
Table S1 The characteristics of TLs methods 

Methods Principle Results 

Detection of 

TL 

distribution 

Accuracy 
Sample 

required 

Comme

rcial 

Time 

consum

ming 

Easy 

operation 

Clinical 

application 
Reference 

Telo-qPCR 

Telomere specific 

qPCR compared to a 

reference single copy 

gene 

Relative-quantitative 

（Ct value） 
Average TLs 

Large 

variations 

between 

independent 

labs 

gDNA, 10 

ng 
No 

No, 

1-2 h 
Yes 

High-

throughput for 

population-

wide studies; 

not for cancer 

studies 

(Cawthon, 

2002) 

Modified 

qPCR 

ΩqPCR 

Hybridizing and 

ligating on telomeres to 

form a circular and   

do PCR 

The number of loops 

after PCR（Ct 

value） 

Absolute 

telomere 

length in kb 

High 
Single cell 

DNA 
No 

No, 

2-3 h 
Yes 

For single cell 

detection of 

TL 

(Xiong and 

Frasch, 

2021) 

STAR 

qPCR 

Measuring an 

individual telomere via 

microfluidic-Digital 

PCR in nanoliter 

compartment 

The number of TLs 

after PCR comparing 

to TLs gradient 

standard curve 

Absolute TL 

from 0.2 to 

320 kb 

High 

Diluted into 

single-

molecule 

No 
No, 

1-2 h 
Yes 

High-

throughput; 

apply to 

polyploid 

tumors 

(Luo et al., 

2020) 

TRF 

Southern-blot detecting 

telomeric sequences 

that cannot be digested 

by restriction enzymes 

Mean, median, 

quartile TLs 

Absolute TL 

values 

Gold standard 

for TL length 

gDNA 

＞2 μg 
Yes 

Yes, 

2 days 

No, only 

in 

specialize

d lab 

Limited usage 

for very large 

population 

studies 

(Harley et 

al., 1990) 

Modified 

TRF 
STELA 

PCR and TRF 

methods, using G-rich 

Detect small subsets 

of chromosomes 

Detect single 

shortest 

Specific for 

shortest 
gDNA, 1 μg No 

Yes 

2-3 days 

No, only 

in 

Limited usage 

for very large 

(Baird et 

al., 2003; 



Methods Principle Results 

Detection of 

TL 

distribution 

Accuracy 
Sample 

required 

Comme

rcial 

Time 

consum

ming 

Easy 

operation 

Clinical 

application 
Reference 

U-

STELA 

3’ tail and subtelomere 

sequence as primers Detect individual 

chromosomes 

telomere to 

TL<20 kb 

telomere specialize

d labs 

population 

studies 

Bendix et 

al., 2010; 

Lai et al., 

2017) 
TeSLA 

Q-FISH 
Interphas

e FISH 

Specific probes binding 

to telomeres and 

fluorescence 

microscopy 

Semi-quantitative; 

Counting the number 

of telomere signal 

and fluoresce 

intensity for average 

TLs 

Longer than 

200 bp 

Accurate, 

except wrong 

estimation of 

TL distribution 

when telomeres 

are aggregated 

and clustered 

spatially 

Tissues or 

＞15-20 

cells 

No 
Yes 

2-3 days 
Yes 

High-

throughput Q-

FISH to 

quantify 

individual TL 

in interphase 

cells or tissue 

biopsies 

(Lansdorp 

et al., 

1996) 



Methods Principle Results 

Detection of 

TL 

distribution 

Accuracy 
Sample 

required 

Comme

rcial 

Time 

consum

ming 

Easy 

operation 

Clinical 

application 
Reference 

Metapha

se FISH 

FISH after blocking 

cells at metaphase and 

microscopy the 

fluorescence number 

and intensity 

TLs and 

dysfunctional 

telomere phenotype 

of individual 

chromosome end 

Longer than 

200 bp 

Only in 

active 

dividing 

cells 

Yes 

3-4 days 

No, 

labor 

demandin

g 

Limited usage 

in the clinics 

Flow-

FISH 

Measuring telomere 

signal in individual 

interphase cells by 

FACS 

Fluorescence units 

value 
Average TLs 

High false 

positive 

＞105 cells, 

primarily on 

lymphocyte

s 

Yes 

No 

2-3 

hours 

Yes 

Certified as a 

clinical 

diagnostic tool 

for larger scale 

studies 

(Baerloche

r et al., 

2006) 

PHAST 

Hybridizing and 

pulling down telomeric 

sequence, then 

measuring by light-

sheet 

Fluorescence units 

value 

Absolute TLs 

from 100 bp 

to 15 kb 

Yes 
gDNA, 0.1 

μg 
No 

Several 

hours 

Need 

specialize

d 

equipment 

No test for 

clinical 

samples yet 

(Beh et al., 

2018) 



Methods Principle Results 

Detection of 

TL 

distribution 

Accuracy 
Sample 

required 

Comme

rcial 

Time 

consum

ming 

Easy 

operation 

Clinical 

application 
Reference 

SMRT 

Designed telobaits to 

capture G-rich 3’ tail 

after enzyme digestion. 

Dynabeads purify 

telomere-containing 

gDNA fragments for 

PacBio sequencing. 

Analysis of sequence 

data 

Absolute TLs 

nucleotide 

resolution; 

sequences 

Yes 

gDNA, 10 

μg for the 

telobait 

library 

No 

Timing 

on 

sequenc

ing and 

bioinfor

matic 

analysis 

Need 

specialize

d 

equipment 

High-

throughput; 

also reveal 

individual 

telomeric 

variant 

(Tham et 

al., 2023) 

  



Table S2 The mitochondrial biomarkers of cellular aging. 

Biomarker Test methods Cell types Reference 

Increased ROS DHE staining approach Monocytes (Jacinto et al., 2018) 

Increased mtDNA mutations Deep sequence of whole mtDNA 

Human colonic crypt stem 

cells, human colonic 

epithelium 

(Baines et al., 2014; Greaves et al., 2012; 

Greaves et al., 2006; Taylor et al., 2003) 

Low-frequency (less than 0.5%) mtDNA 

point mutations 
Deep sequence of whole mtDNA Human discarded oocytes (Yang et al., 2020) 

Impaired mitophagy 
mt-Keima imaging, anti-TOM20 and 

anti-LC3B western blotting 

Mouse oocytes, mouse 

cardiac tissue and skeletal 

myoblasts 

(Jin et al., 2022; Stotland and Gottlieb, 2016) 

UPRmt decline 

Anti-HSP60, anti-ClpP and anti-

LONP1 Immunofluorescence or 

western blotting 

Mouse skeletal muscle, rat 

liver, muscle stem cells 

(Bakala et al., 2003; Bota et al., 2002; Yokoyama 

et al., 2002) 

Decreased membrane potential 
TMRM, JC-1 staining, 

rhodamine 123 flow cytometry 
Hepatocytes, lymphocytes (Hagen et al., 1997; Rottenberg and Wu, 1997) 

  



Table S3 Examples of PTM targets involving in the loss of proteostasis in aging or age-related diseases. 

N.A, not available  

PMT Model Targets Amino acid residue(s) 
Change in aging or 

age-related diseases 
Reference 

Phosphorylation 

Mouse AMPKα Thr172 decreased (Salminen et al., 2016) 

Fly Acinus Ser 437 decreased (Nandi and Krämer, 2018) 

Monkey IRE1α N.A increased (Tan et al., 2020) 

Human, mouse α‑Synuclein Ser129 increased (Sandoval-Pistorius et al., 2023) 

Ubiquitination 

Mouse, cell Beclin 1 Lys 63 increased (Xu et al., 2020) 

Worm, fly INSR 
Lys 1057,1079, 

1174,1195 
increased (Tawo et al., 2017) 

Sumoylation 
Worm CAR-1 Lys185 increased (Moll et al., 2018) 

Human LMNA Lys 262 decreased (Ghosh et al., 2022) 

Acetylation 
Human Tau Lys 280 increased (Irwin et al., 2012) 

Mouse HSF1 N.A increased (Jurivich et al., 2020) 

S-nitros(yl)ation 

Cell Ero1α Cys 131,166 increased (Qiao et al., 2022) 

Mouse Drp1 Cys 644 increased (Rizza et al., 2018) 

Mouse Parkin Cys 658 increased (Rizza et al., 2018) 

Mouse GAPDH Cys 150,154,245 increased (Xie et al., 2022) 

Mouse ATG4B Cys189,292 increased (Li et al., 2017) 

Mouse, cell hmtThrRS Cys 409 decreased (Zheng et al., 2020) 

S-sulfhydration 
Mouse Hrd1 Cys115 decreased (Yu et al., 2020) 

Mouse USP8 N.A decreased (Sun et al., 2020) 

S-glutathionylation Cell (IKK) β Cys179 increased (Reynaert et al., 2006; Xu et al., 2022) 

S-sulfonylation Yeast PKA Cys 243 decreased (Roger et al., 2020) 



 

Table S4 Metabolic biomarkers of aging. 

a α-Ketoglutarate may decrease with age in mice and increases in senescent cultured cells.  

b Methionine decreases in serum but increase in brain of older mice compared to young mice. 

  

Metabolite Class Change with age Reference 

NAD+ Coenzyme Down (Covarrubias et al., 2021; Nacarelli et al., 2019) 

α-Ketoglutarate TCA Varyinga 
(Chin et al., 2014; Fernandez-Rebollo et al., 2020; Wang et al., 2020b; Wu 

et al., 2017; Zhang et al., 2021c) 

Tryptophan Amino acid Down (Panyard et al., 2022; van der Goot and Nollen, 2013) 

Methionine Amino acid Varyingb 
(Ding et al., 2021; Houtkooper et al., 2011; Koziel et al., 2014; Parkhitko et 

al., 2019) 

Spermidine Amino acid derivative Down (Ding et al., 2021; Green, 2019; Madeo et al., 2019; Pucciarelli et al., 2012) 

Triglycerides  Lipid Up (Bucaciuc Mracica et al., 2020; Panyard et al., 2022) 

Cholesterol Lipid Up (Bucaciuc Mracica et al., 2020; Panyard et al., 2022) 



Table S5 Typical components and central biomarkers of the SASP. 

Subcategory Component 

Chemokines IL-8, GROα, GROβ, GROγ, MCP1, MCP2, MCP4, CCL1, CCL3, CCL5, CCL11, CCL16, CCL20, CCL25, CCL26 

Cytokines IL-6, IL-7, IL-1α, IL-1b, IL-13, IL-15, IL23a, TNFα 

Other inflammatory factors TGF-β, GM-CSF, M-CSF, G-CSF, IFN-α1, IFN-γ, CCL13, MIF, LIF 

Growth factors 
AREG, EREG, heregulin, EGF, bFGF, HGF, FGF7, VEGF, ANG, SCF, CXCL12, GDF15, GDNF, IGFBP1, IGFBP2, 

IGFBP3, IGFBP4, IGFBP6, IGFBP7 

Proteases and inhibitors 
MMP1, MMP2, MMP3, MMP8, MMP10, MMP12, MMP14, TIMP1, TIMP2, PAI-1, PAI-2, tPA, uPA, cathepsin B, 

SPINK1, SERPINs 

Receptors and ligands ICAM1, ICAM3, OPG, sTNFRI, sTNFRII, TRAIL-R3, Fas, uPAR, SGP130, EGF-R, WNT16B 

Insoluble molecules Collagens, fibronectin, laminin 

Data are derived and processed from cellular senescence- and aging-related literatures (Acosta et al., 2008; Coppe et al., 2008a; Coppe et al., 2010; Coppe et al., 2008b; 

Gorgoulis et al., 2019; Kuilman et al., 2008; Rodier et al., 2011; Sun et al., 2012). 

  



Table S6 Summary of putative biomarkers of brain aging. 

