while 
the rest of the groups presented similar fat content. 
 
In addition to the other variables described above, we 
included glucose levels in our characterization of the 
experimental animal model (Figure 2G). As expected, 
mice subjected to CR showed better blood glucose 
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levels than ad libitum-fed mice, while the 5.5CG mice 
presented the highest values after 8 hours of starvation. 
 
Cardiac geometry and function 
 
Representative M-mode echocardiographic images and 
measurements were obtained in the PLAX view from 

the left ventricles of 3.1CG (Figure 3A), 3.1CR (Figure 
3B), 5.5CG (Figure 3C), and 5.5CR (Figure 3D) mice. 
 
The hearts of CR-treated mice were significantly lighter 
than those of mice in the CGs (Figure 3E). 
Echocardiographic analysis revealed that CR in mice 
previously fed standard food (3.1CR mice) significantly 

 

 
 

Figure 2. Physiological changes during and after the development of the experimental animal model. The graphics are 
representations of 1 of the 3 cohorts of animals. Average body weights of the animal groups before CR (A). Average food ingestion of the animal 
groups before CR, expressed in grams (B). Average caloric intake of the animal groups before CR (C). Animal weights during the CR period, 
expressed in grams (D). The mRNA and protein levels of Fabp4 were used to predict INTM and IM fat infiltration (E). Fabp4 analyzed by qPCR 
(mRNA), expressed as %; the 3.1CG value was set to 0, and the compared samples were normalized to this level. Positive % values represent 
upregulation. Negative values represent downregulation. The protein expression of Fabp4 was obtained by Western blot analysis and quantified 
with Image Lab 6.1 software. The values were normalized to GAPDH expression; the 3.1CG expression was set to 1.0. Total fat content in the WHT, 
as determined by acid hydrolysis (F). The values are expressed in g/100 g of tissue. Comparison of the blood glucose levels of mice during weeks 9 
to 13 of dietary restriction (G). The data are the mean ± SD. *P < 0.05; **P < 0.01 vs. the 3.1CG group, unless otherwise specified. 
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Figure 3. Transthoracic echocardiographic measurement. Representative M-mode echocardiographic images and measurements 
acquired with the FUJIFILM VEVO 3100 imaging system. Images were acquired in the LV PLAX view for the 3.1CG (A), 3.1CR (B), 5.5CG (C), 
and 5.5CR (D) groups. Vevo LAB 3.1.0 image analysis software was used to automatically calculate the weight of the hearts of mice, 
expressed in mg (E); IVS-d, expressed in mm (F); IVS-s, expressed in mm (G); LVID-d, expressed in mm (H); LVID-s, expressed in mm (I); 
LVPW-d, expressed in mm (J); LVPW-s, expressed in mm (K); EF, expressed in % (L); FS, expressed in % (M); corrected LV mass, expressed in 
mg (N); LVvol-d, expressed in µl (O); and LVvol-s, expressed in µl (P). The data are the mean ± SD. *P < 0.05 and **P < 0.01 vs. the 3.1CG 
group, unless otherwise specified. After echocardiographic measurements, mice were sacrificed by the cervical dislocation technique. The 
hearts were collected and weighed after complete removal of blood via washing with excess ice-cold PBS.  
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altered cardiac geometry, as evidenced by decreased 
IVS-d (Figure 3F), IVS-s (Figure 3G), LVID-d (Figure 
3H), LVID-s (Figure 3I), and LVPW-d (Figure 3J) values. 
LVPW-s values showed no significant differences 
between groups (Figure 3K). LV systolic performance 
and muscle contractility, as estimated by EF (Figure 3L) 
and FS (Figure 3M), were markedly improved, while the 
corrected LV mass (Figure 3N), which was consistent 
with reductions in gross heart weight (Figure 3E) and 
LVvol-s (Figure 3P) values, was significantly decreased 
(vs. 3.1CG group). LVvol-d values showed no 
significant differences between groups (Figure 3O). 
 
Mice fed an HCD before CR (5.5CR mice) also underwent 
cardiac remodeling, as verified by decreased IVS-d (Figure 
3F) and IVS-s (Figure 3G) values. However, LVID-d 
(Figure 3H) and LVID-s (Figure 3I) measurements, which 
also seemed reduced, were not significantly altered. EF 
(Figure 3L) and FS (Figure 3M) outcomes were 
significantly worse in the 5.5CR group than in the 3.1CR 
group. However, these results did not differ among the 
other groups. As seen in the 3.1CR group, the corrected 
LV mass (Figure 3N) was significantly decreased in the 
5.5CR group, consistent with a change in the gross heart 
weight (vs. 3.1CG and 5.5CG groups; Figure 3E). LVvol-s 
(Figure 3P), another clinical parameter reflecting global 
LV systolic performance and remodeling, was higher in 
the 5.5CR group than in the 3.1CR group, which may 
indicate impairment in the contractile tissue. 
 
Animals fed only an HCD (5.5CG mice) displayed 
heavier bodyweights, but the apparent increase in gross 
heart weight in the 5.5CG group compared with the 
3.1CG group was not significant. Additionally, 5.5CG 
mice presented increased IVS-d and IVS-s values 
(Figure 3F and 3G), indicative of LV hypertrophy. 
Although EF (Figure 3L) analysis revealed poor LV 
performance and muscle contractility (vs. 3.1CG), no 
signs of diminished FS (FS strongly correlates with EF 
under normal ventricular geometry, without regional 
wall motion abnormalities; Figure 3M) were evidenced. 
 
Mitochondrial energetics, mtDNA copy numbers, 
and eNOS expression 
 
Mitochondrial energetics in the WHT of mice were 
spectrophotometrically assessed through the activity of 
individual OXPHOS complexes I (Figure 4A), II (Figure 
4B), and IV (Figure 4C). Complex enzymatic activity was 
determined according to the consumption of 1 nmol of 
NADH (complex I) or reduced cytochrome C (complex III, 
IV) in 1 g of tissue/min in the reaction system. 
 
CR in animals previously fed standard food (in the 
3.1CR group), significantly stimulated the activity of 
mitochondrial complexes I, III, and IV (vs. those in the 

3.1CG and 5.5CG groups). In contrast, CR in animals 
previously fed the HCD (in the 5.5CR group) only 
improved complex IV activity (vs. that in the 3.1CG 
group). Mice fed only the HCD (in the 5.5CG group) 
showed significant reductions in complex I activity (vs. 
the level in the 3.1CG group) without significant 
changes in complexes III and IV. 
 
We also analyzed CKMT2, which is responsible for the 
transfer of high-energy phosphate from mitochondria to 
the cytosolic carrier creatine (Figure 4D). Our findings 
showed that CR markedly enhanced CKMT2 activity in 
both CR-treated groups (3.1CR and 5.5CR groups vs. 
the 3.1CG group). However, the CKMT2 levels in the 
3.1CR group were significantly higher than those in the 
5.5CR group. 
 
MtDNA copy numbers were also analyzed, and we found 
increased levels in both groups subjected to CR (Figure 4E). 
These results are consistent with scientific data suggesting 
that CR induces mitochondrial proliferation in humans and 
rodents [52, 53]. However, the mtDNA copy number in the 
5.5CR group (76% ± 8.3) was significantly higher than that 
in the 3.1CR group (55%, ± 7). To determine whether these 
findings correlate with mitochondrial biogenesis, we 
assayed the mRNA (Figure 4F) and protein (Figure 4G) 
expression of eNOS, which plays roles in the induction of 
mitochondrial biogenesis [53, 54]. We found that eNOS 
expression levels were upregulated in the 3.1CR group (vs. 
the 3.1CG group), while the 5.5CR group showed no 
significant changes. However, the expression in the 5.5CR 
group was significantly lower than that in the 3.1CR group. 
The interpretation of eNOS expression may suggest that the 
increase in mtDNA copy number in the 5.5CR group does 
not reflect an increase in mitochondrial biogenesis. 
 
Expression of the AMPK-SIRT1-mTOR-PGC-1α 
nutrient sensors 
 
We observed in this work that the mRNA and protein 
expression levels of the two isoforms of the catalytic α-
subunit of AMPK were upregulated in the animals 
subjected to HCD feeding before CR (5.5CR animals) 
but downregulated in the 3.1CR animals (Figure 5A and 
5B). Nonetheless, AMPK activity, as assessed by 
AMPK α1 phosphorylation at threonine 183 and AMPK 
α2 phosphorylation at threonine 172 (T183-T172), was 
significantly elevated in the 3.1CR group and 
downregulated in both groups fed the HCD (the 5.5CG 
and 5.5CR groups). 
 
We also observed increases in SIRT1 mRNA levels 
(Figure 5C) in the animals subjected to CR (3.1CR and 
5.5CR animals). However, the protein levels were not 
significantly altered (vs. those in the 3.1CG group; 
Figure 5D). 
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Figure 4. Mitochondrial energetics, mtDNA copy numbers and eNOS expression. OXPHOS activity in the WHT of mice was 
spectrophotometrically assessed through analysis of the activity of individual OXPHOS complexes I (A), II (B), and IV (C). Complex enzymatic 
activity was determined according to the consumption of 1 nmol of NADH (complex I) or reduced cytochrome C (complex III, IV) in 1 g of 
tissue/min in the reaction system. For each value expressed as %, the 3.1CG value was set to 100, and the compared samples were 
normalized to this level. The enzymatic activity of CKMT2 in WHT was analyzed with a Mouse CKMT2 ELISA Kit (D). The values were 
spectrophotometrically obtained and converted to ng/ml by normalization to standard values (D, lower-right graph). MtDNA copy numbers 
(E) were analyzed with a Detroit-Mouse-mt-DNA analysis kit. For each group, the value is expressed as a percentage (%); the 3.1CG value 
was set to 0, and the rest of the groups were normalized to this level for comparison. For eNOS (F) and 18S rRNA (reference gene) 
expression, each primer was analyzed with SYBR Green fluorescence detection, and the transcript levels of eNOS were normalized to those 
of the endogenous control 18S rRNA. (G) eNOS immunoblot results and relative protein values were obtained by Western blot analysis and 
quantified with Image Lab 6.1 software. The values were normalized to GAPDH expression; the 3.1CG expression was set as 1.0. The data 
are the mean ± SD. *P < 0.05; **P < 0.01 vs. the 3.1CG group, unless otherwise specified. 



www.aging-us.com 2705 AGING 

 
 

Figure 5. Expression of the AMPK-SIRT1-mTOR-PGC-1α nutrient sensors. The isoforms of the catalytic α-subunit of AMPK were 
analyzed by (A) qPCR (mRNA levels) and (B) Western blotting (protein levels†). T183-T172: AMPK α1 phosphorylated at T183 and AMPK α2 
phosphorylated at T172. SIRT1 mRNA expression (C). SIRT1 endogenous levels (D). mTOR mRNA expression (E). Protein levels of mTOR 
phosphorylated at S2448† (F). PGC-1α mRNA expression (G). PGC-1α protein levels (H). mRNA expression in the WHT was analyzed by qPCR 
with SYBR Green fluorescence detection, and the transcript levels of the target genes were normalized to those of the endogenous control 
18S rRNA. For each group, the value is expressed as a percentage (%); the 3.1CG value was set to 0, and the values for the rest of the 
groups were normalized to this level for comparison. Immunoblot results and protein expression results were obtained by Western blot 
analysis and quantified with Image Lab 6.1 software. The values were normalized to GAPDH expression; the 3.1CG expression was set to 1.0. 
The data are the mean ± SD. *P < 0.05; **P < 0.01 vs. the 3.1CG group, unless otherwise specified. †AMPKα1-α2 and mTOR-S2448 share the 
same GAPDH loading control.  
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Furthermore, mTOR transcription and mTOR 
phosphorylation, whose inhibition is associated with 
mitochondrial biogenesis, were also assessed. Although 
there are four characterized phosphorylation sites in 
mTOR, we analyzed phosphorylation at serine 2448 
(S2448) by S6K because the mTORC1 complex, which 
is known to confer cardioprotection, contains mainly 
mTOR phosphorylated at S2448 [55]. 
 