Organ Level Biomarker Test methods Species# Reference 

Brain 

Imaging 

traits 

Structural MRI 

Brain atrophy: frontal lobe in normal 

aging; medial temporal lobe in 

Alzheimer's disease 

T1-weighted imaging Hu 
(Fox and Schott, 2004; Scheltens et al., 

2021) 

Increased microbleeds 
T2*-weighted or susceptibility-

weighted imaging (SWI) 
Hu (Ding et al., 2017; Haller et al., 2018) 

Increased white matter lesions T2-weighted imaging Hu (Habes et al., 2018; Jung et al., 2021) 

Impaired white matter integrity Diffusion tensor imaging (DTI) Hu (Kantarci et al., 2014) 

Functional MRI 

Decreased cerebral blood flow 
Perfusion-weighted MR imaging 

(PWI), e.g., ASL 
Hu (De Vis et al., 2018; Sun et al., 2021) 

Deceased cerebral metabolic rate of 

oxygen 

Blood oxygen level-dependent  

functional MRI (fMRI) 
Hu (Lajoie et al., 2017; Lin et al., 2019) 

Decreased functional connectivity 

between regions of the default mode 

network 

Blood oxygen level-dependent  

functional MRI (fMRI) 
Hu (Bernard et al., 2015; Wang et al., 2013a) 

PET 

Decreased 18F-FDG uptake in the 

frontal, cingulate, and temporal lobes 

in normal aging; Posterior cingulate 

and temporoparietal 

hypometabolism in Alzheimer's 

disease 

18F-FDG PET Hu (Bonte et al., 2017; Frisoni et al., 2017) 

Increased cortical amyloid β 

deposition 
Aβ PET Hu (Hanseeuw et al., 2019; Jack et al., 2013) 



Organ Level Biomarker Test methods Species# Reference 

Increased tau deposition Tau PET Hu (Berron et al., 2021; Lee et al., 2022b) 

Tissue 

Whole brain Weight loss; Atrophy Weighed in the fresh state; MRI Hu (Dekaban, 1978; Resnick et al., 2003) 

Cortex 
Cortical thinning;  

Gyrification degree decreases 
MRI Hu (Madan, 2021; Storsve et al., 2014) 

Gray matter Atrophy MRI Hu/Mk (Good et al., 2001; Resnick et al., 2003) 

White matter 

Atrophy;  

Integrity compromises;  

Nerve fiber changes;  

Oligodendrocyte number increases 

MRI 

Diffusion tensor imaging (DTI) 

Electron Microscope 

Light microscope 

Hu/Mk 
(Bennett and Madden, 2014; Peters, 2009; 

Peters et al., 2008; Resnick et al., 2003) 

Ventricle Increased volume MRI Hu/Mus (Resnick et al., 2003; Shook et al., 2014) 

Cerebrovascular 

system 

Morphology change;  

Vascular density reduction 
Light microscope Hu (Brown and Thore, 2011) 

Neurogenesis Neurogenesis decline Fluorescent microscope Mus (Ahlenius et al., 2009; Enwere et al., 2004) 

#Note: Hu, human; Mk, monkey; Mus, mouse.  



Table S7 Summary of putative biomarkers of cardiac aging. 

Organ Level Biomarker Test methods Species Reference 

Heart  Physiology Vasculature Large artery fibrosis and stiffness N.A Hu  (Komutrattananont et al., 2019) 

Collagen Deposition N.A Hu (Kleefeldt et al., 2019) 

Calcification and thickness of artery walls N.A Hu (Jakovljevic, 2018) 

Atria and ventricle Fibrosis via myofibroblast N.A Hu (Shirakabe et al., 2016) 

Cardiomyocytes hypertrophy N.A Hu (Shimizu and Minamino, 2016) 

Atria and ventricle stiffness US Hu (Abbasi et al., 2016; Abou et al., 

2017) 

Increased LA size US/MRI Hu (Olsen et al., 2021)) 

LV concentric hypertrophy MRI Hu (Yoneyama et al., 2017) 

Diastolic dysfunction N.A Hu (Feridooni et al., 2015; Upadhya 

et al., 2015) 

Valves Cardiac valves calcification N.A Hu (Coffey et al., 2021; Ukita et al., 

2016) 

Pericardium Pericardium fibrosis N.A Mus (Suffee et al., 2020) 

Deposition of adipose tissue N.A Hu (Bernasochi et al., 2017) 

Conduction system Reduced number of nodal cells  N.A Mus (Choi et al., 2022) 

Reduced heart rate N.A Hu (Pascale and Govoni, 2016)  

Increased incidence of arrhythmia ECG Hu (John and Kumar, 2016) 

Imaging traits Vascular assessment Elevated PASP US Hu (Choudhary et al., 2014) 

Increased aortic root diameter US Hu (Wang et al., 2021d) 

Increased carotid-femoral pulse wave velocity Automatic device for 

PWV detection 

Hu (Baldo et al., 2018) 



Organ Level Biomarker Test methods Species Reference 

LA size Increased LA diameter US Hu (Olsen et al., 2021)  

LA function Decreased LA expansion index, LA peak systolic strain, 

LAEF and increased LA stiffness index 

MRI Hu (Abbasi et al., 2016) 

LA contraction-to-reservoir ratio MRI Hu (Evin et al., 2016) 

LV size Increased LV wall thickness, LV mass and decreased LV 

volume 

US/MRI Hu (Hung et al., 2017; Yoneyama et 

al., 2017) 

LV function Decreased EDV and EDV/LDV ratio, increased LDV US Hu (Seo et al., 2020) 

Increased peak LV twist, decreased and delayed LV 

untwisting 

US Hu (Hernandez-Suarez and Lopez-

Candales, 2017) 

Decreased LV global longitudinal strain, global radial 

strain, global circular strain, and global area tracking 

US Hu (Gan et al., 2020) 

Decreased E/A ratio, e’ 

Increased E/e’ 

US Hu (Hung et al., 2017) 

Increased LV isovolumic relaxation time, the time 

constant of LV isovolumic pressure decay 

MRI Hu (Peverill, 2019) 

T2 relaxation time MRI Mus (Lee et al., 2022a) 

Decreased the early radial displacement, radial velocity 

and circumferential strain rate and increased late 

circumferential strain rate 

MRI Hu (Lin et al., 2021) 

Reduced and prolonged longitudinal and radial velocities 

during cardiac diastole 

MRI Hu (Evin et al., 2016) 

Conduction system Increased P-wave duration, P-R and Q-T interval; 

decreased QRS and T-wave voltage; leftward shift of the 

QRS axis 

ECG Hu (Steenman and Lande, 2017) 



Organ Level Biomarker Test methods Species Reference 

Increased PA-TDI US Hu (Abou et al., 2017) 

Cellular 

alteration 

Cardiomyocyte Increased hypertrophy  Immunoassay Mus (Zhang et al., 2022a) 

Increased cell death (apoptosis, pyroptosis, necroptosis, 

ferroptosis)  

FACS 

Immunoassay 

Hu (Trembinski et al., 2020) 

Increased mitochondrial senescence Electron microscope Mus (Song et al., 2017) 

Fibroblast Increased activation Immunoassay, RNA-seq Hu (Kalyanasundaram et al., 2021) 

Increased senescence and SASP Immunoassay Hu (Abdelfatah et al., 2019) 

Endothelial cell Increased EndoMT Immunoassay Mus (Wagner et al., 2018) 

Decreased Angiogenesis Immunoassay Mus (Das et al., 2018) 

Increased senescence and SASP Immunoassay, RT-PCR Mus (Li et al., 2019b) 

Immune cell Increased infiltration 

Increased activation 

FACS, immunostaining Mus (Esfahani et al., 2021) 

Increased SASP Immunoassay, RT-PCR Mus (Martini et al., 2019) 

Molecular 

changes 

Individual molecular 

pathway 

Increased ROS MitoSOX Mus (Dai et al., 2012) 

Increased sSNVs snRNA-seq Hu (Choudhury et al., 2022) 

Increased mTOR phosphorylation WB Mus (Hua et al., 2011) 

Decreased SIRT1, SIRT2, SIRT3 RT-PCR, WB Mus (Li et al., 2018; Sakamoto et al., 

2004; Tang et al., 2017) 

snRNA-seq/scRNA-

seq 

Increased IL-7 snRNA-seq Mk (Katz et al., 2021) 

Decreased FOXP1, FOXP2 snRNA-seq Mk (Katz et al., 2021; Zhang et al., 

2022b) 

Increased spectrin repeat containing, nuclear envelope 2 

(Syne2) 

scRNA-seq Mus (Emechebe et al., 2021) 



Organ Level Biomarker Test methods Species Reference 

Decreased nestin (Nes) scRNA-seq Mus (Emechebe et al., 2021) 

Body fluid Blood Increased BNP Immunoenzymometric 

assay  

Hu (Yoshida et al., 2019) 

Increased hs-cTnT Electrochemiluminescen

ce immunoassay 

Hu (de Lemos et al., 2010; Saunders 

et al., 2011) 

Increased IL-6 ELISA Hu (Puzianowska-Kuznicka et al., 

2016) 

Increased CRP Immunoturbidimetry Hu (Puzianowska-Kuznicka et al., 

2016; Saeed et al., 2018) 

Increased ceramide-phospholipid risk score LC-MS/MS Hu (Hilvo et al., 2020) 

Urine Increased BNP Electrochemiluminesce

nce immunoassay 

Hu (Campbell et al., 2020) 

Increased fibrinopeptide A (FPA) Competitive 

enzyme-linked 

immunoassay 

Hu (Sonel et al., 2000) 

Increased CD14 Mass spectrometry, WB Hu (Lee et al., 2015) 

Increased alpha-1-antitrypsin (AAT) Mass spectrometry Hu (Delles et al., 2010) 

  



Table S8 Summary of putative biomarkers of vascular aging. 

Organ Level Biomarker Test methods Species Reference 

Blood 

vessel 

Histological 

features 

Vasculature Increased deposition of collagen fibers, 

increased and disordered elastic fibers, 

disorganized arrangement of VSMCs, enlarged 

lumens, increased intima 

H&E/EVG/Masson/IHC/Mo

vat's pentachrome staining/ 

immunostaining 

Hu/Mus/Rat (Ding et al., 2022; Zhang and 

Tao, 2018) 

Physiology Vasculature Increased blood pressure N.A Hu/Mus/Rat (Poulter et al., 2015) 

Vasculature Increased carotid-femoral pulse wave velocity 

(PWV) 

PWV Hu/Mus/Rat (Townsend et al., 2015; Van 

Bortel et al., 2012) 

Vasculature Decreased flow-mediated dilation (FMD)  Ultrasound measuring of 

FMD 

Hu (Thijssen et al., 2019) 

Finger microvessel Alterated reactive hyperemia index (RHI) Ultrasound measuring of 

peripheral arterial tonometry 

(PAT) 

Hu (Thijssen et al., 2019) 

Vasculature Decline in angiogenesis N.A Hu/Mus/Rat (Ungvari et al., 2018) 

Imaging traits Carotid Increased cIMT Vascular ultrasound Hu (Homma et al., 2001) 

Vasculature Increased coronary artery calcium score 

(CACS) 

CT Hu (Lanzer et al., 2014) 

Ocular 

microvasculature 

Increased ocular microvascular abnormalities Fundoscopic examination Hu (DellaCroce and Vitale, 2008) 

Abdominal aorta Increased abdominal aortic aneurysm Ultrasound/CT Hu/Mus/Rat (Bossone and Eagle, 2021) 

Aorta Occurrence of aortic dissection CT/MRI/TEE Hu/Mus/Rat (Bossone and Eagle, 2021) 



Organ Level Biomarker Test methods Species Reference 

Cellular 

alteration 

VSMC/VEC Flattened and enlarged cell shape and size, 

increased polyploidy, reduced proliferative 

capacity 

SA-β-gal staining/ DAPI 

staining 

Hu/Mus/Rat (Tian and Li, 2014; Yang et al., 

2007) 

VSMC/VEC Increased SASP ELISA/CBA Hu/Mus/Rat (Tian and Li, 2014; Yang et al., 

2007) 

VEC Decreased NO production and bioavailability HPLC/DAF-FM DA Hu/Mus/Rat (Ding et al., 2022; Sato et al., 

1993; Zhang and Gao, 2021) 

VSMC Decreased sensitivity to vasodilators and 

vasoconstrictors 

Immunostaining/WB/RT-

qPCR 

Hu/Mus/Rat (Ding et al., 2022) 

VSMC Phenotypic switch from contractile to synthetic Immunostaining/ WB/RT-

qPCR 

Hu/Mus/Rat (Gardner et al., 2015) 

VSMC Increased calcium deposition and the 

expression of calcification regulatory factors 

Von Kossa staining/ Alizarin 

red staining/ WB/RT-qPCR 

Hu/Mus/Rat (Fakhry et al., 2017; Nakano-

Kurimoto et al., 2009; Wang et 

al., 2019a) 

VSMC Increased cell plasticity in atherosclerosis Oil Red staining/H&E 

staining 

Hu/Mus/Rat (Basatemur et al., 2019) 

Molecular 

changes 

VSMC/VEC Upregulation of p53/p21 and p16 pathways WB/immunostaining Hu/Mus/Rat (Hernandez-Segura et al., 

2018) 

VSMC/VEC Telomere attrition Telomere test Hu/Mus/Rat (Hernandez-Segura et al., 

2018) 

VSMC/VEC Senescence-associated β-gal activation β-gal activation staining Hu/Mus/Rat (Hernandez-Segura et al., 

2018) 



Organ Level Biomarker Test methods Species Reference 

VSMC/VEC Genetic determination High-throughput techniques Hu/Mus/Rat (Hernandez-Segura et al., 

2018) 

VSMC/VEC Epigenetic modifications High-throughput techniques Hu/Mus/Rat (Hernandez-Segura et al., 

2018) 

VSMC/VEC Oxidative stress Fluorescence Hu/Mus/Rat (Kurz et al., 2004) 

VSMC/VEC Mitochondrial dysfunction (PGC-1α, p66Shc, 

etc.) 

WB/immunostaining/ 

Seahorse assay 

Hu/Mus/Rat (Ding et al., 2022) 

VSMC/VEC Inflammation (IL-1β, TNFα, IL-6, VCAM-1, 

ICAM-1, iNOS, etc.) 

ELISA/WB/RT-qPCR /CBA Hu/Mus/Rat (Wang et al., 2021c) 

VSMC/VEC Angiotensin II signaling (ACE-1) WB/immunostaining Hu/Mus/Rat (Wang et al., 2003a) 

VSMC/VEC SIRTs (SIRT1, SIRT3 and SIRT6) WB/immunostaining Hu/Mus/Rat (Grootaert and Bennett, 2022) 

VEC eNOS and NO WB/immunostaining/Kit Hu/Mus/Rat (Sato et al., 1993) 

VSMC MMPs WB/immunostaining Hu/Mus/Rat (Gardner et al., 2015) 

VSMC/VEC Others (HIF-1α, VEGF, Klotho, MFG-E8, etc.) WB/immunostaining Hu/Mus/Rat (Cai et al., 2022; Long et al., 

2022; Wang et al., 2021c) 

Body fluid Blood Number and senescence of endothelial 

progenitor cells 

Flow cytometry Hu/Mk/Mus/Rat (Minamino and Komuro, 

2007) 

Serum Proinflammatory factors: CRP, IL-6, IL-1Ra, 

ox-LDL 

ELISA/CBA Hu/Mk/Mus/Rat (Durham et al., 2018; 

Gopcevic et al., 2021; Ishigaki 

et al., 2009) 



Organ Level Biomarker Test methods Species Reference 

Serum Other circulating proteins, metabolites and 

biomolecules 

ELISA/CBA/ High-

throughput techniques 

Hu/Mus/Rat (Hamczyk et al., 2020) 

Blood Senescence of macrophages, T cells and B cells Flow cytometry Hu/ Mk/Mus/Rat (Ding et al., 2022) 

Blood DNA methylation age of blood cells High-throughput techniques Hu/Mus/Rat (Hamczyk et al., 2020; Marioni 

et al., 2015) 

#Note: Hu, human; Mk, monkey; Mus, mouse; Rat, Rattus norvegicus. ACE-1, angiotensin-converting enzyme-1; CACS, Coronary artery calcium scores; CBA, cytometric 

bead array; cIMT, carotid intima-media thickness; CRP, C-reactive protein; CT, computed tomography; DAF-FM DA, Diaminofluorescein-FM diacetate; DAPI, 4,6-diamino-

2-phenyl indole; ELISA, Enzyme-linked immunosorbent assay; eNOS, endothelial NO synthase; EVG, elastic-van Gieson; H&E, Hematoxylin & Eosin; HIF-1α, hypoxia-

inducible factor-1α; HPLC, High-Performance Liquid Chromatography; IHC, immunohistochemisty; ICAM-1, intercellular adhesion molecule-1; IL-1β, interleukin-1β; IL-

1Ra, IL-1 receptor antagonist; IL-6, interleukin-6; iNOS, inducible nitric oxide synthase; MFG-E8, milk fat globule epidermal growth factor 8; MMP, matrix metalloproteinase; 

MRI, magnetic resonance imaging; NO, nitric oxide; ox-LDL, oxidized low-density lipoprotein; PGC-1α, peroxisome proliferator-activated receptor-gamma coactivator-1α; 

PWV, pulse wave velocity; RHI, reactive hyperemia index; RT-qPCR, Quantitative real time polymerase chain reaction; SASP, senescence-associated secretory phenotype; 

SIRT, sirtuin; TEE, transesophageal echocardiography; TNFα, tumor necrosis factor-α; TUNEL, TdT-mediated dUTP nick end labeling; VCAM-1, vascular adhesion molecule-

1; VEC, Vascular endothelial cells; VEGF, vascular endothelial growth factor; VSMC, vascular smooth muscle cells; WB, Western blot. 

  



Table S9 Summary of putative biomarkers of lung aging. 

Organ Level Biomarker Test methods Species# Reference 

Lung Physiology N.A Decreased chest wall compliance Pulmonary function test Hu (Cho and Stout-

Delgado, 2020) 

Decreased vital capacity Pulmonary function test Hu (Cho and Stout-

Delgado, 2020)(Cho 

and Stout-Delgado, 

2020) 

Decreased maximal inspiratory pressure Pulmonary function test Hu (Cho and Stout-

Delgado, 2020)(Cho 

and Stout-Delgado, 

2020) 

Decreased oxygen consumption  Cardiopulmonary Exercise Testing Hu (Cho and Stout-

Delgado, 2020)(Cho 

and Stout-Delgado, 

2020) 

Imaging traits N.A Increased air space size Computed Tomography 

 

Hu (Cho and Stout-

Delgado, 2020)(Cho 

and Stout-Delgado, 

2020) 

Body fluid Plasma Increased CRP Particle-enhanced immunonephelometry Hu (Sanders et al., 2021) 

Plasma Increased GDF15 ELISA Hu (Sanders et al., 2021) 

Bronchoalve

olar lavage 

Declined number of alveolar 

macrophage 

Flow cytometry Mus (Wong et al., 2017) 



Organ Level Biomarker Test methods Species# Reference 

Tissue Stroma Increased fibrosis Masson staining Hu/Mus (Conlon et al., 2020) 

Airway Decrease of mucociliary clearance   Saccharine transit test  Hu (Proença de Oliveira-

Maul et al., 2013) 

Cellular 

alteration 

Macrophage Upregulated pro-fibrogenic 

 genes: Timp1 

Western Blot/ Immunofluorescence Mus (Wang et al., 2021a) 

Pulmonary 

capillary 

endothelial 

cell 

Upregulated genes: NRP1,HIF2α, 

Downregulated anti-inflammation 

genes: EPCR 

Immunofluorescence Mus (Wang et al., 2021a) 

Fibrobalst Upregulated Notch pathway Transgenic reporter mouse Mus (Cao et al., 2016) 

  



Table S10 Summary of putative biomarkers in skeletal muscle aging. 

Organ Level Biomarker Test methods Species# Reference 

Skeletal 

muscle  

Physiology Whole body Unintentional weight loss, self-

reported exhaustion, weakness, 

slow walking speed, low physical 

activity 

Routine medical examination Hu (Schaap et al., 2006b) 

 

Imaging 

traits 

Gastrocnemius Soleus 

muscle 

Increase of intramuscular adipose 

(IMAT) and connective (IMCT) 

tissues 

Magnetic resonance imaging (MRI) Hu (Csapo et al., 2014) 

 

Erector spinae Infiltration of intramuscular 

adipose tissue (IMAT) 

Magnetic resonance imaging (MRI) Hu (Zoico et al., 2010) 

Whole body Decreased whole body lean mass Dual-energy X-ray absorptiometry (DXA) Hu • (Hull et al., 2009) 

Psoas muscles Decreased muscle mass Computed tomography (CT) Hu (Lenchik and Boutin, 

2018) 

Anterior thigh Reduction of cross-sectional area 

(CSA) of muscles 

Ultrasound (US) Hu • (Albano et al., 2020) 

Body fluid Serum Decrease in elderly human: 

sestrin1/sestrin2, VEGF, IGF1, 

apelin, irisin 

Enzyme linked immunosorbent assay (ELISA)  Hu/Mus (Haden et al., 2000 ; Huh 

et al., 2014; Miyamoto-

Mikami et al., 2015; 

Quinn et al., 2010; Rai et 

al., 2018; Rai et al., 2017; 

Ryan et al., 2006; Yalcin 

et al., 2018) 



Organ Level Biomarker Test methods Species# Reference 

Serum Increase in elderly human: IL6, 

myostatin 

ELISA Mus (Haden et al., 2000 ; 

Hager et al., 1994; 

Miyamoto-Mikami et al., 

2015; Palmeri et al., 2012; 

Wei et al., 1992; 

Yarasheski et al., 2002) 

Serum Increase in old rat: leptin  Radioimmunoassay Rat (Mooradian and Chehade, 

2000) 

Serum Decrease in sarcopenia patients: 

MMP9, irisin, IGF1, and FGF21 

ELISA Hu (Li et al., 2019a; Naranjo 

et al., 2017; Suzan et al., 

2021; Volpato et al., 

2014) 

Serum Decrease in sarcopenia patients: 

IL-15, IL-6, CRP, myostatin, IL-

10, IL-18, TNF- 

ELISA Hu (Li et al., 2019a; Rong et 

al., 2018; Rossi et al., 

2019; Schaap et al., 

2006a; Volpato et al., 

2014; Yalcin et al., 2018; 

Yarasheski et al., 2002) 

Tissue Vastus lateralis muscle Increased expression of pro-

inflammatory genes: IL-6, TNF-

α, STAT3, NF-κB 

ELISA, IHC, IF, qRT-PCR, Western blot Hu (Merritt et al., 2013) 

Tibialis anterior Elevated FABP3 IF, Western blot, Mass spectrometry (MS) based 

lipidomic study, Fluorescence recovery after 

photobleaching (FRAP), qRT-PCR 

Mus (Lee et al., 2020) 



Organ Level Biomarker Test methods Species# Reference 

Gastrocnemius 

Quadriceps 

PGE2 Liquid chromatography–tandem mass spectrometer 

(LC-MS/MS) 

Mus (Palla et al., 2021) 

Gastrocnemius, tibialis 

anterior, quadriceps 

Sphingolipids accumulation Ultra-performance liquid chromatography–mass 

spectrometry (UPLC-MS), liquid chromatography–

tandem mass spectrometer (LC-MS/MS), IHC, IF 

Hu/Mus (Laurila et al., 2022) 

Extracellular matrix 

(ECM) 

Increased Wnt Signaling Heterochronic parabiosis, Immunostaining, FACS Mus (Brack et al., 2007) 

Cellular 

alteration 

MuSC, Muscle fiber Loss of ciliation and Hedgehog 

signaling 

IF, FACS, MuSC transplantation Mus (Palla et al., 2022) 

Decreased FoxO signaling, 

imposing of CD34high genuine 

state to CD34low primed state 

IF, FACS, RNAscope, ChIP, Bulk RNA-seq, ATAC-

seq 

Mus (García-Prat et al., 2020) 

Downregulation of FoxO3 Single-nucleus RNA-seq, RNA fluorescent in situ 

hybridization, Bulk RNA-seq, IHC, IF, Western blot 

Hu/Non-

human primate 

(Jing et al., 2022) 