Our results showed downregulation of mTOR mRNA 
and S2448-phosphorylated mTOR protein in the 3.1CR 
group (vs. the 3.1CG group). However, the values in the 
5.5CR group were higher than those in the 3.1CR group 
(Figure 5E and 5F). 
 
Autophosphorylation at S2481 was also assessed by 
Western blot analysis, but none of the experimental 
groups or CGs showed phosphorylation activity at this 
site (data not shown). 
 
We also analyzed PGC-1α because phosphorylation of 
AMPK and deacetylation of SIRT1 affect PGC-1α 
expression; thus, AMPK, SIRT1, and PGC-1α might act as 
a coordinated network to regulate metabolic fitness [26]. 
Consistent with our results regarding AMPK activity, 
PGC-1α mRNA and protein values were upregulated in 
the 3.1CR animals and markedly downregulated in the 
animals fed the HCD (Figure 5G and 5H). 
 
Telomerase activity and TERT mRNA levels as 
surrogates for telomerase enzyme activity 
 
We observed in this study that the groups subjected to 
CR (the 3.1CR and 5.5CR groups) showed upregulated 
TERT expression (Figure 6A). However, only the 
upregulation in the 5.5CR group was statistically 
significant (vs. the 3.1CG and 3.1CR groups; p < 0.01). 
Moreover, it is important to note that while TERT 
mRNA expression analysis is widely used as an indirect 
method for assessment of telomerase enzyme activity, 
there is now evidence that TERT mRNA is expressed in 
normal cells, so we interpreted the data in this work 
with caution [56]. 
 
Then, we performed fluorometric detection and real-
time quantification of telomerase activity with a 
TRAPeze RT Telomerase Detection Kit (Millipore; 
Figure 6B). Although we observed slight changes in the 
telomerase units in the 3.1CR and 5.5CG groups, the 
results were not statistically significant. 
 
Expression of Adiponectin and Adiponectin 
receptors 
 
Adiponectin in WHT was examined by qPCR (Figure 
7A) and Western blot analyses (Figure 7B and 7C). 

The mRNA and protein levels were significantly 
increased in the animals exposed to CR and decreased 
in the 5.5CG animals (vs. the 3.1CG animals). 
Moreover, the gene and protein expression of 
adiponectin in the experimental groups and CGs 
followed the same patterns as those of the adiponectin 
receptor T-cadherin (Figure 7E), while the receptors 
AdipoR1 and AdipoR2 presented no correlations with 
the expression of adiponectin (Figure 7D and 7E). 
 
Expression of CPC- and CSC-related markers 
 
Some of the most heavily analyzed cardiomyocyte 
markers, such as CD34, CD29, Connexin-37, Connexin-
40, GATA4, GATA6, ISL1, MyoD, Myf5, MYH6, 
MYH7, SSEA-1, TBX18, Wt1, BMP4, C-KIT, Desmin, 
and NKX2.5, were analyzed in this work by qPCR in 
WHT from the different groups (Figure 8). 
 
After 13 weeks of CR, the gene expression patterns 
differed between the animals exposed to CR with different 
alimentary backgrounds (3.1CR and 5.5CR animals). For 
instance, BMP4 and NKX2.5 were strongly upregulated 
(51%, ± 5; 112%, ± 18, respectively) in the 5.5CR group, 
while no significant change or downregulation was 
observed in the 3.1CR group (compared to the 3.1CG 
group). While GATA4, CD34, Connexin 37, and TBX18 
were downregulated in the 5.5CR group (−65.5%, ± 20; 
−17.5%, 6; −30%, ± 13; −9%, ± 29, respectively), CD34 
and Connexin 37 were not significantly altered in the 
3.1CR group, and GATA4 and TBX18 were upregulated. 
 
In addition, GATA6 was downregulated (to −27.5%, + 
8) in the 3.1CR group, while it was slightly upregulated 
in the 5.5CR group (to 10%, + 7; vs. the level in the 
3.1CG group). 
 
Moreover, C-kit and SSEA-1, which are heavily studied 
cardiac markers linked with CSCs and CPCs, were 
significantly downregulated in the CR groups and the 
5.5CG group (vs. the 3.1CG group). The same 
expression patterns were observed for Wt1. 
 
DISCUSSION 
 
In this study, we compared the effects of CR on the 
WHT of mice previously fed standard food or an HCD. 
 
In response to energy deficiency, the 3.1CR and 5.5CR 
displayed decreased body weights and heart weights, 
and improved insulin sensitivity, with no significant 
changes in cardiac fat content or fat infiltration. 
However, transcriptional and translational variability, 
which has morphological, functional, and metabolic 
implications, was evidenced in CR-treated animals with 
contrasting alimentary backgrounds. 
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Figure 6. Telomerase activity. TERT mRNA expression (A). cDNA was obtained from WHT with a Takara RR047Q kit. qPCR was 
performed with 100 ng of target DNA. Significant differences in gene expression between groups are expressed as percentage (%) values. 
For each gene expressed as %, the 3.1CG value was set to 0, and the values in the compared samples were normalized to this level. Positive % 
values represent upregulation. Negative values represent downregulation. Each marker was analyzed with SYBR Green fluorescence 
detection, and the transcript levels of the markers were normalized to those of the endogenous control 18S rRNA. Telomerase activity (B) 
was assayed with a TRAPeze RT Telomerase Detection Kit (Millipore) for fluorometric detection and real-time quantification. The 
telomerase values are arbitrary units relative to TSR8 amplification, as specified in the manufacturer’s manual. The data are the mean ± SD. 
*P < 0.05; **P < 0.01 vs. the 3.1CG group. 
 
 

 
 

Figure 7. Expression of Adiponectin and Adiponectin receptors. mRNA levels of Adiponectin in WHT (A). Immunoblot results (B) and 
protein expression of Adiponectin (C). mRNA expression of the Adiponectin receptors AdipoR1 (D), AdipoR2 (E) and T-cadherin (F). The 
transcripts were analyzed by qPCR. Significant differences between groups are expressed as % values. For each gene expressed as %, the 
3.1CG value was set to 0, and the values of the compared samples were normalized to this level. Positive values represent upregulation. 
Negative values represent downregulation. Each marker was analyzed with SYBR Green fluorescence detection, and the transcript levels of 
the target genes were normalized to those of the endogenous control 18S rRNA. Adiponectin protein expression was obtained by Western 
blot analysis and quantified with Image Lab 6.1 software. The values were normalized to GAPDH expression; the 3.1CG expression was set 
to 1.0. The data are the mean ± SD. *P < 0.05; **P < 0.01 vs. the 3.1CG group, unless otherwise specified. 
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For instance, the 3.1CR featured cardiac remodeling 
due to decreased IVS-d-s, LVID-d-s, and LVPW-d 
values, while EF and FS, were markedly improved. 
These and other geometric changes were accompanied 
by enhanced activity of the OXPHOS complexes I, III, 
and IV (responsible for generating mitochondrial 
membrane potential; ΔΨm), and CKMT2 enzymatic 
activity (a central component of the PCr/Cr-shuttle 
process, essential for cardiac cell homeostasis). 
 
The 5.5CR showed changes in cardiac geometry only in 
terms of decreased IVS-d and IVS-s values. Most 
importantly, EF and FS values were significantly lower 
than in the 3.1CR. These animals presented improved 
OXPHOS complex IV and CKMT2 activity, indicating 
that the efficacy of CR was compromised in animals 
previously fed an HCD. 
 
The 5.5CG were heavier, with higher cardiac fat content 
and lipid infiltration, than those that consumed the 
standard diet. Although the heart weights in the 5.5CG 
appeared elevated, they were not significantly different 
from those in the 3.1CG. Furthermore, the 5.5CG 
developed insulin resistance. 
 
In terms of cardiac remodeling and function, the 5.5CG 
also featured increased IVS-d and IVS-s values, 

indicative of LV hypertrophy, and poor LV 
performance with muscle contractile dysfunction, 
estimated by EF. FS, which is dependent on LV preload, 
afterload, and contractility, was not affected by the 
HCD. These geometric and functional adaptations were 
accompanied by a reduction in OXPHOS complex I 
activity while complex III, IV, and CKMT2 activity 
levels remained unaltered. Nonetheless, as complex I is 
the primary entry point for electrons to the respiratory 
chain, decreased complex I activity could represent an 
alteration in the rate-limiting step of overall 
mitochondrial respiration and energy metabolism [57]. 
 
Notably, although the remarkable mechanical and 
functional adjustments were seen in the 3.1CR due to 
CR, CD-1 mice appeared to be slightly resistant to 
developing cardiac abnormalities when treated with a 
long-term HCD. Thus, we hypothesize that the above 
adaptations observed in the 5.5CG could be attributable 
to peculiarities of the strain. 
 