Elevated THBS1 and CD47high 

MuSC subset 

Bulk RNA-seq, single-cell RNA-seq, qRT-PCR, FACS, 

IHC, PrimeFlow RNA Assay 

Mus (Porpiglia et al., 2022) 

Reduced NAD+ level and 

impaired mitochondrial 

metabolism 

FACS, Mass spectrometry, Alkaline comet assay, 

Respirometry, IHC, IF, Western blot, qRT-PCR, MuSC 

transplantation 

Mus (Zhang et al., 2016) 

Impaired autophagy FACS, Bulk RNA-seq, IHC, IF, Western blot Hu/Mus (García-Prat et al., 2016) 

Reduced functional heterogeneity IHC Mus • (Tierney et al., 2018) 

Decreased expression of Opa1 

and impaired mitochondrial 

FACS, IHC, qRT-PCR, ATP assay, MitoSOX staining, 

Mitochondria quantification 

Mus (Baker et al., 2022; Tezze 

et al., 2017) 



Organ Level Biomarker Test methods Species# Reference 

dynamics 

Reduced expression of SPRY1 

and elevated FGF2-FGFR1 

signaling in the niche from 

myofiber 

MuSC transplantation, FACS, IHC, IF, Whole-mount 

in situ hybridization,  

Mus (Chakkalakal et al., 2012) 

Defective in β1-integrin activity 

and FGF2 signaling 

IHC, Western blot, Co-IP, FACS, Bulk RNA-seq Mus (Rozo et al., 2016) 

Elevated JAK-STAT3 signaling Microarray, FACS, IF, Hematoxylin & Eosin staining, 

qRT-PCR, Western blot 

Hu/Mus (Price et al., 2014; 

Tierney et al., 2014) 

Reduced NOTCH-1 IHC, FACS, Hematoxylin & Eosin staining Mus (Conboy et al., 2003) 

Amyloidosis IHC, IF, qRT-PCR, Western blot, TMRM/OCR 

detection, Mitochondrial circularity, 

Hu/Mus/ C. 

elegans 

(Romani et al., 2021) 

Decreased MyoD+ MuSC and 

delayed proliferation 

Immunohistochemistry (IF), BrdU incorporation Mus/Rat (Sousa-Victor et al., 2014; 

Zwetsloot et al., 2013) 

Upregulation of CDKN2A 

accompanied by increased 

γH2AX, IGFBP5, CDKN2b, IL6 

and accumulated SA-β-gal. 

Fluorescence-activated cell sorting (FACS), 

Immunohistochemistry (IF), Immunofluorescence 

(IHC), qPT-PCR, Western blot, MuSC transplantation 

Hu/Mus (Sousa-Victor et al., 2014) 

Muscle fiber 

Fibro/adipogenic 

progenitors (FAP) 

Increased TGFβ IHC, IF, qRT-PCR, Western blot Mus (Carlson et al., 2008) 

Reduced secretion of WISP1 RNA fluorescent in situ hybridization, Bulk RNA-seq, 

slow off-rate modified aptamer assay, Hematoxylin & 

Eosin staining, FACS, IHC, Western blot, qRT-PCR 

Mus (Lukjanenko et al., 2019) 

Fibro/adipogenic 

progenitors (FAP) 

Reduced expression of IL33 FACS, Hematoxylin & Eosin staining, IHC, Western 

blot 

Mus (Kuswanto et al., 2016) 



Organ Level Biomarker Test methods Species# Reference 

Regulatory T cell 

(Foxp3+CD4+ Treg) 

Increased Smoc2 FACS, IHC, Western blot, mass spectrometry Mus (Schüler et al., 2021) 

Reduced accumulation FACS, Hematoxylin & Eosin staining, IHC, Western 

blot 

Mus (Kuswanto et al., 2016) 

Myeloid cell Increased TNFα IHC, qRT-PCR Mus (Wang et al., 2018b) 

#Note: Hu, human; Mk, monkey; Mus, mouse. 

  



Table S11 Summary of putative biomarkers of liver aging. 

Organ Level Biomarker Test methods Species# Reference 

Liver Physiology N.A Downregulated apparent liver blood 

flow and perfusion 

The plasma clearance of indocyanine green Hu (Wynne et al., 

1989) 

Reduced liver volume 99mTc- GSA liver scintigraphy Hu (Wynne et al., 

1989);(Wakaba

yashi et al., 

2002) 

Reduced liver regenerative capacity Immunostained for Ki67‐positive hepatocytes; 

SA‐β‐gal staining 

Rat/Mus (Furrer et al., 

2011; Liu et al., 

2018; Pibiri, 

2018) 

Enhanced inflammation and necroptosis 

 

Immunostained for the M2 macrophage marker; 

ELISA; Flow cytometry; 

Hu/Rat/Mus (Bloomer and 

Moyer, 2021; 

Mohammed et 

al., 2021) 

Increased liver fibrosis Measuring concentration of OHP; PSR staining Hu/Mus (Mohammed et 

al., 2021; 

Noureddin et 

al., 2013) 

Imaging 

traits 

N.A Decrease in liver weight CT-LV Hu (Meier et al., 

2007; Tauchi et 

al., 1994; 

Wakabayashi et 

al., 2002) 



Organ Level Biomarker Test methods Species# Reference 

Reduced liver volume A gray scale B ultrasound scan; CT Hu (Wynne et al., 

1989);(Wakaba

yashi et al., 

2002) 

Reduced hepatic blood flow Pulsed echo-Doppler; MRI Hu (Wang, 2021) 

Increased liver FDG uptake FDG PET imaging; MRI Hu (Cao et al., 

2021; Wang, 

2021) 

Increase of liver iron content MRI T2* imaging Hu (Horiguchi et 

al., 2007; 

Sheedfar et al., 

2013; Zhao et 

al., 2019) 

Elevated liver fibrosis Abdominal ultrasound scan Hu (Chen et al., 

2020; Kuk et 

al., 2009) 

Tissue N.A  Mild hepatic injury: cytoplasmic 

vacuolation, nuclear pyknosis, 

cytoplasmic hypereosinophilia, diminish 

of intercellular borders, and increased 

lipid accumulation 

H&E staining Mus (Maeso-Díaz et 

al., 2018) 



Organ Level Biomarker Test methods Species# Reference 

Sinusoidal 

endothelium 

Pseudocapillarized: reduction in the 

number and porosity of fenestrations; 

endothelium thickening; and deposition 

of perisinusoidal basal lamina and 

collagen 

Transmission electron-microscopic 

examination; Immunostaining; H&E staining 

Hu/Mk/Mus/Rat (Cogger et al., 

2014; Cogger et 

al., 2003; Ito et 

al., 2007; Le 

Couteur et al., 

2001; Maeso-

Díaz et al., 

2018; McLean 

et al., 2003; 

Warren et al., 

2005) 

Cellular 

alteration 

Hepatocytes Increased polyploidy;  Feulgen-DNA cytophotometry; 

Immunostaining; pharmacokinetic analysis; 

Radioactive or fluorescence dye staining; 

Biochemical analysis of enzyme activity; RT-

qPCR; Western; 

Hu (Kudryavtsev et 

al., 1993) 

Reduced surface area of endoplasmic 

reticulum 

Pharmacokinetic analysis Hu (Schmucker et 

al., 1990) 

Mega-mitochondria with reduced 

number and function 

Immunostaining; Radioactive or fluorescence 

dye staining; Biochemical analysis of enzyme 

activity 

Rat/Mus (Hagen et al., 

1997; Navarro 

and Boveris, 



Organ Level Biomarker Test methods Species# Reference 

2004; Sastre et 

al., 1996) 
 

Decreased autophagic activity Immunostaining; electron microscopy; western 

blotting  

Mus (Uddin et al., 

2012; Xu et al., 

2013)(Uddin et 

al., 2012; Xu et 

al., 2013) 

Accumulation of lipofuscins Electron microscopy Rat/Mus (Le Couteur et 

al., 2001; 

Swanlund et al., 

2008; Xu et al., 

2013) 

Reduced DNA synthesis rate [3H]-thymidine incorporation Mus (Basso et al., 

1998) 

Increased senescence  Immunostaining Mus (Basso et al., 

1998; Ogrodnik 

et al., 2017) 



Organ Level Biomarker Test methods Species# Reference 
 

Liver 

sinusoidal 

endothelial 

cells 

(LSECs) 

Decreased NO bioavailability DAF-FM staining Rat/Mus (Maeso-Díaz et 

al., 2018) 

Decreased expression of endothelial NO 

synthase protein, haem oxygenase-1, and 

several angiocrine receptors (stabilin-2, 

CD32b and VEGF-R2) 

Immunostaining; RT-qPCR; western blot Rat/Mus/Hu (Ito et al., 2007; 

Maeso-Díaz et 

al., 2018) 

Increased CD68 positive cells, and 

secretion of vWF and ICAM-1 

Immunostaining; ELISA Rat/Mus (Ito et al., 2007; 

Maeso-Díaz et 

al., 2018) 

Upregulation of senescent marker p16 

and downregulation of SIRT1 

RT-qPCR; western blot Rat/Hu (Maeso-Díaz et 

al., 2018) 



Organ Level Biomarker Test methods Species# Reference 

Hepatic 

stellate cells 

(HSCs) 

Increased expression of desmin, 

PDGFRβ 

Immunostaining; RT-qPCR; western blot Mus (Warren et al., 

2011) 

Increased expression of activation 

markers (α‐SMA, collagen1α1, 

collagen1α2, and p‐moesin, TIMP-2 and 

MMP9) 

Immunostaining; RT-qPCR; western blot Rat (Maeso-Díaz et 

al., 2018) 

Increased expression of patatin-like 

phospholipase domain- containing 

protein 3 and decreased cellular retinol-

binding protein I expression 

Immunostaining; RT-qPCR; western blot Rat (Maeso-Díaz et 

al., 2018) 

Increased number and size of 

intracellular lipid droplets. 

Electron microscopy  Mus (Warren et al., 

2011) 

Telomere attrition Southern blotting Hu (Verma et al., 

2012a) 

Kupffer cells 

(KCs) 

Increased number   Light microscopy Rat (Hilmer et al., 

2007)
 

Basally activated status In vivo perfusion of fluorescent microspheres Rat (Hilmer et al., 

2007) 

Reduced phagocytotic activity In vivo perfusion of fluorescent microspheres; 

In vitro incubation with fluorescent particles 

Rat/Mus (Hilmer et al., 

2007; Linehan 



Organ Level Biomarker Test methods Species# Reference 

et al., 2014; 

Partridge et al., 

2018) 

Increased cytokine production Western blotting; ELISA Rat/Mus (Hilmer et al., 

2007; Linehan 

et al., 2014; 

Partridge et al., 

2018) 

Other 

Immune Cell 

Groups  

 

Redistribution of macrophages to 

lymphoid collections  

Immunostaining Mus (Singh et al., 

2008) 

Increased pro-inflammatory M1-like 

macrophages with high CD38 

expression  

Immunostaining ; flow cytometry Mus (Chini et al., 

2020; 

Covarrubias et 

al., 2020)
 

Increased accumulation of neutrophils  Single cell sequencing Mus (Mogilenko et 

al., 2021) 

Reduced abundance of dendritic cells  Single cell sequencing Mus (Mogilenko et 

al., 2021) 

Decreased abundance of naïve CD8+ T 

cells
 

Single cell sequencing  Mus (Mogilenko et 

al., 2021) 



Organ Level Biomarker Test methods Species# Reference 

Age-associated PD1+TOX+CD8+ T cell 

subpopulation 

Single cell sequencing  Mus (Mogilenko et 

al., 2021) 

Increased accumulation of activated 

PD1+CD4+ T cells  

Single cell sequencing Mus (Mogilenko et 

al., 2021) 

Reduced abundance of CD4+ T cells Single cell sequencing Mus (Mogilenko et 

al., 2021) 

Reduced abundance of Natural Killer 

(NK) cells 

Single cell sequencing Mus (Mogilenko et 

al., 2021) 

Reduced abundance of Group1 innate 

lymphoid cells (ILC1s)
 

Single cell sequencing Mus (Mogilenko et 

al., 2021) 

Molecular 

changes 

Hepatocytes Increased expression of HP1β, p21, p16, 

γ-H2AX and elevated SA-β-gal activity 

Immunostaining; Western blotting Hu/Mus (Irvine et al., 

2014; Wang et 

al., 2014) 

SASP: IL-6, IL-8  Chemokine protein array Hu (Irvine et al., 

2014) 



Organ Level Biomarker Test methods Species# Reference 

Upregulated chromatin remodeling 

protein Brm, HDAC1, and the formation 

of CEBPa-HDAC1-Brm complexes 

Western blotting Rt/Mus (Iakova et al., 

2003; Wang et 

al., 2008) 

Downregulated SIRT1 expression qPCR; Western blotting Mus (Gong et al., 

2014; Ramirez 

et al., 2017) 

Decreased bivalent H3K9me3; H3K14ac 

modification 

Mass spectrometry; ChIP-Seq Mus  (Price et al., 

2020) 

Lost cyclic protein acetylation Microarrays analyses; Western blotting Mus (Sato et al., 

2017) 

Increased expression of RAGE and 

decreased expression of mitochondrial 

β-oxidation-related gene: PPARα, 

CPT1a, CPT1b, and MCAD 

Western blotting; qPCR Mus/Hu (Wan et al., 

2020) 



Organ Level Biomarker Test methods Species# Reference 

Decreased expression of MANF Western blotting Mus (Sousa-Victor 

et al., 2019) 

Hepatic 

stellate cells 

Downregulated SIRT1 expression Western blotting Mus (Ramirez et al., 

2017) 

Increased expression of α‐SMA, 

collagen1α1, collagen1α2, PDGFRβ, 

and p‐moesin, desmin, TIMP‐2 and 

MMP9 

qPCR; Western blotting; Immunostaining Rat (Maeso-Díaz et 

al., 2018) 

Decreased telomere length Q-FISH; qPCR Hu (Verma et al., 

2012b) 

Liver 

sinusoidal 

endothelial 

cells 

Downregulation of the  

eNOS-NO-cGMP vasodilatory pathway, 

together with reduced angiocrine and 

antioxidant molecules 

(Stabilin-2, CD32b, VEGF-R2, HGF, 

Wnt2, and HO-1)  

qPCR; Western blotting Rat (Maeso-Díaz et 

al., 2018) 

Increased PD-L1 expression Immunostaining  Mus (Wang et al., 

2022) 



Organ Level Biomarker Test methods Species# Reference 

Kupffer cells Decreased telomere length Q-FISH; qPCR Hu (Verma et al., 

2012b) 

Increased IL-6 level qPCR Rat (Maeso-Díaz et 

al., 2018) 

Cholangiocy

tes 

Upregulated Twf1 expression  qPCR; Immunohistochemistry Hu/Mus (Maroni et al., 

2019) 

Increased expression of p16 and 

γH2A.x, and SASP: IL-6, IL-8, CCL2, 

PAI-1 

FISH; Immunofluorescence  Hu (Tabibian et al., 

2014) 

Body fluid Serum  Decreased albumin and bilirubin 

concentrations 

N.A Hu/Rat (Maeso-Díaz et 

al., 2018; 

Verma et al., 

2012b) 

Plasma  Increased total cholesterol and LDL 

cholesterol levels  

N.A Hu/Rat (Maeso-Díaz et 

al., 2018; 

Verma et al., 

2012b) 

Serum Decreased MANF level ELISA Hu/Mus (Sousa-Victor 

et al., 2019) 



Organ Level Biomarker Test methods Species# Reference 

Serum  Increased OPN level ELISA Hu/Mus (Gómez-Santos 

et al., 2020) 

#Note: α‐SMA: Actin alpha 2, smooth muscle, aorta; CCL2: C-C motif chemokine ligand 2; CD32b: Fc gamma receptor IIb; ChIP-Seq: Chromatin immunoprecipitation-

sequence; CPT1a: Carnitine palmitoyltransferase 1A; CPT1b: Carnitine palmitoyltransferase 1B; CT-LV: Computed tomography volumetry; DAF-FM: Diaminofluorescein-

FM; ELISA: enzyme-linked immunosorbent assay; FDG: Fluorodeoxyglucose; FISH: Fluorescence in situ hybridization; H3K9me3: Histone 3 Lys-9 trimethylation; H3K14ac: 

Histone 3 lysine 14 acetylation; H2AX: H2A.X variant histone; HDAC1: Histone deacetylase 1; H&E: Hematoxylin & Eosin; HGF: hepatocyte growth factor; HO-1: Heme 

oxygenase 1; HP1β: Heterochromatin protein 1β; HSC: Hepatic stellate cells; Hu: Human; ICAM-1: Intercellular adhesion molecule 1; IL-6: Interleukin 6; IL-8: Interleukin 8; 

ILC1s: Group1 innate lymphoid cells; KCs: Kupffer cells; LDL: Low-density lipoprotein; MANF: Mesencephalic-astrocyte-derived neurotrophic factor; MCAD: Cadherin 15; 

Mk: Monkey; MMP9: Matrix metallopeptidase 9; Mrc1: Mannose receptor C-type 1; MRI: Magnetic resonance imaging; Mus: Mouse; NK: Natural killer; OHP: 

Hydroxyproline; OPN: Steopontin; PAI-1: Serpin family E member 1; PD-L1: Programmed cell death ligand 1; PDGFRβ: Platelet derived growth factor receptor beta; PET: 

Positron emission tomography; PPARα: Peroxisome proliferator activated receptor alpha; PSR: Picrosirius red; Q-FISH: Quantitative fluorescence in situ hybridization; RAGE: 

Advanced glycation end product receptor; Rat: Rattus; RT-qPCR: Real time quantitative polymerase chain reaction; SA: Galactosyl-human serum albumin; SA-β-gal: 

Senescence-associated-β-galactosidase; SASP: Senescent-associated secretory phenotype; SIRT1: Sirtuin 1; TIMP-2: TIMP metallopeptidase inhibitor 2; Twf1: Twinfilin-1;  

VEGF-R2: Kinase insert domain receptor; vWF: von Willebrand factor; Wnt2: Wnt family member 2. 

  

https://www.ncbi.nlm.nih.gov/gene/1374
https://www.ncbi.nlm.nih.gov/gene/1374
https://www.ncbi.nlm.nih.gov/gene/3014
https://www.ncbi.nlm.nih.gov/gene/3065


Table S12 Summary of putative biomarkers of kidney aging. 

Organ Level Biomarker Test methods Species Reference 

Kidney  Physiology N.A Impaired renal function  Estimate glomerular filtration rate 

(eGFR) 

Hu  (Glassock and Rule, 2012, 

2016) 

(Bolignano et al., 2014; 

Schmitt and Melk, 2017) 

Nephrosclerosis Hematoxylin & Eosin staining Hu (Denic et al., 2017; Rule et 

al., 2010) 

Susceptibility to AKI N.A Hu/Mus (Huang et al., 2022b) 

Progression to new CKD N.A Hu/Mus (Nitta et al., 2013) 

Imaging 

traits 

N.A Increased in kidney surface roughness Ultrasonography/MRI/CT Hu (Hommos et al., 2017) 

Increased in number of cysts Ultrasonography/MRI/CT Hu (Denic et al., 2016) 

Tissue Nephrosclerosis Arteriosclerosis/arteriolosclerosis Hematoxylin & Eosin staining Hu (Hommos et al., 2017) 

Global glomerulosclerosis Hematoxylin & Eosin staining Hu 

Interstitial fibrosis Hematoxylin & Eosin staining Hu 

Tubular atrophy Hematoxylin & Eosin staining Hu 

Body fluid Serum Creatinine eGFR Hu (Lindeman et al., 1985) 

Serum Albumin Albumin to creatinine ratio (ACR) Hu (Drüeke and Parfrey, 

2012) 

Urine Exfoliated kidney cells:  mRNA/DNA methylation/scRNA-seq Hu/Mus (Wu et al., 2022) 

Plasma KIM-1 ELISA/Cytokine array Hu (Coca et al., 2017; 

Gutiérrez et al., 2022) 

Urine KIM-1 ELISA/Cytokine array Hu (Malhotra et al., 2020) 

Urine α1M ELISA/Cytokine array Hu (Wu et al., 2010) 



Organ Level Biomarker Test methods Species Reference 

Urine UMOD ELISA/Cytokine array Hu (Puthumana et al., 2021) 

Urine EGF ELISA/Cytokine array Hu (Ju et al., 2015; Norvik et 

al., 2021; Torres et al., 

2008) 

(Wu et al., 2020) 

Serum MMP-7 ELISA/Cytokine array Hu (Zhang et al., 2017) 

(Ihara et al., 2020) 

Urine MMP-7 ELISA/Cytokine array Hu (Zhou et al., 2017) 

Urine Fibrinogen ELISA/Cytokine array Hu (Wang et al., 2017a) 

Plasma TNFR-1 and TNFR-2 ELISA/Cytokine array Hu (Coca et al., 2017; 

Gutiérrez et al., 2022; 

Schrauben et al., 2021; 

Srivastava et al., 2021) 

Plasma YKL-40 ELISA/Cytokine array Hu (Gutiérrez et al., 2022; 

Schrauben et al., 2021; 

Srivastava et al., 2021) 

Urine YKL-40 ELISA/Cytokine array Hu (Malhotra et al., 2020; 

Puthumana et al., 2021) 

Plasma MCP-1 ELISA/Cytokine array Hu (Gutiérrez et al., 2022; 

Srivastava et al., 2021) 

Urine MCP-1 ELISA/Cytokine array Hu (Malhotra et al., 2020) 

(Wu et al., 2010) 

Plasma suPAR ELISA/Cytokine array Hu (Hayek et al., 2015) 



Organ Level Biomarker Test methods Species Reference 

Urine Complement eptides Proteomic investigation Hu (Wendt et al., 2021) 

Serum Metabolites Metabolomic quantification Hu (Yu et al., 2014) 

Urine Exosomes and exosomal CCL2 mRNA Exosome isolation and real-time RT-

PCR 

Hu (Feng et al., 2018) 

Urine Exosomal microRNA Exosome isolation and real-time RT-

PCR 

Hu (Eissa et al., 2016) 

Urine Exosomal AQP5 and AQP2 Exosome isolation and Western blot Hu (Rossi et al., 2017) 

#Note: Hu, human; MRI, magnetic resonance imaging; CT, computed tomography; TNFR, tumor necrosis factor receptors; KIM-1, kidney injury marker-1; EGF, epidermal 

growth factor; suPAR, soluble urokinase-type plasminogen activator receptor; YKL-40, chitinase 3-like 1; UMOD, uromodulin; α1M, α-1 microglobulin; NGAL, neutrophil 

gelatinase-associated lipocalin; MMP-7, Matrix metalloproteinase-7; WFDC2, WAP four-disulfide core domain 2; CCL2, Chemokine (CC-motif) ligand 2; AQP, water channel 

aquaporin. 