Changes in cardiac energetics were also genetically 
assessed. CR promoted mitochondrial abundance, as 
indicated by increased amounts of mtDNA [58], in both 
CR-treated groups. However, abundance was not 
associated with biogenesis. This was confirmed by the 
upregulation of the mRNA and protein expression of 

 

 
 

Figure 8. Expression of CPC- and CSC-related markers. cDNA was obtained from WHT with a Takara RR047Q kit. qPCR was conducted 
with 100 ng of target DNA. Significant differences in gene expression between groups are expressed as percentage (%) values. For each 
gene expressed as %, the 3.1CG value was set to 0, and the values of the compared samples were normalized to this level. Positive % values 
represent upregulation. Negative values represent downregulation. Each marker was analyzed with SYBR Green fluorescence detection, 
and the transcript levels of the markers were normalized to those of the endogenous control 18S rRNA. The data are the mean ± SD. *P < 
0.05; **P < 0.01 vs. the 3.1CG group. A hierarchical clustering illustration for the up-/downregulation of genes analyzed from RT–PCR array 
data is shown on the right side of Figure 8. The right bar depicts the colors for upregulation and downregulation expressed as percentages.  
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eNOS, PGC1-α, AMPK activity, and dephosphorylation 
of mTOR in the 3.1CR, compared to the 5.5CR. 
 
We also analyzed telomerase activity and TERT mRNA 
expression as a surrogate for telomerase enzyme 
activity [59–64]. Although we observed that TERT 
mRNA levels in the 5.5CR were upregulated, 
fluorometric quantification showed no significant 
differences between groups. Nevertheless, slight 
increases in telomerase units in the 3.1CR and a 
decrease in the 5.5CG were noticed, suggesting that a 
long-term CR analysis might be necessary to determine 
whether our findings are time-dependent. 
 
Regarding AMPK-SIRT1-mTOR and –PGC-1α 
networks, CR increased AMPK activity in the 
3.1CR, but comparable outcomes were not produced 
in the 5.5CR. Indeed, AMPK activity in the 5.5CR 
was significantly lower than that in the 3.1CG. 
AMPK activity has previously been reported to be 
reduced during the development of obesity, 
contributing to insulin resistance, metabolic 
syndrome, and related pathologies. Consistent with 
our findings, Gélinas, R. et al. (2018) demonstrated 
that submaximal AMPK activation appears to 
counteract cardiac hypertrophy by reducing O-
GlcNAcylation [65]. AMPK modulates the activity 
of the downstream target PGC-1α, and the resulting 
reductions in the mRNA and protein expression of 
PGC-1α (in line with our results in the HCD groups) 
are indicators of cardiac dysfunction, compromised 
energy metabolism, and subsequent development of 
systolic heart failure [66]. In this work, AMPK 
phosphorylation was also associated with PGC-1α 
expression. In addition, both PGC-1α expression 
and AMPK activity followed similar activation 
patterns, with marked improvements in 
mitochondrial OXPHOS complex I, III, and IV 
activity in the 3.1CR and OXPHOS complex I 
impairment found only in the 5.5CG. Both energy-
nutrient sensors appear to interact with several other 
activators of mitochondrial biogenesis, such as 
eNOS and adiponectin [67]. In addition, Zhu, X. et 
al. (2019) demonstrated that specific moderate 
overexpression of PGC-1α is sufficient to improve 
cardiac function [68], which is in line with our 
observations in the 3.1CR. 
 
It has been documented that SIRT1 responds differently 
to specific stressors [69]. Although we observed 
transcriptional upregulation of SIRT1 in the CR-treated 
mice, the endogenous levels were not significantly 
elevated (vs. those in the 3.1CG), apparently due to the 
short-term CR implementation, as other studies have 
shown marked increases in SIRT1 expression after 
long-term CR [70, 71]. 

It is important to note that the regulatory properties of 
SIRT1 might nonetheless be remarkably intricate, as 
SIRT1 activity also relies on intracellular nicotinamide 
levels [72], posttranslational modifications [68], and 
interactions with several other protein-mediators [73, 74]. 
 
The mTOR analysis showed mTOR-S2448 mRNA and 
protein downregulation in the 3.1CR, vs. the CGs; 
interestingly, however, it also revealed downregulation 
in the 3.1CR vs. the 5.5CR. Moreover, mTOR 
expressions in the 5.5CR was not different from that in 
the 3.1CG. (Figure 5E and 5F). These results are in line 
with similar findings in the myocardium in male 
C57BL/6J mice [71]. In addition, our findings regarding 
mTOR expression and cardiac remodeling in the 5.5CG 
coincided, to some extent, with recent data indicating 
that mTORC1 activation via inducible cardiac-specific 
TSC2 knockdown results in hypertrophy without 
contractile dysfunction [75]. 
 
Due to the numerous antiaging properties of adiponectin 
and its receptors and the recognition of interactions of 
these molecules with a growing number of sensory 
molecules and regulatory networks of metabolic 
homeostasis, we analyzed the expression of these 
molecules. Adiponectin/AdipoR signaling is known to 
activate the PGC-1α–AMPK–SIRT1 pathway and 
positively regulate oxidative stress-detoxifying genes, 
thus alleviating oxidative stress in tissues [76]. Our 
results showed that the elevated transcript and protein 
levels of adiponectin (in the 3.1CR and 5.5CR) were not 
correlated with the levels of AdipoRs but were 
correlated with the mRNA level of t-cadherin (Figure 
7A and 7F), one of the adiponectin receptors widely 
expressed in the heart and blood vessels [77]. 
 
It has been reported that adiponectin accumulates in the 
heart through interaction with T-cadherin [78], which in 
turn contributes to diminishing pathological cardiac 
remodeling, promoting revascularization, and exerting 
vasculo-protective actions, among other effects [78–83]. 
 
In our data analysis, upregulation of adiponectin/t-cadherin 
was associated with improved LV systolic performance 
and muscle contractility, enhanced cardiac mitochondrial 
respiration/energy production, improved AMPK activity, 
and eNOS and PGC-1α expression. We observed 
downregulation of adiponectin/t-cadherin in the 5.5CG 
that was, in turn, associated with cardiac hypertrophy, poor 
LV performance, and signs of impaired muscle 
contractility. Adiponectin/t-cadherin expression in the 
5.5CG was also associated with diminished mitochondrial 
OXPHOS complex I activity, eNOS and PGC-1α 
transcriptional and translational expression, and AMPK 
dephosphorylation. Consistent with our results, a similar 
approach by Rui G. et al. (2013) has demonstrated that 
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adiponectin deficiency in obese mice due to a high-calorie 
fat feeding produces cardiac hypertrophy, decreased 
AMPK activity, and glucose intolerance, among other 
effects [84]. Additionally, diminished AMPK signaling in 
the myocardium in adiponectin-deficient mice has been 
associated with enhanced concentric cardiac hypertrophy 
[85]. Furthermore, Nakajima, T. et al. (2019) have shown 
that diminished mitochondrial OXPHOS capacity in the 
epicardial adipose tissue (EAT) is closely linked to 
decreased concentration of adiponectin in the EAT and to 
the severity of coronary atherosclerosis [86], which is in 
line with the reduced OXPHOS complex I activity 
observed in the WHT of the 5.5CG. 
 
Notably, serum adiponectin levels increase mainly due 
to secretion by central adipose tissue, but they do not 
necessarily correlate with the tissue-specific expression 
of adiponectin and receptors. However, this may vary in 
different organs [87]. 
 
Concerning the genetic profiling of CPCs and CSCs in 
the WHT, the approach was not intended to reveal 
alterations in these cell pools explicitly. Some of the 
proposed transcripts are not specific to putative CPCs or 
CSCs, as they are also expressed in cardiomyocytes and 
fibroblasts. [88–91]. Furthermore, resident CPCs show 
mixed and overlapping expression of SC markers [92]. 
Hence, here, we present only evidence of how an HCD 
alters genetic patterns in the WHT of animals subjected 
to CR with the same BMI. 
 
Interestingly, the level of BMP4, a member of the bone 
morphogenetic protein family and a mediator of cardiac 
hypertrophy [93, 94], was elevated in the 5.5CG 
(consistent with the increased IVS-d and IVS-s values 
in the 5.5CG) but also in the 5.5CR, which did not 
feature cardiac hypertrophy. Unlike BMP4, GATA4, 
another transcription factor related to cardiac 
hypertrophy, was downregulated in both groups fed an 
HCD. This may have been one reason why the CD-1 
mice fed only with an HCD appeared to be slightly 
resistant to developing severe hypertrophy and cardiac 
remodeling. However, as growing evidence suggests 
that GATA4 regulates the transcriptional responses of 
other hypertrophy marker genes such as ANF, BNP, β-
MHC, and Acta1 [95], and exhibits synergistic activity 
with NKX2.5 (HCD-treated mice exhibited antagonistic 
activity), further research is needed to understand the 
transcriptional downregulation of GATA4 in the 
animals fed an HCD. 
 
To the best of our knowledge, how the expression of 
markers specific for CPCs or CSCs is impacted by HCD 
consumption in combination with CR has been 
overlooked, and much remains to be determined 
regarding the functions of transcription factors and how 

transcription factors are affected by dietary 
interventions. 
 
We acknowledge that the limitations of this work 
exponentially escalate with the magnitude of the 
presented data and content being discussed. Thus, our 
results may not cover all aspects that affect or interact 
with the subject of study. Other aspects such as 
comparisons of serum with WHT to demonstrate 
alterations in proteomic profiles in murine models and 
analyses of adiponectin and insulin blood 
concentrations, NAD+, other major components of the 
PCr/Cr-shuttle process, and inflammatory cytokine 
levels would contribute to reinforcing the findings listed 
in this work. 
 
Additionally, due to the number and characteristics of 
the experimental assays and the low amounts of mouse 
heart tissues, we were obligated to develop three 
separate cohorts of experimental animals. Although all 
mice in the different groups met the characterization 
requirements for the experimental animal model, we 
cannot rule out that some differences due to animal or 
cohort peculiarities may have existed. 
 
One pitfall of our analysis of cardiac function was that it 
included EF and FS (used in this work as indicators of 
overall LV performance and muscle contractility) as 
well as LVmass and LVvolumes, which depend on 
geometrical assumptions of the LV (the left ventricle is 
assumed to be a sphere rather than an ovoid) obtained 
with M-mode echocardiography in the PLAX view. 
 
In addition, because our experimental procedure was 
based on short-term CR, some of our data seemed to be 
time-dependent. In other words, a three-month period of 
CR was too short to demonstrate rescue in some 
categories of our observations. Thus, determining the 
adequate length of the dietary interventions and 
conducting a mechanistic rescue of the PGC-1α-
AMPK-mTOR-related axes, which were negatively 
affected in the 5.5CR, will be prerequisites for future 
elucidation of our preliminary findings. 
 
CONCLUSIONS 
 
Although our data exemplify the potential 
cardioprotective properties of short-term CR, we report 
here that past habits of caloric overload rerouted the 
effects of CR observed in the WHT of animals with a 
history of standard diet consumption. 
 