  



Table S13 Summary of putative biomarkers of skeletal aging 

Organ 
Level Biomarker Test methods Species Preference 

Skeleton Minerals Declined calcium LCMS/ immunoassay Hu  (Song, 2017) 

Declined phosphate LCMS/ immunoassay  Hu  (Song, 2017) 

Extracellular 

matrix 

Declined GAGs ELISA  Hu  (Gimble et al., 2009) 

Declined collagens ELISA/ Cytokine array/ qPCR Hu/Mus  (Gimble et al., 2009) 

Hormones Declined GHs ELISA  Hu  (Dixit et al., 2022) 

Declined IGF1in the marrow ELISA  Hu/Mus  (Bennett et al., 1984; Boonen et al., 

1997; Dixit et al., 2022; Tuljapurkar et 

al., 2011; Young et al., 2021) 

Declined BMP2 ELISA  Hu/Mus  (Yousefzadeh et al., 2021) 

Disturbed and declined ghrelin Blood test/ ELISA/ Cytokine 

array  

Hu  (Pradhan et al., 2013) 

Declined ACTH Blood test/ ELISA/ Cytokine 

array  

Hu  (Almeida et al., 2017) 

Elevated glucocorticoids Cortisol blood test / ELISA Hu/Mus  (Ajdžanović et al., 2017) 

Elevated leptin ELISA Hu/Mus  (Kirk et al., 2020) 

Declined PTH ELISA/Cytokine array  Hu/Mus  (Yukata et al., 2014) 



Organ 
Level Biomarker Test methods Species Preference 

Declined calcitonin Blood test/ ELISA Hu/Mus  (Khosla and Hofbauer, 2017) 

Declined Vitamin D Blood test/ ELISA Hu/Mus  (Christodoulou et al., 2023) 

Declined androgens ELISA/Cytokine array  Hu  (Almeida et al., 2017) 

Declined estrogen ELISA/Cytokine array  Hu  (Almeida et al., 2017) 

Secretory factors Declined OPG ELISA Mus (Chung et al., 2014) 

Declined P1NP ELISA Mus (Shahnazari et al., 2012) 

Declined OCN ELISA Mus (Shahnazari et al., 2012) 

Elevated M-CSF Real-time RT-PCR Hu (Chung et al., 2014) 

Elevated RANKL ELISA/ Real-time RT-PCR Hu/Mus (Chung et al., 2014; Shahnazari et al., 

2012) 

Elevated NTx ELISA Hu (Ryan and Elahi, 1998) 

Elevated CTx ELISA Hu (Takahashi et al., 1999) 

Elevated TRAcP5b ELISA Hu (Kikuchi et al., 2021) 

Elevated DPD ELISA Hu (Tokida et al., 2021) 

Elevated SOST ELISA Mus (Shahnazari et al., 2012) 



Organ 
Level Biomarker Test methods Species Preference 

Elevated DKK1 ELISA Mus (Shahnazari et al., 2012) 

Elevated CRP ELISA Hu (Koh et al., 2005) 

Elevated IL-1/IL-6 ELISA Hu (Zheng et al., 1997) 

Elevated TNF-α ELISA Hu (Zheng et al., 1997) 

#Note: GAGs, glycosaminoglycans, long unbranched polysaccharides which are composed of repeating disaccharide units; LCMS, liquid chromatograph mass spectrometer, 

GHs, growth hormones, secreted from the anterior pituitary; IGF1, insulin-like growth factor 1, polypeptide mainly circulated by liver ; BMP2, bone morphogenetic protein 2, 

are member of the transforming growth factor beta (TGF-beta) superfamily; secreted from the kidney and spleen; ACTH, adrenocorticotropic hormone, secreted from the 

anterior pituitary; stimulates cortisol production; PTH, parathyroid hormone, secreted by parathyroid gland, tightly controls calcium and phosphate; OPG, osteoprotegerin; 

P1NP,  Procollagen type I N-terminal propeptide; M-CSF, macrophage-colony stimulating factor; RANKL, receptor activator of NF-kB ligand; NTx, amino-terminal cross-

linking telopeptide of type I collagen; CTx, serum cross-linked C-telopeptide of type I collagen; TRAcP5b, tartrate-resistant acid phosphatase 5b; DPD, deoxypyridinoline; 

SOST, sclerostin; DKK1, dickkopf-related protein 1; CRP, c-reactive protein; IL1/IL6, interleukin-1/ interleukin-6; TNF-α, tumor necrosis factor-α. 

  



Table S14 Summary of putative biomarkers of intestinal aging. 

Organ Level Biomarker Test methods Species# Reference 

Intestine  Physiology N.A Intestinal digestion and 

absorption function decreased 
qRT-PCR/Western/ Disaccharidase activity Hu/Mus  

(DeJong et al., 2020; 

Suzuki et al., 2022) 

The microflora structure 

changed 
Altered Schaedler flora (ASF) Hu/Mus 

(An et al., 2018; 

Ragonnaud and Biragyn, 

2021; Thevaranjan et al., 

2017) 

Increased intestinal 

permeability 

FITC-dextran oral gavage assay  

 

Hu/Mus 

(An et al., 2018; Nagpal 

et al., 2018; Ragonnaud 

and Biragyn, 2021) 

Intestinal inflammation ELISA Hu/Mus 

(Ragonnaud and Biragyn, 

2021; Thevaranjan et al., 

2017) 

Body fluid Serum 

IL-6, IL-8, CRP, TNF-α, 

indole and kynurenine  
ELISA Hu/Mus 

(Chambers and Akbar, 

2020; Espinoza and 

Walston, 2005; Hohman 

and Osborne, 2022; 

Thevaranjan et al., 2017) 

Plasma 
LPS, Zonulin and Claudins N.A Hu/Mus 

(An et al., 2018; DeJong 

et al., 2020) 

Tissue Mucus layer Reduced mucus PAS/Alcian Blue Hu/Mus (Elderman et al., 2017) 

Microbial 

metabolites 
SCFAs: Butyrate  Gas–liquid chromatograph Hu/Mus 

(Nagpal et al., 2018; 

Sokol et al., 2008) 



Organ Level Biomarker Test methods Species# Reference 

Villi  
Increased villous length Hematoxylin & Eosin staining Mus 

(Nalapareddy et al., 2017; 

Suzuki et al., 2022) 

Cellular 

alteration 

ISC Reduced ISC marker Lgr5; 

Down-regulated signaling 

pathway: Wnt, Notch and 

Sirt1/mTORC1; Fatty acid 

oxidation (FAO) decreased and 

Cdc42 activity increased 

Real-Time PCR/ Fluorescence in situ hybridization, 

FISH 
Hu/Mus 

(Igarashi et al., 2019; 

Mihaylova et al., 2018; 

Nalapareddy et al., 2021; 

Nalapareddy et al., 2017; 

Pentinmikko et al., 2019; 

VanDussen et al., 2012) 

Crypts The number of crypts 

decreased, the regenerative 

potential decreased after 

irradiation, the size of 

intestinal crypts increased 

Hematoxylin & Eosin staining /immunostaining Mus 
(Nalapareddy et al., 

2017) 

Paneth cells The number of Paneth cells 

increased 
Lysozyme or MMP7 staining Mus 

(Nalapareddy et al., 

2017) 

Goblet cells The number of goblet cells 

increased; The secretion of 

Wnt3 decreased and the signal 

of Wnt decreased 

Alcian blue staining/ Real-Time PCR Mus 
(Nalapareddy et al., 2017; 

Pentinmikko et al., 2019) 

 #Note: Hu, human; Mk, monkey; Mus, mouse. 

  



Table S15 Summary of putative biomarkers of pancreatic aging. 

Organ Level Biomarker Test methods Species Reference 

Pancreas  Physiological 

function 

N.A. Decline in β cell function Stimulated insulin secretion in 

OGTT/IVGTT; 

GSIS in isolated human islets 

Hu (Basu et al., 2003; Chang 

et al., 2006; Geloneze et 

al., 2014; Hirose et al., 

2016; Iozzo et al., 1999; 

Lyon et al., 2016; Xiao et 

al., 2014) 

Pancreatic exocrine insufficiency FET Hu  (Herzig et al., 2011) 

Body fluid Blood Decline in insulin secretion ELISA Hu (Basu et al., 2003; Chang 

et al., 2006; Geloneze et 

al., 2014; Hirose et al., 

2016; Iozzo et al., 1999; 

Lyon et al., 2016; 

Westacott et al., 2017; 

Xiao et al., 2014) 

Elevated HbA1c HbA1c test Hu (Arnetz et al., 1982; Yang 

et al., 1997) 

Increased DNA methylation level of 

FHL2 promoter 

DNA methylation analysis by pyrosequencing 
Hu (Bacos et al., 2016) 

Increased 8-hydroxyguanine (8-

OHG) in diabetic patients 

HPLC-ECD 
Hu (Shin et al., 2001) 

Duodenal 

juice 

Decline in secretory volume  SST Hu (Ishibashi et al., 1991) 

Decline in bicarbonate secretion SST Hu (Laugier et al., 1991) 



Organ Level Biomarker Test methods Species Reference 

Decline in chymotrypsin, amylase, 

phospholipase, and lipase output 

SST Hu (Ishibashi et al., 1991; 

Laugier et al., 1991) 

Decrease in secretion frequency  MRCP Hu (Torigoe et al., 2014) 

Feces Increased fecal elastase-1 FET Hu (Hedström et al., 2015; 

Herzig et al., 2011) 

Imaging 

traits 

N.A. Reduced pancreatic volume MRI, CT Hu (Wang et al., 2021b; Yoon 

et al., 2020) 

Reduced anteroposterior pancreas 

diameter 

MRI Hu (Sato et al., 2012) 

Increased pancreatic hardness EUS-elastography Hu (Chantarojanasiri et al., 

2016) 

Pancreatic lobulation CT, MRI Hu (Heuck et al., 1987; Sato et 

al., 2012; Wang et al., 

2021b) 

Increased pancreatic duct diameter Ultrasonography, ERCP, MRI, MRCP Hu (Anand et al., 1989; Glaser 

and Stienecker, 2000; 

Wang et al., 2021b) 

Pancreatic steatosis CT, MRI, Ultrasonography Hu (Lesmana et al., 2015; Li et 

al., 2011; Saisho et al., 

2007; Wang et al., 2021b) 

Increased abdominal age Deep-learning based MRI segmentation Hu (Le Goallec et al., 2022) 

Tissue Pancreas Increased expression of CDKN2A Single cell RNA sequencing Hu (Enge et al., 2017) 



Organ Level Biomarker Test methods Species Reference 

Accumulated cells harboring DNA 

sequence rearrangements 

Flow cytometry analysis, in situ fluorescence 

imaging 

Mus (Wiktor-Brown et al., 

2006) 

Increased 8-

hydroxydeoxyguanosine (8-

OHdG） 

HPLC-ECD Mus/Rat (Reiter et al., 1999; Shi et 

al., 2004) 

Differentially methylated promoters 

and enhancers, such as increased 

DNA methylation level of Hnf1a 

promoter and enhancer proximal to 

Arid5b 

Reduced representation bisulfite sequencing Mus (Chondronasiou et al., 

2022) 

Islet Decline in density and volume 

 

IHC with chromogranin A antibody 

 

Hu 

 

(Mizukami et al., 2014b) 

Islet amyloid deposition Cango red staining; IHC with IAPP 

 

Hu (Su et al., 2012) 

 

Increased fibrosis IHC with α-SMA antibody, H&E Hu (Detlefsen et al., 2005) 

Increased glycolysis U-13C glucose tracing Mus (Murao et al., 2022) 

Decreased expression of PDX1, INS, 

GLUT2 

RT-qPCR; Western blotting Mus/Rat (Ihm et al., 2007; Novelli 

et al., 2000) 

Increased dedifferentiation 

(chromogranin A (CGA)-positive 

and hormone-negative cells) 

IF Hu (Song et al., 2022) 

Decreased transcription of Hnf4a  RT-qPCR Rat (Sandovici et al., 2011) 



Organ Level Biomarker Test methods Species Reference 

Increased H3K9me2 and 

H3K27me3 levels, and decreased 

H3Ac and H3K4me1 levels at the 

Hnf4a enhancer and its distal P2 

promoter 

ChIP-qPCR Rat (Sandovici et al., 2011) 

Blood 

vessel 

Increased fibrosis of islet vessels; 

Decline in blood vessel density 

IF with PECAM and Laminin antibodys; 

IF with VCAM-1/CD31 antibody, etc. and 3D 

imaging 

Hu/Mus (Almaça et al., 2014; Chen 

et al., 2021; Kehm et al., 

2018) 

Advanced glycation end products 

(AGEs) accumulation: arg-

pyrimidine, MG-H1, pentosidine 

IHC Mus (Kehm et al., 2018) 

Increased amounts of iNOS and 3-

nitrotyrosine 

IF Mus 

Fat Fatty infiltration and replacement  H&E Hu (Matsuda, 2019) 

Acinar Acinar atrophy; 

Acinar‐to‐ductal metaplasia 

H&E Hu (Matsuda, 2019; Xin et al., 

2017) 

 