Inconsistencies in the expression of mitochondrial-
biogenesis-related markers and in regulatory networks, 
particularly the disruption of PGC-1α–AMPK-mTOR-
related axes, were observed in CR-treated mice 
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previously fed an HCD. In addition, differences in the 
activation patterns of specific markers of CPC and CSC 
populations, corroborated the existence of transient and 
perhaps irreversible disruptions at the genetic level, 
with potential morphological, metabolic, and functional 
implications. 
 
Identifying optimal caloric-dietary strategies by 
circumventing the risk factors associated with 
nutritional inadequacy from lack of macro/ 
micronutrients to accomplish long-term anti-aging 
effects will undoubtedly require further exploration, in 
combination with larger data sets from other tissues and 
organs at higher levels of organization within the organ 
system. 
 
Overcoming these challenges will eventually increase 
our understanding and support the development of 
preventative and therapeutic strategies to promote 
health and longevity. 
 
AUTHOR CONTRIBUTIONS 
 
Martin Maldonado: Conceptualization, Experiments, 
Data analysis, Investigation, Methodology, 
Visualization, Writing - review and editing. Jianying 
Chen: Formal analysis, Investigation, Visualization, 
experiments. Huiqin Duan: Visualization, Experiments. 
Lujun Yang: Conceptualization. Mazhar Ali Raja: 
Visualization. Shuling Zhou: Visualization. Tianhua 
Huang: Resources. Jiang Gu: Resources. Ying Zhong: 
Resources. All authors have given approval to the final 
version of the manuscript. 
 
CONFLICTS OF INTEREST 
 
The authors declare no conflicts of interest related to 
this study. 
 
FUNDING 
 
The funding for this research was provided by Chengdu 
Jinjiang Hospital for Maternal and Child Health Care; 
Sichuan Science and Technology Department (grant 
number, 2020YJ0478); and the Chengdu Science and 
Technology Bureau (grant number, 2019-YF05-01072-
SN). 
 
REFERENCES 
 
1. Sack MN. Obesity and Cardiac Function - The Role of 

Caloric Excess and its Reversal. Drug Discov Today Dis 
Mech. 2013; 10:e41–6. 
https://doi.org/10.1016/j.ddmec.2013.05.004 
PMID:24039623 

 2. Wang S, Ren J. Obesity Paradox in Aging: From 
Prevalence to Pathophysiology. Prog Cardiovasc Dis. 
2018; 61:182–9. 
https://doi.org/10.1016/j.pcad.2018.07.011 
PMID:29990534 

 3. de Divitiis O, Fazio S, Petitto M, Maddalena G, 
Contaldo F, Mancini M. Obesity and cardiac function. 
Circulation. 1981; 64:477–82. 
https://doi.org/10.1161/01.cir.64.3.477 
PMID:7261280 

 4. Heilbronn LK, Ravussin E. Calorie restriction and 
aging: review of the literature and implications for 
studies in humans. Am J Clin Nutr. 2003; 78:361–9. 
https://doi.org/10.1093/ajcn/78.3.361 
PMID:12936916 

 5. Masoro EJ. Overview of caloric restriction and ageing. 
Mech Ageing Dev. 2005; 126:913–22. 
https://doi.org/10.1016/j.mad.2005.03.012 
PMID:15885745 

 6. Sinclair DA. Toward a unified theory of caloric 
restriction and longevity regulation. Mech Ageing 
Dev. 2005; 126:987–1002. 
https://doi.org/10.1016/j.mad.2005.03.019 
PMID:15893363 

 7. Shinmura K, Tamaki K, Saito K, Nakano Y, Tobe T, Bolli 
R. Cardioprotective effects of short-term caloric 
restriction are mediated by adiponectin via activation 
of AMP-activated protein kinase. Circulation. 2007; 
116:2809–17. 
https://doi.org/10.1161/CIRCULATIONAHA.107.7256
97 
PMID:18040027 

 8. Sandesara PB, Sperling LS. Caloric Restriction as a 
Therapeutic Approach to Heart Failure: Can Less Be 
More in (Mice) and Men? Circ Heart Fail. 2018; 
11:e004930. 
https://doi.org/10.1161/CIRCHEARTFAILURE.118.004930 
PMID:29535115 

 9. Di Daniele N, Marrone G, Di Lauro M, Di Daniele F, 
Palazzetti D, Guerriero C, Noce A. Effects of Caloric 
Restriction Diet on Arterial Hypertension and 
Endothelial Dysfunction. Nutrients. 2021; 13:274. 
https://doi.org/10.3390/nu13010274 
PMID:33477912 

10. Han X, Ren J. Caloric restriction and heart function: is 
there a sensible link? Acta Pharmacol Sin. 2010; 
31:1111–7. 
https://doi.org/10.1038/aps.2010.146 
PMID:20729873 

11. de Lucia C, Gambino G, Petraglia L, Elia A, Komici K, 
Femminella GD, D'Amico ML, Formisano R, Borghetti 
G, Liccardo D, Nolano M, Houser SR, Leosco D, et al. 

https://doi.org/10.1016/j.ddmec.2013.05.004
https://pubmed.ncbi.nlm.nih.gov/24039623
https://doi.org/10.1016/j.pcad.2018.07.011
https://pubmed.ncbi.nlm.nih.gov/29990534
https://doi.org/10.1161/01.cir.64.3.477
https://pubmed.ncbi.nlm.nih.gov/7261280
https://doi.org/10.1093/ajcn/78.3.361
https://pubmed.ncbi.nlm.nih.gov/12936916
https://doi.org/10.1016/j.mad.2005.03.012
https://pubmed.ncbi.nlm.nih.gov/15885745
https://doi.org/10.1016/j.mad.2005.03.019
https://pubmed.ncbi.nlm.nih.gov/15893363
https://doi.org/10.1161/CIRCULATIONAHA.107.725697
https://doi.org/10.1161/CIRCULATIONAHA.107.725697
https://pubmed.ncbi.nlm.nih.gov/18040027
https://doi.org/10.1161/CIRCHEARTFAILURE.118.004930
https://pubmed.ncbi.nlm.nih.gov/29535115
https://doi.org/10.3390/nu13010274
https://pubmed.ncbi.nlm.nih.gov/33477912
https://doi.org/10.1038/aps.2010.146
https://pubmed.ncbi.nlm.nih.gov/20729873


www.aging-us.com 2712 AGING 

Long-Term Caloric Restriction Improves Cardiac 
Function, Remodeling, Adrenergic Responsiveness, and 
Sympathetic Innervation in a Model of Postischemic 
Heart Failure. Circ Heart Fail. 2018; 11:e004153. 
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004153 
PMID:29535114 

12. Han X, Turdi S, Hu N, Guo R, Zhang Y, Ren J. Influence 
of long-term caloric restriction on myocardial and 
cardiomyocyte contractile function and autophagy in 
mice. J Nutr Biochem. 2012; 23:1592–9. 
https://doi.org/10.1016/j.jnutbio.2011.11.002 
PMID:22444502 

13. Jung KJ, Lee EK, Kim JY, Zou Y, Sung B, Heo HS, Kim 
MK, Lee J, Kim ND, Yu BP, Chung HY. Effect of short 
term calorie restriction on pro-inflammatory NF-kB 
and AP-1 in aged rat kidney. Inflamm Res. 2009; 
58:143–50. 
https://doi.org/10.1007/s00011-008-7227-2  
PMID:19199090 

14. Csiszar A, Labinskyy N, Jimenez R, Pinto JT, Ballabh P, 
Losonczy G, Pearson KJ, de Cabo R, Ungvari Z. Anti-
oxidative and anti-inflammatory vasoprotective 
effects of caloric restriction in aging: role of 
circulating factors and SIRT1. Mech Ageing Dev. 2009; 
130:518–27. 
https://doi.org/10.1016/j.mad.2009.06.004 
PMID:19549533 

15. Deng X, Cheng J, Zhang Y, Li N, Chen L. Effects of 
caloric restriction on SIRT1 expression and apoptosis 
of islet beta cells in type 2 diabetic rats. Acta 
Diabetol. 2010 (Suppl 1); 47:177–85. 
https://doi.org/10.1007/s00592-009-0159-7 
PMID:19876588 

16. Wohlgemuth SE, Seo AY, Marzetti E, Lees HA, 
Leeuwenburgh C. Skeletal muscle autophagy and 
apoptosis during aging: effects of calorie restriction 
and life-long exercise. Exp Gerontol. 2010; 45:138–48. 
https://doi.org/10.1016/j.exger.2009.11.002 
PMID:19903516 

17. Zhang Y, Han X, Hu N, Huff AF, Gao F, Ren J. Akt2 
knockout alleviates prolonged caloric restriction-
induced change in cardiac contractile function 
through regulation of autophagy. J Mol Cell Cardiol. 
2014; 71:81–91. 
https://doi.org/10.1016/j.yjmcc.2013.12.010 
PMID:24368095 

18. Vera E, Bernardes de Jesus B, Foronda M, Flores JM, 
Blasco MA. Telomerase reverse transcriptase 
synergizes with calorie restriction to increase health 
span and extend mouse longevity. PLoS One. 2013; 
8:e53760. 
https://doi.org/10.1371/journal.pone.0053760 
PMID:23349740 

19. Opalach K, Rangaraju S, Madorsky I, Leeuwenburgh C, 
Notterpek L. Lifelong calorie restriction alleviates age-
related oxidative damage in peripheral nerves. 
Rejuvenation Res. 2010; 13:65–74. 
https://doi.org/10.1089/rej.2009.0892 
PMID:20230280 

20. Ghosh HS, McBurney M, Robbins PD. SIRT1 negatively 
regulates the mammalian target of rapamycin. PLoS 
One. 2010; 5:e9199. 
https://doi.org/10.1371/journal.pone.0009199 
PMID:20169165 

21. Arad M, Seidman CE, Seidman JG. AMP-activated 
protein kinase in the heart: role during health and 
disease. Circ Res. 2007; 100:474–88. 
https://doi.org/10.1161/01.RES.0000258446.23525.37 
PMID:17332438 

22. Fontana L, Villareal DT, Weiss EP, Racette SB, Steger-
May K, Klein S, Holloszy JO, and Washington 
University School of Medicine CALERIE Group. Calorie 
restriction or exercise: effects on coronary heart 
disease risk factors. A randomized, controlled trial. 
Am J Physiol Endocrinol Metab. 2007; 293:E197–202. 
https://doi.org/10.1152/ajpendo.00102.2007 
PMID:17389710 

23. Vega-Martín E, González-Blázquez R, Manzano-Lista 
FJ, Martín-Ramos M, García-Prieto CF, Viana M, Rubio 
MA, Calle-Pascual AL, Lionetti L, Somoza B, 
Fernández-Alfonso MS, Alcalá M, Gil-Ortega M. 
Impact of caloric restriction on AMPK and 
endoplasmic reticulum stress in peripheral tissues 
and circulating peripheral blood mononuclear cells 
from Zucker rats. J Nutr Biochem. 2020; 78:108342. 
https://doi.org/10.1016/j.jnutbio.2020.108342 
PMID:32004927 

24. García-Prieto CF, Gil-Ortega M, Plaza A, Manzano-
Lista FJ, González-Blázquez R, Alcalá M, Rodríguez-
Rodríguez P, Viana M, Aránguez I, Gollasch M, 
Somoza B, Fernández-Alfonso MS. Caloric restriction 
induces H2O2 formation as a trigger of AMPK-eNOS-
NO pathway in obese rats: Role for CAMKII. Free 
Radic Biol Med. 2019; 139:35–45. 
https://doi.org/10.1016/j.freeradbiomed.2019.05.016 
PMID:31100477 

25. Cohen HY, Miller C, Bitterman KJ, Wall NR, Hekking B, 
Kessler B, Howitz KT, Gorospe M, de Cabo R, Sinclair 
DA. Calorie restriction promotes mammalian cell 
survival by inducing the SIRT1 deacetylase. Science. 
2004; 305:390–2. 
https://doi.org/10.1126/science.1099196 
PMID:15205477 

26. Cantó C, Auwerx J. PGC-1alpha, SIRT1 and AMPK, an 
energy sensing network that controls energy 
expenditure. Curr Opin Lipidol. 2009; 20:98–105. 

https://doi.org/10.1161/CIRCHEARTFAILURE.117.004153
https://pubmed.ncbi.nlm.nih.gov/29535114
https://doi.org/10.1016/j.jnutbio.2011.11.002
https://pubmed.ncbi.nlm.nih.gov/22444502
https://doi.org/10.1007/s00011-008-7227-2
https://pubmed.ncbi.nlm.nih.gov/19199090
https://doi.org/10.1016/j.mad.2009.06.004
https://pubmed.ncbi.nlm.nih.gov/19549533
https://doi.org/10.1007/s00592-009-0159-7
https://pubmed.ncbi.nlm.nih.gov/19876588
https://doi.org/10.1016/j.exger.2009.11.002
https://pubmed.ncbi.nlm.nih.gov/19903516
https://doi.org/10.1016/j.yjmcc.2013.12.010
https://pubmed.ncbi.nlm.nih.gov/24368095
https://doi.org/10.1371/journal.pone.0053760
https://pubmed.ncbi.nlm.nih.gov/23349740
https://doi.org/10.1089/rej.2009.0892
https://pubmed.ncbi.nlm.nih.gov/20230280
https://doi.org/10.1371/journal.pone.0009199
https://pubmed.ncbi.nlm.nih.gov/20169165
https://doi.org/10.1161/01.RES.0000258446.23525.37
https://pubmed.ncbi.nlm.nih.gov/17332438
https://doi.org/10.1152/ajpendo.00102.2007
https://pubmed.ncbi.nlm.nih.gov/17389710
https://doi.org/10.1016/j.jnutbio.2020.108342
https://pubmed.ncbi.nlm.nih.gov/32004927
https://doi.org/10.1016/j.freeradbiomed.2019.05.016
https://pubmed.ncbi.nlm.nih.gov/31100477
https://doi.org/10.1126/science.1099196
https://pubmed.ncbi.nlm.nih.gov/15205477


www.aging-us.com 2713 AGING 

https://doi.org/10.1097/MOL.0b013e328328d0a4 
PMID:19276888 

27. Miller KN, Burhans MS, Clark JP, Howell PR, Polewski 
MA, DeMuth TM, Eliceiri KW, Lindstrom MJ, Ntambi 
JM, Anderson RM. Aging and caloric restriction 
impact adipose tissue, adiponectin, and circulating 
lipids. Aging Cell. 2017; 16:497–507. 
https://doi.org/10.1111/acel.12575 
PMID:28156058 

28. Murphy E, Ardehali H, Balaban RS, DiLisa F, Dorn GW 
2nd, Kitsis RN, Otsu K, Ping P, Rizzuto R, Sack MN, 
Wallace D, Youle RJ, and American Heart Association 
Council on Basic Cardiovascular Sciences, and Council 
on Clinical Cardiology, and Council on Functional 
Genomics and Translational Biology. Mitochondrial 
Function, Biology, and Role in Disease: A Scientific 
Statement From the American Heart Association. Circ 
Res. 2016; 118:1960–91. 
https://doi.org/10.1161/RES.0000000000000104 
PMID:27126807 

29. Carling D. The AMP-activated protein kinase cascade--
a unifying system for energy control. Trends Biochem 
Sci. 2004; 29:18–24. 
https://doi.org/10.1016/j.tibs.2003.11.005 
PMID:14729328 

30. Ruderman NB, Carling D, Prentki M, Cacicedo JM. 
AMPK, insulin resistance, and the metabolic 
syndrome. J Clin Invest. 2013; 123:2764–72. 
https://doi.org/10.1172/JCI67227 
PMID:23863634 

31. Summer R, Shaghaghi H, Schriner D, Roque W, Sales 
D, Cuevas-Mora K, Desai V, Bhushan A, Ramirez MI, 
Romero F. Activation of the mTORC1/PGC-1 axis 
promotes mitochondrial biogenesis and induces 
cellular senescence in the lung epithelium. Am J 
Physiol Lung Cell Mol Physiol. 2019; 316:L1049–60. 
https://doi.org/10.1152/ajplung.00244.2018 
PMID:30892080 

32. Wan Z, Root-McCaig J, Castellani L, Kemp BE, 
Steinberg GR, Wright DC. Evidence for the role of 
AMPK in regulating PGC-1 alpha expression and 
mitochondrial proteins in mouse epididymal adipose 
tissue. Obesity (Silver Spring). 2014; 22:730–8. 
https://doi.org/10.1002/oby.20605 
PMID:23963743 

33. Drew B, Phaneuf S, Dirks A, Selman C, Gredilla R, 
Lezza A, Barja G, Leeuwenburgh C. Effects of aging 
and caloric restriction on mitochondrial energy 
production in gastrocnemius muscle and heart. Am J 
Physiol Regul Integr Comp Physiol. 2003; 284: 
R474–80. 
https://doi.org/10.1152/ajpregu.00455.2002 
PMID:12388443 

34. Herrera E, Samper E, Martín-Caballero J, Flores JM, 
Lee HW, Blasco MA. Disease states associated with 
telomerase deficiency appear earlier in mice with 
short telomeres. EMBO J. 1999; 18:2950–60. 
https://doi.org/10.1093/emboj/18.11.2950 
PMID:10357808 

35. Mattison JA, Roth GS, Beasley TM, Tilmont EM, Handy 
AM, Herbert RL, Longo DL, Allison DB, Young JE, Bryant 
M, Barnard D, Ward WF, Qi W, et al. Impact of caloric 
restriction on health and survival in rhesus monkeys 
from the NIA study. Nature. 2012; 489:318–21. 
https://doi.org/10.1038/nature11432 
PMID:22932268 

36. Achari AE, Jain SK. Adiponectin, a Therapeutic Target 
for Obesity, Diabetes, and Endothelial Dysfunction. 
Int J Mol Sci. 2017; 18:1321. 
https://doi.org/10.3390/ijms18061321 
PMID:28635626 

37. Nigro E, Scudiero O, Monaco ML, Palmieri A, 
Mazzarella G, Costagliola C, Bianco A, Daniele A. New 
insight into adiponectin role in obesity and obesity-
related diseases. Biomed Res Int. 2014; 2014:658913. 
https://doi.org/10.1155/2014/658913 
PMID:25110685 

38. Turer AT, Scherer PE. Adiponectin: mechanistic 
insights and clinical implications. Diabetologia. 2012; 
55:2319–26. 
https://doi.org/10.1007/s00125-012-2598-x 
PMID:22688349 

39. Margaritis M, Antonopoulos AS, Digby J, Lee R, Reilly 
S, Coutinho P, Shirodaria C, Sayeed R, Petrou M, De 
Silva R, Jalilzadeh S, Demosthenous M, Bakogiannis C, 
et al. Interactions between vascular wall and 
perivascular adipose tissue reveal novel roles for 
adiponectin in the regulation of endothelial nitric 
oxide synthase function in human vessels. Circulation. 
2013; 127:2209–21. 
https://doi.org/10.1161/CIRCULATIONAHA.112.001133 
PMID:23625959 

40. Holland WL, Miller RA, Wang ZV, Sun K, Barth BM, Bui 
HH, Davis KE, Bikman BT, Halberg N, Rutkowski JM, 
Wade MR, Tenorio VM, Kuo MS, et al. Receptor-
mediated activation of ceramidase activity initiates 
the pleiotropic actions of adiponectin. Nat Med. 
2011; 17:55–63. 
https://doi.org/10.1038/nm.2277 
PMID:21186369 

41. Joshi MB, Philippova M, Ivanov D, Allenspach R, Erne 
P, Resink TJ. T-cadherin protects endothelial cells 
from oxidative stress-induced apoptosis. FASEB J. 
2005; 19:1737–9. 
https://doi.org/10.1096/fj.05-3834fje 
PMID:16099944 

https://doi.org/10.1097/MOL.0b013e328328d0a4
https://pubmed.ncbi.nlm.nih.gov/19276888
https://doi.org/10.1111/acel.12575
https://pubmed.ncbi.nlm.nih.gov/28156058
https://doi.org/10.1161/RES.0000000000000104
https://pubmed.ncbi.nlm.nih.gov/27126807
https://doi.org/10.1016/j.tibs.2003.11.005
https://pubmed.ncbi.nlm.nih.gov/14729328
https://doi.org/10.1172/JCI67227
https://pubmed.ncbi.nlm.nih.gov/23863634
https://doi.org/10.1152/ajplung.00244.2018
https://pubmed.ncbi.nlm.nih.gov/30892080
https://doi.org/10.1002/oby.20605
https://pubmed.ncbi.nlm.nih.gov/23963743
https://doi.org/10.1152/ajpregu.00455.2002
https://pubmed.ncbi.nlm.nih.gov/12388443
https://doi.org/10.1093/emboj/18.11.2950
https://pubmed.ncbi.nlm.nih.gov/10357808
https://doi.org/10.1038/nature11432
https://pubmed.ncbi.nlm.nih.gov/22932268
https://doi.org/10.3390/ijms18061321
https://pubmed.ncbi.nlm.nih.gov/28635626
https://doi.org/10.1155/2014/658913
https://pubmed.ncbi.nlm.nih.gov/25110685
https://doi.org/10.1007/s00125-012-2598-x
https://pubmed.ncbi.nlm.nih.gov/22688349
https://doi.org/10.1161/CIRCULATIONAHA.112.001133
https://pubmed.ncbi.nlm.nih.gov/23625959
https://doi.org/10.1038/nm.2277
https://pubmed.ncbi.nlm.nih.gov/21186369
https://doi.org/10.1096/fj.05-3834fje
https://pubmed.ncbi.nlm.nih.gov/16099944


www.aging-us.com 2714 AGING 

42. Shibata R, Sato K, Pimentel DR, Takemura Y, Kihara S, 
Ohashi K, Funahashi T, Ouchi N, Walsh K. Adiponectin 
protects against myocardial ischemia-reperfusion 
injury through AMPK- and COX-2-dependent 
mechanisms. Nat Med. 2005; 11:1096–103. 
https://doi.org/10.1038/nm1295 
PMID:16155579 