Lobule Patchy lobular fibrosis in the elderly 

(PLFE); 

Lobulocentric atrophy 

IHC with α-SMA antibody, H&E 

 

Hu (Detlefsen et al., 2005) 

Duct Periductal fibrosis; 

Low-grade pancreatic intraepithelial 

neoplasia; 

Duct ectasia 

H&E 

 

Hu (Gupta and Kumar, 2018; 

Hastier et al., 1998) 



Organ Level Biomarker Test methods Species Reference 

Cellular 

alteration  

Acinar cell Decline in mitochondria number; 

Decreased proliferation 

Fluorescence microscopy;  

BrdU labeling 

Mus 

 

(Nagata, 2012; Takahashi 

et al., 2012) 

α cell Increased transcriptional noise  Single-cell RNA sequencing Hu/Mk (Enge et al., 2017; Li et al., 

2021b) 

Increased expression of TTR Single-cell RNA sequencing Mk (Li et al., 2021b) 

Compromised basic metabolic 

function 

Single-cell RNA sequencing Mk 

Increased expression of cellular 

senescence marker genes, including 

CDKN1A and CDKN2A 

Single-cell RNA sequencing  Mk (Li et al., 2021b) 

β cell 

 

 

Decline in β cell mass IHC with insulin antibody Hu (Mizukami et al., 2014a; 

Rahier et al., 2008; Saisho 

et al., 2013) 

Increase in β cell size IHC with insulin antibody Hu (Mizukami et al., 2014a; 

Saisho et al., 2013) 

Accumulation of lipofuscin bodies Electron microscopy Hu (Cnop et al., 2010) 

Downregulated expression of 

cellular identity genes, including 

MAFA, PDX1, and NEUROD1 

RNA-seq; Single-cell RNA sequencing; IHC Hu/Mus (Aguayo-Mazzucato et al., 

2019; Shrestha et al., 2022) 

Decreased proliferation IHC with Ki67 antibody Hu (Mizukami et al., 2014a; 

Reers et al., 2009) 

Increased transcriptional noise Single-cell RNA sequencing Hu/Mk (Enge et al., 2017; Li et al., 

2021b) 



Organ Level Biomarker Test methods Species Reference 

Increased expression of cellular 

senescence marker genes, including 

Ldha, Igf1r, CDKN2A, SASP factors 

qPCR, Microarray analysis; Immunostaining; 

Bead-based immunoassay; FACS  

Hu/Mus (Aguayo-Mazzucato et al., 

2019; Aguayo-Mazzucato 

et al., 2017; Helman et al., 

2016) 

Decreased PDX1 expression IHC; RT-qPCR Hu (Ihm et al., 2007; 

Mizukami et al., 2014a; 

Reers et al., 2009) 

Decreased protein level of PDX1, 

NKX-6.1, NKX-2.2 

Immunostaining Hu (Shrestha et al., 2022) 

Increased HSP90B1 expression Single-cell RNA sequencing; IF Mk (Li et al., 2021b) 

Increased expression of autophagy-

associated proteins, including 

LC3A/B, LAMP1, Lamp2 

Immunostaining; Western Blot Hu (Shrestha et al., 2022; 

Wang et al., 2013b) 

Increased transcription of mTOR 

signaling genes, PS6K 

Immunostaining  Hu/Rat 

Appearance of autophagosomes Transmission electron microscopy Rat 

Increased transcription of SORL1  Single-cell RNA sequencing Mk (Li et al., 2021b) 

Decline in mitochondrial DNA copy 

number 

Real-time PCR Hu (Cree et al., 2008) 

Decline in stimulus–secretion 

coupling 

Ca2+ imaging Hu (Westacott et al., 2017) 

Reduced glucose-induced inhibition 

of KATP channel activity 

Patch-clamp technique Mus (Tuduri et al., 2022) 

Decreased glucose-induced islet 

NAD(P)H production 

NAD(P)H Imaging 



Organ Level Biomarker Test methods Species Reference 

Increased glucose-induced Ca2+ 

signaling and voltage-gated Ca2+ 

current 

Ca2+ Imaging; Patch-clamp technique 

Increased protein synthesis, 

unfolding protein response and ER 

stress (HSP90B1, HSPA5, XBP1) 

Aggresome staining; Immunostaining; Single-

cell RNA sequencing 

Hu/Mk/Mus (Gonzalez-Teuber et al., 

2019; Iwawaki et al., 2004; 

Kalwat et al., 2021; Lee 

and Lee, 2022; Li et al., 

2021b; Shrestha et al., 

2022) 

Endothelial 

cell 

Decreased proliferation IF with VCAM-1/CD31 antibody, etc. and 3D 

imaging 

Hu/Mus (Chen et al., 2021) 

Stellate cell Decreased proliferation BrdU labeling Rats (Fitzner et al., 2012) 

Decreased ɑ-SMA expression RT-qPCR Rats 

#Note: N.A., Not applicable; Hu, human; Mk, monkey; Mus, mouse; MRI, Magnetic resonance imaging; EUS-elastography: Endoscopic ultrasound elastography; CT, 

Computed tomography; MRCP, Magnetic resonance cholangiopancreatography; ERCP, Endoscopic retrograde pancreatography; IF, Immunofluorescence; IHC, 

Immunohistochemistry; HPLC-ECD, High performance liquid chromatography-electrochemical detection. 

  



Table S16 Summary of putative biomarkers of reproductive system aging. 

Organ Level Biomarker Test methods Species# Reference 

Ovary  Physiology N.A Subfertility N.A Hu/Mk/M

us  

(Ahmed et al., 2020) 

Irregular menstrual cycle N.A Hu (Broekmans et al., 2009) 

Imaging 

traits 

N.A Reduced antral follicle count Transvaginal ultrasonography Hu (Secomandi et al., 2022; Wang 

et al., 2020a; Yureneva et al., 

2021) 

Poor ovarian reserve Modern stereology techniques Mk (Tu et al., 2022). 

Poor response to ovarian stimulation Transvaginal ultrasonography Hu (Ata et al., 2019) 

Body fluid Serum Elevated FSH ELISA Hu (Secomandi et al., 2022) 

Serum Downregulated AMH ELISA Hu (Secomandi et al., 2022) 

Serum Downregulated inhibin-B ELISA Hu (Secomandi et al., 2022) 

Serum Downregulated Estradiol ELISA Hu (Secomandi et al., 2022) 

Serum Elevated GnRH ELISA Hu (Secomandi et al., 2022) 

Tissue Stroma Increased fibrosis: Collagen I, Collagen II Masson staining Mk (Lliberos et al., 2021; Wang et 

al., 2020a) 

Increased 

inflammatory 

processes 

IL-1α/β, TNF-α, IL-6, 

and inflammasome 

genes ASC and NLRP3 

Histological analysis/ELISA Mus (Lliberos et al., 2021) 

Increased macrophage-

derived multinucleated 

giant cells 

Mus (Foley et al., 2021; Umehara et 

al., 2022) 

Increased stiffness: increase in collagen Histological analysis Hu/Mus (Amargant et al., 2020) 



Organ Level Biomarker Test methods Species# Reference 

and decrease in hyaluronan 

Corpus 

luteum 

Dysfunction in progesterone secretion ELISA Hu (Wang et al., 2003b) 

Follicle  Reduced primordial follicle Hematoxylin & Eosin staining Hu/Mk (Wang et al., 2020a) 

Reduced antral follicle Hematoxylin & Eosin staining/transvaginal 

ultrasonography 

Hu/Mk (Secomandi et al., 2022; Wang 

et al., 2020a) 

Increased atretic follicle Hematoxylin & Eosin staining Hu/Mk (Wang et al., 2020a) 

Follicular 

fluid 

Enrichment of ROS damage products ELISA Hu/Mk (Yan et al., 2022) 

Changes of exosomes and exosomal 

miRNAs 

Transmission electron 

microscopy/Sequencing 

Hu (Revelli et al., 2009; Zhang et 

al., 2021a) 

Cellular 

alteration 

Oocyte Increased chromosome mis-segregation 

and aneuploidy formation 

Biopsies of polar bodies/ Immunostaining Hu (Capalbo et al., 2013; 

Christopikou et al., 2013) 

Spindle 

instability 

Downregulated actin 

cytoskeleton 

organization 

Polarized light microscopy/ RT-

qPCR/Immunostaining 

Hu (Gou et al., 2023)  

Reduction of cohesin 

proteins: Rec8, SA3, 

SMC1 

Hu/Mus (Charalambous et al., 2023; 

Chiang et al., 2010; Duncan et 

al., 2012; Jessberger, 2010; Liu 

and Keefe, 2008; Xu et al., 

2005) 

Downregulated antioxidant genes: GPX1, 

GSR 

RT-qPCR/Immunostaining Mk (Wang et al., 2020a) 

Telomere shortening: Tet1 RT-qPCR/Immunostaining Hu/Mus (Keefe et al., 2006) 

Elevated DNA damage: FMR1 RT-qPCR/Immunostaining Hu/Mus (Ruth et al., 2021) 



Organ Level Biomarker Test methods Species# Reference 

Increased DNA oxidation :8-OHdG Immunostaining Hu/Mus/M

k 

(Lim and Luderer, 2011; Wang 

et al., 2020a) 

Mitochondrial 

dysfunction 

Decreased 

mitochondrial 

biogenesis: 

Mitochondria copy 

number, PGC1a 

RT-qPCR Hu/Mus (Wang et al., 2017b) 

Accumulation of 

mtDNA mutations 

PCR/RT-qPCR Hu/Mus (Barritt et al., 2000; Chan et 

al., 2005) 

Lower mtDNA copy 

number 

RT-qPCR Hu/Mus (Chan et al., 2005) 

Improper epigenetic modifications: 

reduced H3K9me3 modifications 

Immunostaining Hu/Mus (Li et al., 2021a) 

Elevated inflammatory response Histological analysis/ELISA Hu/Mus (Lliberos et al., 2021) 

Elevated apoptosis Histological analysis/RT-qPCR Hu/Mus (Li et al., 2022a; Yang et al., 

2019) 

Granulosa 

cell 

 

Downregulated antioxidant genes: IDH1, 

PRDX4, NDUFB10 

RT-qPCR/Immunostaining Hu/Mk (Wang et al., 2020a) 

Elevated advanced glycation end products 

(AGEs) 

ELISA Hu/Mus (Li et al., 2012b; Pertynska-

Marczewska and Diamanti-

Kandarakis, 2017; Stensen et 

al., 2014; Tatone and 

Amicarelli, 2013; Tatone et al., 

2008) 



Organ Level Biomarker Test methods Species# Reference 

Elevated DNA damage: H2AX Immunostaining Hu/Mus (Sun et al., 2018) 

Disordered interaction between oocytes 

and cumulus cells: decreased BMP15, 

GDF9, and C-KIT 

RT-qPCR/Immunostaining Hu/Mus (Park et al., 2020)  

Testis Physiology N.A Male hypogonadism N.A Hu  (Kaufman et al., 2019; 

Mularoni et al., 2020) 

Decreased testicular function N.A Hu (Johnson et al., 2015; Matzkin 

et al., 2021; Salonia et al., 

2019; Sharma et al., 2015) 

Birth defects in offspring N.A Hu (Laurentino et al., 2020; 

Potabattula et al., 2020) 

Imaging 

traits 

N.A Decreased testicular volume Ultrasound Hu (Mahmoud et al., 2003; Well et 

al., 2007; Yang et al., 2011). 