43. Mitsuhashi H, Yatsuya H, Tamakoshi K, Matsushita K, 
Otsuka R, Wada K, Sugiura K, Takefuji S, Hotta Y, 
Kondo T, Murohara T, Toyoshima H. Adiponectin level 
and left ventricular hypertrophy in Japanese men. 
Hypertension. 2007; 49:1448–54. 
https://doi.org/10.1161/HYPERTENSIONAHA.106.079509 
PMID:17420337 

44. Okamoto H. Can adiponectin be a novel metabolic 
biomarker for heart failure? Circ J. 2009; 73:1012–3. 
https://doi.org/10.1253/circj.cj-09-0235 
PMID:19465781 

45. Anversa P, Kajstura J. Ventricular myocytes are not 
terminally differentiated in the adult mammalian 
heart. Circ Res. 1998; 83:1–14. 
https://doi.org/10.1161/01.res.83.1.1 
PMID:9670913 

46. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, 
Barnabé-Heider F, Walsh S, Zupicich J, Alkass K, 
Buchholz BA, Druid H, Jovinge S, Frisén J. Evidence for 
cardiomyocyte renewal in humans. Science. 2009; 
324:98–102. 
https://doi.org/10.1126/science.1164680 
PMID:19342590 

47. Mulligan JD, Schmuck EG, Ertel RL, Brellenthin AG, 
Bauwens JD, Saupe KW. Caloric restriction does not 
alter effects of aging in cardiac side population cells. 
Age (Dordr). 2011; 33:351–61. 
https://doi.org/10.1007/s11357-010-9188-y 
PMID:20922487 

48. Li Y, He L, Huang X, Bhaloo SI, Zhao H, Zhang S, Pu W, 
Tian X, Li Y, Liu Q, Yu W, Zhang L, Liu X, et al. Genetic 
Lineage Tracing of Nonmyocyte Population by Dual 
Recombinases. Circulation. 2018; 138:793–805. 
https://doi.org/10.1161/CIRCULATIONAHA.118.034250 
PMID:29700121 

49. Maldonado M, Chen J, Lujun Y, Duan H, Raja MA, Qu 
T, Huang T, Gu J, Zhong Y. The consequences of a 
high-calorie diet background before calorie restriction 
on skeletal muscles in a mouse model. Aging (Albany 
NY). 2021; 13:16834–58. 
https://doi.org/10.18632/aging.203237 
PMID:34166224 

50. Kaikaus RM, Bass NM, Ockner RK. Functions of 
fatty acid binding proteins. Experientia. 1990; 
46:617–30. 

https://doi.org/10.1007/BF01939701 
PMID:2193826 

51. Hausman GJ, Basu U, Du M, Fernyhough-Culver M, 
Dodson MV. Intermuscular and intramuscular adipose 
tissues: Bad vs. good adipose tissues. Adipocyte. 
2014; 3:242–55. 
https://doi.org/10.4161/adip.28546 
PMID:26317048 

52. Civitarese AE, Carling S, Heilbronn LK, Hulver MH, 
Ukropcova B, Deutsch WA, Smith SR, Ravussin E, and 
CALERIE Pennington Team. Calorie restriction 
increases muscle mitochondrial biogenesis in healthy 
humans. PLoS Med. 2007; 4:e76. 
https://doi.org/10.1371/journal.pmed.0040076 
PMID:17341128 

53. Nisoli E, Tonello C, Cardile A, Cozzi V, Bracale R, 
Tedesco L, Falcone S, Valerio A, Cantoni O, Clementi 
E, Moncada S, Carruba MO. Calorie restriction 
promotes mitochondrial biogenesis by inducing the 
expression of eNOS. Science. 2005; 310:314–7. 
https://doi.org/10.1126/science.1117728 
PMID:16224023 

54. Tengan CH, Rodrigues GS, Godinho RO. Nitric oxide in 
skeletal muscle: role on mitochondrial biogenesis and 
function. Int J Mol Sci. 2012; 13:17160–84. 
https://doi.org/10.3390/ijms131217160 
PMID:23242154 

55. Watanabe R, Wei L, Huang J. mTOR signaling, 
function, novel inhibitors, and therapeutic targets. J 
Nucl Med. 2011; 52:497–500. 
https://doi.org/10.2967/jnumed.111.089623 
PMID:21421716 

56. Shay JW. Role of Telomeres and Telomerase in Aging 
and Cancer. Cancer Discov. 2016; 6:584–93. 
https://doi.org/10.1158/2159-8290.CD-16-0062 
PMID:27029895 

57. Sharma LK, Lu J, Bai Y. Mitochondrial respiratory 
complex I: structure, function and implication in 
human diseases. Curr Med Chem. 2009; 16:1266–77. 
https://doi.org/10.2174/092986709787846578 
PMID:19355884 

58. Al-Kafaji G, Golbahar J. High glucose-induced 
oxidative stress increases the copy number of 
mitochondrial DNA in human mesangial cells. Biomed 
Res Int. 2013; 2013:754946. 
https://doi.org/10.1155/2013/754946 
PMID:23984405 

59. Włodarczyk M, Nowicka G. Obesity, DNA Damage, 
and Development of Obesity-Related Diseases. Int J 
Mol Sci. 2019; 20:1146. 
https://doi.org/10.3390/ijms20051146 
PMID:30845725 

https://doi.org/10.1038/nm1295
https://pubmed.ncbi.nlm.nih.gov/16155579
https://doi.org/10.1161/HYPERTENSIONAHA.106.079509
https://pubmed.ncbi.nlm.nih.gov/17420337
https://doi.org/10.1253/circj.cj-09-0235
https://pubmed.ncbi.nlm.nih.gov/19465781
https://doi.org/10.1161/01.res.83.1.1
https://pubmed.ncbi.nlm.nih.gov/9670913
https://doi.org/10.1126/science.1164680
https://pubmed.ncbi.nlm.nih.gov/19342590
https://doi.org/10.1007/s11357-010-9188-y
https://pubmed.ncbi.nlm.nih.gov/20922487
https://doi.org/10.1161/CIRCULATIONAHA.118.034250
https://pubmed.ncbi.nlm.nih.gov/29700121
https://doi.org/10.18632/aging.203237
https://pubmed.ncbi.nlm.nih.gov/34166224
https://doi.org/10.1007/BF01939701
https://pubmed.ncbi.nlm.nih.gov/2193826
https://doi.org/10.4161/adip.28546
https://pubmed.ncbi.nlm.nih.gov/26317048
https://doi.org/10.1371/journal.pmed.0040076
https://pubmed.ncbi.nlm.nih.gov/17341128
https://doi.org/10.1126/science.1117728
https://pubmed.ncbi.nlm.nih.gov/16224023
https://doi.org/10.3390/ijms131217160
https://pubmed.ncbi.nlm.nih.gov/23242154
https://doi.org/10.2967/jnumed.111.089623
https://pubmed.ncbi.nlm.nih.gov/21421716
https://doi.org/10.1158/2159-8290.CD-16-0062
https://pubmed.ncbi.nlm.nih.gov/27029895
https://doi.org/10.2174/092986709787846578
https://pubmed.ncbi.nlm.nih.gov/19355884
https://doi.org/10.1155/2013/754946
https://pubmed.ncbi.nlm.nih.gov/23984405
https://doi.org/10.3390/ijms20051146
https://pubmed.ncbi.nlm.nih.gov/30845725


www.aging-us.com 2715 AGING 

60. Ruiz-Ojeda FJ, Olza J, Gil Á, Aguilera CM. Chapter 1 - 
Oxidative Stress and Inflammation in Obesity and 
Metabolic Syndrome. In: del Moral AM, Aguilera 
García CM, Editors. Obesity. Academic Press. 2018; 1–
15.  
https://doi.org/10.1016/b978-0-12-812504-5.00001-5 

61. Song Z, von Figura G, Liu Y, Kraus JM, Torrice C, Dillon 
P, Rudolph-Watabe M, Ju Z, Kestler HA, Sanoff H, 
Lenhard Rudolph K. Lifestyle impacts on the aging-
associated expression of biomarkers of DNA damage 
and telomere dysfunction in human blood. Aging Cell. 
2010; 9:607–15. 
https://doi.org/10.1111/j.1474-9726.2010.00583.x 
PMID:20560902 

62. Adaikalakoteswari A, Balasubramanyam M, Mohan V. 
Telomere shortening occurs in Asian Indian Type 2 
diabetic patients. Diabet Med. 2005; 22:1151–6. 
https://doi.org/10.1111/j.1464-5491.2005.01574.x 
PMID:16108841 

63. Gardner JP, Li S, Srinivasan SR, Chen W, Kimura M, Lu 
X, Berenson GS, Aviv A. Rise in insulin resistance is 
associated with escalated telomere attrition. 
Circulation. 2005; 111:2171–7. 
https://doi.org/10.1161/01.CIR.0000163550.70487.0B 
PMID:15851602 

64. Testa R, Olivieri F, Sirolla C, Spazzafumo L, Rippo MR, 
Marra M, Bonfigli AR, Ceriello A, Antonicelli R, 
Franceschi C, Castellucci C, Testa I, Procopio AD. 
Leukocyte telomere length is associated with 
complications of type 2 diabetes mellitus. Diabet 
Med. 2011; 28:1388–94. 
https://doi.org/10.1111/j.1464-5491.2011.03370.x 
PMID:21692845 

65. Gélinas R, Mailleux F, Dontaine J, Bultot L, Demeulder 
B, Ginion A, Daskalopoulos EP, Esfahani H, Dubois-
Deruy E, Lauzier B, Gauthier C, Olson AK, Bouchard B, 
et al. AMPK activation counteracts cardiac 
hypertrophy by reducing O-GlcNAcylation. Nat 
Commun. 2018; 9:374. 
https://doi.org/10.1038/s41467-017-02795-4 
PMID:29371602 

66. Cantó C, Jiang LQ, Deshmukh AS, Mataki C, Coste A, 
Lagouge M, Zierath JR, Auwerx J. Interdependence of 
AMPK and SIRT1 for metabolic adaptation to fasting 
and exercise in skeletal muscle. Cell Metab. 2010; 
11:213–9. 
https://doi.org/10.1016/j.cmet.2010.02.006 
PMID:20197054 

67. Daneshgar N, Rabinovitch PS, Dai DF. TOR Signaling 
Pathway in Cardiac Aging and Heart Failure. 
Biomolecules. 2021; 11:168. 
https://doi.org/10.3390/biom11020168 
PMID:33513917 

68. Zhu X, Shen W, Yao K, Wang H, Liu B, Li T, Song L, Diao 
D, Mao G, Huang P, Li C, Zhang H, Zou Y, et al. Fine-
Tuning of PGC1α Expression Regulates Cardiac 
Function and Longevity. Circ Res. 2019; 125:707–19. 
https://doi.org/10.1161/CIRCRESAHA.119.315529 
PMID:31412728 

69. Matsushima S, Sadoshima J. The role of sirtuins in 
cardiac disease. Am J Physiol Heart Circ Physiol. 2015; 
309:H1375–89. 
https://doi.org/10.1152/ajpheart.00053.2015 
PMID:26232232 

70. Cantó C, Auwerx J. Caloric restriction, SIRT1 and 
longevity. Trends Endocrinol Metab. 2009; 20:325–31. 
https://doi.org/10.1016/j.tem.2009.03.008 
PMID:19713122 

71. Ma L, Wang R, Wang H, Zhang Y, Zhao Z. Long-term 
caloric restriction activates the myocardial 
SIRT1/AMPK/PGC-1α pathway in C57BL/6J male mice. 
Food Nutr Res. 2020; 64:3668. 
https://doi.org/10.29219/fnr.v64.3668 
PMID:32082101 

72. Anderson RM, Bitterman KJ, Wood JG, Medvedik O, 
Cohen H, Lin SS, Manchester JK, Gordon JI, Sinclair 
DA. Manipulation of a nuclear NAD+ salvage pathway 
delays aging without altering steady-state NAD+ 
levels. J Biol Chem. 2002; 277:18881–90. 
https://doi.org/10.1074/jbc.M111773200 
PMID:11884393 

73. Yang Y, Fu W, Chen J, Olashaw N, Zhang X, Nicosia SV, 
Bhalla K, Bai W. SIRT1 sumoylation regulates its 
deacetylase activity and cellular response to 
genotoxic stress. Nat Cell Biol. 2007; 9:1253–62. 
https://doi.org/10.1038/ncb1645 
PMID:17934453 

74. Kim JE, Chen J, Lou Z. DBC1 is a negative regulator of 
SIRT1. Nature. 2008; 451:583–6. 
https://doi.org/10.1038/nature06500 
PMID:18235501 

75. Davogustto GE, Salazar RL, Vasquez HG, Karlstaedt A, 
Dillon WP, Guthrie PH, Martin JR, Vitrac H, De La 
Guardia G, Vela D, Ribas-Latre A, Baumgartner C, 
Eckel-Mahan K, Taegtmeyer H. Metabolic remodeling 
precedes mTORC1-mediated cardiac hypertrophy. J 
Mol Cell Cardiol. 2021; 158:115–27. 
https://doi.org/10.1016/j.yjmcc.2021.05.016 
PMID:34081952 

76. Craige SM, Kröller-Schön S, Li C, Kant S, Cai S, Chen K, 
Contractor MM, Pei Y, Schulz E, Keaney JF Jr. PGC-1α 
dictates endothelial function through regulation of 
eNOS expression. Sci Rep. 2016; 6:38210. 
https://doi.org/10.1038/srep38210 
PMID:27910955 

https://doi.org/10.1016/b978-0-12-812504-5.00001-5
https://doi.org/10.1111/j.1474-9726.2010.00583.x
https://pubmed.ncbi.nlm.nih.gov/20560902
https://doi.org/10.1111/j.1464-5491.2005.01574.x
https://pubmed.ncbi.nlm.nih.gov/16108841
https://doi.org/10.1161/01.CIR.0000163550.70487.0B
https://pubmed.ncbi.nlm.nih.gov/15851602
https://doi.org/10.1111/j.1464-5491.2011.03370.x
https://pubmed.ncbi.nlm.nih.gov/21692845
https://doi.org/10.1038/s41467-017-02795-4
https://pubmed.ncbi.nlm.nih.gov/29371602
https://doi.org/10.1016/j.cmet.2010.02.006
https://pubmed.ncbi.nlm.nih.gov/20197054
https://doi.org/10.3390/biom11020168
https://pubmed.ncbi.nlm.nih.gov/33513917
https://doi.org/10.1161/CIRCRESAHA.119.315529
https://pubmed.ncbi.nlm.nih.gov/31412728
https://doi.org/10.1152/ajpheart.00053.2015
https://pubmed.ncbi.nlm.nih.gov/26232232
https://doi.org/10.1016/j.tem.2009.03.008
https://pubmed.ncbi.nlm.nih.gov/19713122
https://doi.org/10.29219/fnr.v64.3668
https://pubmed.ncbi.nlm.nih.gov/32082101
https://doi.org/10.1074/jbc.M111773200
https://pubmed.ncbi.nlm.nih.gov/11884393
https://doi.org/10.1038/ncb1645
https://pubmed.ncbi.nlm.nih.gov/17934453
https://doi.org/10.1038/nature06500
https://pubmed.ncbi.nlm.nih.gov/18235501
https://doi.org/10.1016/j.yjmcc.2021.05.016
https://pubmed.ncbi.nlm.nih.gov/34081952
https://doi.org/10.1038/srep38210
https://pubmed.ncbi.nlm.nih.gov/27910955


www.aging-us.com 2716 AGING 

77. Iwabu M, Yamauchi T, Okada-Iwabu M, Sato K, 
Nakagawa T, Funata M, Yamaguchi M, Namiki S, 
Nakayama R, Tabata M, Ogata H, Kubota N, Takamoto 
I, et al. Adiponectin and AdipoR1 regulate PGC-1alpha 
and mitochondria by Ca(2+) and AMPK/SIRT1. Nature. 
2010; 464:1313–9. 
https://doi.org/10.1038/nature08991 
PMID:20357764 

78. Hug C, Wang J, Ahmad NS, Bogan JS, Tsao TS, Lodish 
HF. T-cadherin is a receptor for hexameric and high-
molecular-weight forms of Acrp30/adiponectin. Proc 
Natl Acad Sci U S A. 2004; 101:10308–13. 
https://doi.org/10.1073/pnas.0403382101 
PMID:15210937 

79. Denzel MS, Scimia MC, Zumstein PM, Walsh K, Ruiz-
Lozano P, Ranscht B. T-cadherin is critical for 
adiponectin-mediated cardioprotection in mice. J Clin 
Invest. 2010; 120:4342–52. 
https://doi.org/10.1172/JCI43464 
PMID:21041950 

80. Philippova M, Joshi MB, Pfaff D, Kyriakakis E, Maslova 
K, Erne P, Resink TJ. T-cadherin attenuates insulin-
dependent signalling, eNOS activation, and 
angiogenesis in vascular endothelial cells. Cardiovasc 
Res. 2012; 93:498–507. 
https://doi.org/10.1093/cvr/cvs004 
PMID:22235028 

81. Frismantiene A, Philippova M, Erne P, Resink TJ. 
Smooth muscle cell-driven vascular diseases and 
molecular mechanisms of VSMC plasticity. Cell Signal. 
2018; 52:48–64. 
https://doi.org/10.1016/j.cellsig.2018.08.019 
PMID:30172025 

82. Parker-Duffen JL, Nakamura K, Silver M, Kikuchi R, 
Tigges U, Yoshida S, Denzel MS, Ranscht B, Walsh K. 
T-cadherin is essential for adiponectin-mediated 
revascularization. J Biol Chem. 2013; 288:24886–97. 
https://doi.org/10.1074/jbc.M113.454835 
PMID:23824191 

83. Obata Y, Kita S, Koyama Y, Fukuda S, Takeda H, 
Takahashi M, Fujishima Y, Nagao H, Masuda S, Tanaka 
Y, Nakamura Y, Nishizawa H, Funahashi T, et al. 
Adiponectin/T-cadherin system enhances exosome 
biogenesis and decreases cellular ceramides by 
exosomal release. JCI Insight. 2018; 3:e99680. 
https://doi.org/10.1172/jci.insight.99680 
PMID:29669945 

84. Guo R, Zhang Y, Turdi S, Ren J. Adiponectin knockout 
accentuates high fat diet-induced obesity and cardiac 
dysfunction: role of autophagy. Biochim Biophys Acta. 
2013; 1832:1136–48. 
https://doi.org/10.1016/j.bbadis.2013.03.013 
PMID:23524376 

85. Shibata R, Ouchi N, Ito M, Kihara S, Shiojima I, 
Pimentel DR, Kumada M, Sato K, Schiekofer S, Ohashi 
K, Funahashi T, Colucci WS, Walsh K. Adiponectin-
mediated modulation of hypertrophic signals in the 
heart. Nat Med. 2004; 10:1384–9. 
https://doi.org/10.1038/nm1137 
PMID:15558058 

86. Nakajima T, Yokota T, Shingu Y, Yamada A, Iba Y, 
Ujihira K, Wakasa S, Ooka T, Takada S, Shirakawa R, 
Katayama T, Furihata T, Fukushima A, et al. Impaired 
mitochondrial oxidative phosphorylation capacity in 
epicardial adipose tissue is associated with decreased 
concentration of adiponectin and severity of coronary 
atherosclerosis. Sci Rep. 2019; 9:3535. 
https://doi.org/10.1038/s41598-019-40419-7 
PMID:30837669 

87. Saleh AA, Tayel SI, Shalaby AG, El Naidany SS. Role of 
Adiponectin Gene and Receptor Polymorphisms and Their 
mRNA Levels with Serum Adiponectin Level in Myocardial 
Infarction. Appl Clin Genet. 2020; 13:241–52. 
https://doi.org/10.2147/TACG.S282843 
PMID:33376382 

88. Liu Q, Yang R, Huang X, Zhang H, He L, Zhang L, Tian X, 
Nie Y, Hu S, Yan Y, Zhang L, Qiao Z, Wang QD, et al. 
Genetic lineage tracing identifies in situ Kit-expressing 
cardiomyocytes. Cell Res. 2016; 26:119–30. 
https://doi.org/10.1038/cr.2015.143 
PMID:26634606 

89. Molkentin JD, Houser SR. Are resident c-Kit+ cardiac 
stem cells really all that are needed to mend a broken 
heart? Circ Res. 2013; 113:1037–9. 
https://doi.org/10.1161/CIRCRESAHA.113.302564 
PMID:24115067 

90. Nadal-Ginard B, Ellison GM, Torella D. Response to 
Molkentin's letter to the editor regarding article, "the 
absence of evidence is not evidence of absence: the 
pitfalls of Cre knock-ins in the c-kit locus". Circ Res. 
2014; 115:e38–9. 
https://doi.org/10.1161/CIRCRESAHA.115.305380 
PMID:25477488 

91. Molkentin JD. Letter by Molkentin regarding article, 
"The absence of evidence is not evidence of absence: 
the pitfalls of Cre Knock-Ins in the c-Kit Locus". Circ 
Res. 2014; 115:e21–3. 
https://doi.org/10.1161/CIRCRESAHA.114.305011 
PMID:25258403 

92. Le T, Chong J. Cardiac progenitor cells for heart 
repair. Cell Death Discov. 2016; 2:16052. 
https://doi.org/10.1038/cddiscovery.2016.52 
PMID:27551540 

93. Guo WT, Dong DL. Bone morphogenetic protein-4: a 
novel therapeutic target for pathological cardiac 

https://doi.org/10.1038/nature08991
https://pubmed.ncbi.nlm.nih.gov/20357764
https://doi.org/10.1073/pnas.0403382101
https://pubmed.ncbi.nlm.nih.gov/15210937
https://doi.org/10.1172/JCI43464
https://pubmed.ncbi.nlm.nih.gov/21041950
https://doi.org/10.1093/cvr/cvs004
https://pubmed.ncbi.nlm.nih.gov/22235028
https://doi.org/10.1016/j.cellsig.2018.08.019
https://pubmed.ncbi.nlm.nih.gov/30172025
https://doi.org/10.1074/jbc.M113.454835
https://pubmed.ncbi.nlm.nih.gov/23824191
https://doi.org/10.1172/jci.insight.99680
https://pubmed.ncbi.nlm.nih.gov/29669945
https://doi.org/10.1016/j.bbadis.2013.03.013
https://pubmed.ncbi.nlm.nih.gov/23524376
https://doi.org/10.1038/nm1137
https://pubmed.ncbi.nlm.nih.gov/15558058
https://doi.org/10.1038/s41598-019-40419-7
https://pubmed.ncbi.nlm.nih.gov/30837669
https://doi.org/10.2147/TACG.S282843
https://pubmed.ncbi.nlm.nih.gov/33376382
https://doi.org/10.1038/cr.2015.143
https://pubmed.ncbi.nlm.nih.gov/26634606
https://doi.org/10.1161/CIRCRESAHA.113.302564
https://pubmed.ncbi.nlm.nih.gov/24115067
https://doi.org/10.1161/CIRCRESAHA.115.305380
https://pubmed.ncbi.nlm.nih.gov/25477488
https://doi.org/10.1161/CIRCRESAHA.114.305011
https://pubmed.ncbi.nlm.nih.gov/25258403
https://doi.org/10.1038/cddiscovery.2016.52
https://pubmed.ncbi.nlm.nih.gov/27551540


www.aging-us.com 2717 AGING 

hypertrophy/heart failure. Heart Fail Rev. 2014; 
19:781–8. 
https://doi.org/10.1007/s10741-014-9429-8 
PMID:24736806 

94. Sun B, Huo R, Sheng Y, Li Y, Xie X, Chen C, Liu HB, Li N, 
Li CB, Guo WT, Zhu JX, Yang BF, Dong DL. Bone 
morphogenetic protein-4 mediates cardiac 
hypertrophy, apoptosis, and fibrosis in experimentally 
pathological cardiac hypertrophy. Hypertension. 
2013; 61:352–60. 
https://doi.org/10.1161/HYPERTENSIONAHA.111.00562 
PMID:23248151 

95. Bisping E, Ikeda S, Kong SW, Tarnavski O, Bodyak N, 
McMullen JR, Rajagopal S, Son JK, Ma Q, Springer Z, 
Kang PM, Izumo S, Pu WT. Gata4 is required for 
maintenance of postnatal cardiac function and 
protection from pressure overload-induced heart 
failure. Proc Natl Acad Sci U S A. 2006; 103:14471–6. 
https://doi.org/10.1073/pnas.0602543103 
PMID:16983087 

 

https://doi.org/10.1007/s10741-014-9429-8
https://pubmed.ncbi.nlm.nih.gov/24736806
https://doi.org/10.1161/HYPERTENSIONAHA.111.00562
https://pubmed.ncbi.nlm.nih.gov/23248151
https://doi.org/10.1073/pnas.0602543103
https://pubmed.ncbi.nlm.nih.gov/16983087


www.aging-us.com 2718 AGING 

SUPPLEMENTARY MATERIALS 
 
Supplementary Tables 
 
Please browse Full Text version to see the data of Supplementary Table 2. 
 
Supplementary Table 1. Standard food composition. 

Number Inspection item Test result (%) Test method 
1 Crude protein 19.7 GB/T6432-1994 7.2 
2 Coarse fiber 3 GB/T6434-2006 
3 Coarse ash 5.94 GB/T6438-2007 
4 Calcium 1.17 GB/T6436-2018 
5 Total phosphorus 0.89 GB/T6437-2002 
6 Crude fat 5.3 GB/T6433-2006 9.3 
7 Water 9.5 GB/T6435-2014 8.1 

Standard food composition supplied by the manufacturer company: Beijing Keao Xieli Feed Co., Ltd. (Beijing Chaoyang 
district, Yangshan road, number 4). *The standard food provides 3.1 kcal/kg of energy. 
 
 
Supplementary Table 2. High-calorie diet composition. 
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Supplementary Table 3. List of primers. 

Oligo name Sequence Forward (5′ to 3′) Sequence Reverse (5′ to 3′) Product Size 
(bp) 

Accession 
Numbera 

18sRNA GTAACCCTTTGAACCCCATT CCATCCAATCGGTAGTAGCG     

Adiponectin AAGGACAAGGCCGTTCTCT TATGGGTAGTTGCAGTCAGTTGG 219 NM_009605.5 

Adipo R1 TTCTTCCTCATGGCTGTGATGT AAGAAGCGCTCAGGAATTCG 71 XM_021197931.2 

AdipoR2 TGCAGCCATTATAGTCTCCCAG GAATGATTCCACTCAGGCCTAG 101 XM_021190928.2 

ATP5C1 CATGGACAACGCCAGCAAGA TTTACCTCTTGTCTGAGGATGCAAC 165 NM_001112738.1 

BMP4 CTGCCTGATCTCAGCGGCACCCACATC GCCGGAGGGCCAAGCGTAGCCCTAAG 378 XM_029468692.1 

CD29 AATGGAGTGAATGGGACAGG TCTGTGAAGCCCAGAGGTTT 149 XM_029532371.1 

CD34 GTTATTTCCTGATGAACCGTCG CTCCACCATTCTCCGTGTAATA 84 XM_021198209.1 

C-kit GCTTTTCTTACCAGGTGCCAAA GAGGATATTTCTGGCTGCCAAGT 218 XM_017320687.2 

Connexin-37 CAACCTGACCACAGAGGAGAG CTTAGAAGCAGAGCTGCTGG 112 XM_021160828.1 

Connexin-40 CAGCCTGGCTGAACTCTACCA CTGCCGTGACTTGCCAAAG 67 XM_021196653.2 

Desmin GATGAGGCAGATGAGGGAG TGAGAGCAGAGAAGGTCTGG 245 XM_021199367.2 

eNOS CGAAGCGTGTGAAGGCAAC TTGTACGGGCCTGACATTTCC 250 XM_006535639.4 

eNOS TGTGACCCTCACCGCTACAA GCACAATCCAGGCCCAATC 247 XM_006535639.4 

GAPDH AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA 95 XM_017321385.2 

GATA4 GCCGAGGGAGCCGCCTACAC TGGGGTGTCTTCCAGGGTTGG 328 XM_011244957.3 

GATA6 AGGAGATGTACCAGACCC TGCCGTATGGAGGGCTGT 273 XM_021150661.2 

ISL-1 CGCGTGCGGACTGTGCTGAAC TTGGGCTGCTGCTGCTGGAGT 209 XM_029544024.1 

mAMPKα1 GTCGACGTAGCTCCAAGACC ATCGTTTTCCAGTCCCTGTG 232 XM_011245321.3 

mAMPKα2 CGCCTCTAGTCCTCCATCAG ATGTCACACGCTTTGCTCTG 219 XM_029539581.1 

mTERT TCTACCGCACTTTGGTTGCC CAGCACGTTTCTCTCGTTGC 155 NM_001362388.1 

mTOR TTCAATCCATAGCCCCGTCT CAAAGAGCTGCATCACTCGT 150 XM_006539077.3 

Myf5 CTGTCTGGTCCCGAAAGAAC AAGCAATCCAAGCTGGACAC 103 XM_006513319.2 

MYH6 ACATGAAGGAGGAGTTTGGG GCACTTGGAGCTGTAGGTCA 123 XM_006518678.3 

MYH7 AAGGGCCTGAATGAGGAGTAGATC TGCAAAGGCTCCAGGTCTGA 80 XM_021181495.2 

MyoD CCCCGGCGGCAGAATGGCTACG GGTCTGGGTTCCCTGTTCTGTGT 234 NM_010866.2 

NDUFS3 GCTTCGAGGGACATCCTTTC AGTTACTTGGTTTCAGGCTTCT 223 XM_021152446.2 

NKX2.5 CGACGGAAGCCACGCGTGCT CCGCTGTCGCTTGCACTTG 180 XM_006523797.4 

PGC-1α TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG 134 XM_036164894.1 

SCA-1 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC 74 XM_030243266.1 

SSEA-1 CTTTGTGCCTTATGGCTACC TTGGCTCAGTTGGTGGTAGT 160 XM_021207694.2 

TBX18 GTGGAGTCATACGCATTCTGGA GTGAGGATGTGTAGCAGGGACA 141 NM_023814.4 

T-cadherin CATCGAAGCTCAAGATATGG GATTTCCATTGATGATGGTG 230 XM_021169677.2 

TIMM9 AATATGGCTGCACAGATACC TTCAGGTTTCACCTCTCTTG 135 XM_017315088.2 

TOMM20 GAAACAGAAGCTTGCTAAGGAG GTCACCTTGTGCTAGTAACTCT 127 XM_021170680.2 

TOMM40 TGAACAGTAACTGGATCGTG GGAGGACATCAAGTCTTTCC 390 XM_030242769.1 

Wt1 CAGATGAACCTAGGAGCTACCTTAAA TGCCCTTCTGTCCATTTCA 74 XM_029537108.1 

 