Reduced hormone production and 

spermatogenesis 

2-deoxy-2-[18F]fluoro-D-glucose-(FDG)-

PET 

Hu (Kitajima et al., 2007; Well et 

al., 2007; Yang et al., 2011) 

Reduction in testicular spermatogenesis 

function and testosterone level 

MRI Hu (Wang et al., 2018a) 

Body fluid Blood Decrease of total testosterone and free 

testosterone 

Liquid Chromatography-Tandem Mass 

Spectrometry (LC-MS/MS) 

Hu (Huhtaniemi et al., 2012; Wu 

et al., 2008) 

Downregulated INSL3 Specific time-resolved fluorescent 

immunoassay 

Hu (Ivell et al., 2013; Toppari, 

2021) 

Downregulated inhibin B Immunoassay Hu (Chong et al., 2017; Haji et al., 

1994) 

Downregulated AMH Immunoassay Hu (Chong et al., 2017; Ramezani 



Organ Level Biomarker Test methods Species# Reference 

Tehrani et al., 2017) 

Semen Reduced sperm count Phase contrast microscopy Hu (Neaves et al., 1984) 

Decreased semen volume Graduated conical tubes Hu (Begueria et al., 2014; Pino et 

al., 2020; Veron et al., 2018) 

Reduced sperm motility Cell eosin Y staining and Makler counting 

chamber 

Hu (Begueria et al., 2014; Johnson 

et al., 2015; Pino et al., 2020; 

Veron et al., 2018) 

Reduced sperm function Sperm DNA fragmentation index (DFI) Hu (Chianese et al., 2014; 

Deenadayal Mettler et al., 

2020; Evenson et al., 2020; 

Rosiak-Gill et al., 2019) 

Tissue Seminifero

us tubules 

Mosaic of seminiferous tubular lesions Hematoxylin & Eosin staining Hu (Perheentupa and Huhtaniemi, 

2009) 

Basement membrane and tunica albuginea 

thickening 

Immunostaining Hu/Mk/M

us 

(Dakouane et al., 2005; 

Gosden et al., 1982; Huang et 

al., 2022a; Johnson, 1989; 

Johnson et al., 1984) 

Thinning of the seminiferous epithelium Hematoxylin & Eosin staining Hu (Regadera et al., 1985; Sasano 

and Ichijo, 1969) 

Narrowing of tubular diameter Hematoxylin & Eosin staining Hu (Perheentupa and Huhtaniemi, 

2009) 

Stroma Interstitial fibrosis Masson staining Hu/Mk (Huang et al., 2022a; 

Perheentupa and Huhtaniemi, 

2009) 



Organ Level Biomarker Test methods Species# Reference 

Cellular 

alteration 

Germ cells DNA damage and defects in DNA 

methylation-related molecules: DNMT1 

and Np95 

RT-qPCR/Immunostaining Rat (Selvaratnam et al., 2015; 

Takada et al., 2021) 

Sertoli cells Decreased WT1; Reduced expression of 

junction components proteins: ZO-1, 

Claudin 11, Jam2, Ocln and Ctnna 

RT-qPCR/Immunostaining Hu/Rat/M

k 

(Huang et al., 2022a; Paniagua 

et al., 1985; Paul and Robaire, 

2013) 

Leydig cells Upregulated inflammatory marker: 

cyclooxygenase-2 (COX2) and 

senescence-associated markers：p53, p21 

RT-qPCR/Immunostaining Rat/Mus (Chen et al., 2007; Wang et al., 

2005; Zhang et al., 2020) 

Upregulated ROS production genes: 

PRDX6, SOD2, MT2A, MT1X, NAMPT, 

and HIF1A 

RT-qPCR/Immunostaining Hu (Nie et al., 2022) 

Downregulated capacity of testosterone 

secretion genes: Star, Cyp17a1, Cyp11a1, 

Hsd3b6, Hsd17b3, and LH receptors 

RT-qPCR/Immunostaining Rat/Mus (Amador et al., 1985; Curley et 

al., 2019) 

Upregulated suppress cell survival and 

proliferation suppressors: PTEN, RHOB, 

and ROCK1/2 

RT-qPCR/Immunostaining Hu (Nie et al., 2022) 

Upregulated smooth muscle contraction 

genes: ACTA2, MYH11, TPM1/2, MYL9, 

and FLNA 

RT-qPCR/Immunostaining Hu (Nie et al., 2022) 

#Note: Hu, human; Mk, monkey; Mus, mouse. 

  



Table S17 Summary of putative biomarkers of immune system aging. 

Organ Level Biomarker Test methods Species# Reference 

Immune Physiology N.A Compromised organismal barriers N.A Hu/Mus (Lian et al., 2020; Rodrigues et 

al., 2021) Excessive inflammatory signaling N.A Hu/Mus 

Degeneration of thymus, exhaustion of adaptive immunity N.A Hu/Mus 

Imaging traits N.A Fat cells increase in bone marrow  magnetic resonance 

imaging (MRI) 

Hu (Blebea et al., 2007) 

Cellular 

alteration 

Macrophages Decreased Macrophages subset: alveolar macrophages; peritoneal 

macrophages  

Increased Macrophages subset: abundance of Fn1+ Ccr2+ interstitial 

macrophages; CX3CR1+ macrophages in the liver kidney; fetal-

derived macrophages in mammary tissue 

scRNA-seq; flow 

cytometry; microscopy 

Mus (Angelidis et al., 2019; Ide et 

al., 2020; Li et al., 2020; 

Linehan et al., 2014; 

McQuattie-Pimentel et al., 

2021; Mogilenko et al., 2022; 

Mogilenko et al., 2021; Wong 

et al., 2017) 

Neutrophils Declined migration and phagocytic ability; 

Susceptibility to the apoptosis process 

scRNA-seq; flow 

cytometry 

Hu/Mus (Brubaker et al., 2013) 

Natural killer 

(NK) cells 

Declined cytotoxicity; 

Decreased production of cytokines and chemokines; Decreased 

interaction with DC and macrophages; 

Downregulated genes: NKp30, NKp46, DNAM-1, NKG2A 

Upregulated genes: KIR, NKG2C, CD57 

scRNA-seq; flow 

cytometry 

Hu/Mus (Manser and Uhrberg, 2016; 

Solana et al., 2018; Solana et 

al., 2012) 

Dendritic cells Decreased abundance; 

Decreased production of IFN I and IFN II 

Increased production of IL-6 and TNF-a, 

scRNA-seq; flow 

cytometry 

Hu/Mus  (Agrawal and Gupta, 2011; 

Gupta, 2014; Jing et al., 2009; 

Mogilenko et al., 2022; Stervbo 



Organ Level Biomarker Test methods Species# Reference 

lower MHC Ⅱ molecular expressions in cell surface et al., 2015), 

T cells Declined naïve T cell frequency;  

Increased memory T cell frequency; 

Declined TCR diversity  

Downregulated genes: CD27, CD28, Lck, ZAP70, DLG1, Lat, SLP-

76, Perforin, GzmB 

Upregulated genes: P16, P21, P53, CD57, KLRG-1, Tim-3, TIGIT, 

CD45RA 

scRNA-seq; flow 

cytometry 

Hu/Mus (Rodier et al., 2009; Zhao et al., 

2020). 

(Lian et al., 2020; Mittelbrunn 

and Kroemer, 2021; Zhang et 

al., 2021b) 

B cells Declined naïve B cells frequency; 

Increased memory B cell frequency; 

Impaired B cells activation; 

Impaired ability of forming antibodies; 

Downregulated genes: CD27, CD40 

scRNA-seq; flow 

cytometry 

Hu/Mus (El-Naseery et al., 2020; 

Johnson et al., 2002; Pinti et al., 

2016) 

Body fluid Blood Pro-inflammation factors associated with CLIP  

(IL6,CRP,TNFα,IL1,IL8,ect) 

ELISA Hu (Chen et al., 2019; Rusanova et 

al., 2018) 

LncRNA NEAT1 and MALAT1 in exhausted T cells and monocytes 

associated with aging and frailty 

single-cell 

transcriptome seq 

Hu (Luo et al., 2022) 

LncRNA THBS1-IT1 and THBS1-AS1 in WBC qPCR Hu (Jiang et al., 2021) 

LncRNA NRON in both CD28nullCD8+ T cells and CMVpp65CD8+ T 

cells 

qPCR Hu (Wang et al., 2019b) 

LncRNA NONHSAT069381 and NONHSAT140844 in blood sample qPCR Hu (Zhao et al., 2021) 

miR-223 in circulating neutrophils qPCR Hu/Mus (Ruixue Ren et al., 2022) 

miR-34a and miR-9 in PBMC qPCR Hu (Budzinska et al., 2016; 

Owczarz et al., 2017) 



Organ Level Biomarker Test methods Species# Reference 

miR-96 and miR-145 in PBMC qPCR Hu (Budzinska et al., 2016) 

miR-21, miR-146a, miR-223 and miR-483 in blood sample qPCR Hu (Rusanova et al., 2018) 

miR-181a in T cells qPCR Hu (Kim et al., 2021; Li et al., 

2012a; Ye et al., 2018) 

miR-181a-5p in NK cells qPCR Hu (Lu et al., 2021) 

miR-125b in monocytes and naïve CD8 T cells qPCR Hu (Cheng et al., 2015) 

Urine Urinary C-peptide of insulin Radioimmunoassay Mk (Sacco et al., 2021) 

Thyroid hormones 

ELISA 

bonobos 

and 

chimpanze

es 

(Behringer et al., 2014) 

Neopterin HPLC, ELISA Hu (Cooper et al., 2022; Svoboda 

et al., 2008) 

8-hydroxy-2'-deoxyguanosine HPLC Hu (Svoboda et al., 2008) 

SASP factors in EV Capture sandwich 

assay 

Hu (Yeh et al., 2021) 

Cell-Free Mitochondrial DNA qPCR Hu (Carrie D Johnston et al., 2021) 

CSF Lipid transport genes (e.g., APOE, APOC2 and APOBR) in non-

classical monocytes 

single-cell 

transcriptome seq 

Hu (Piehl et al., 2022) 

Kynurenine pathway metabolites LC-MS/MS Hu (Solvang et al., 2022) 

TNF-, IL-10, IP-10 and IL-8 ELISA Hu (Hu et al., 2019) 

CCL11 ELISA Hu/Mus (Huber et al., 2018) 

#Note: Hu, human; Mk, monkey; Mus, mouse. 



Table S18 Phenotypic aging clocks. 

Types Sources Algorithm Evaluation Metrics (in years) Reference 

Phenotypes Eye corner  

images 

DNN -- MAE = 2.30 (Bobrov et al., 2018) 

Phenotypes 3D facial  

images 

SVR (linear kernel) and 

PLSR 

Definition of slow and fast 

agers supported by levels of 

health indicators 

MAE = 6.1  (Chen et al., 2015) 

Phenotypes 3D facial  

images 

CNN Association with health 

parameters (n>20) and 

lifestyles 

MAE = 2.8 for age; 

MAE =2.9 for perceived 

age 

(Xia et al., 2020) 

Phenotypes Brain MRI data CNN -- MAE = 4.65  (Cole et al., 2017) 

Phenotypes Brain MRI data 3D CNN  Association with early signs 

of 

Alzheimer’s disease 

MAE = 2.3 (Yin et al., 2023) 

Phenotypes Psycho-social  

questionnaires 

DNN Predictive of all-cause 

mortality risk 

MAE = 6.70 for age; 

MAE = 7.32 for perceived 

age 

(Zhavoronkov et al., 

2020) 

DNN: deep neural network; SVR: support vector regression; PLSR: partial least squares regression; MRI: magnetic resonance imaging; CNN: convolutional neural network; 

  



Table S19 Transcriptomic aging clocks. 

Types Sources Algorithm Evaluation Metrics (in years) Reference 

Transcriptomics Human peripheral blood Linear regression Associations with some biomarkers and 

risk factors 

MAE = 7.80 (Peters et al., 2015) 

Transcriptomics Human dermal 

fibroblasts 

Ensemble ML classifiers Detecting accelerated ageing in progeria 

samples 

MAE = 4.0 (Fleischer et al., 

2018) 

Transcriptomics Human skeletal muscle Deep feature selection model -- MAE = 6.19 (Mamoshina et al., 

2018) 

Transcriptomics Caenorhabditis 

Elegans and 

human fibroblasts 

Binarized data with 

ElasticNet regression 

Detecting accelerated ageing in progeria 

samples 

MAE = 6.63 (Meyer and 

Schumacher, 2021) 

Transcriptomics Human epidermal skin 

samples 

Knowledge-primed artificial 

neural networks 

Model responded in expected ways to 

known perturbations of biological age in 

silico 

MeAE = 4.71 (Holzscheck et al., 

2021) 

Transcriptomics Human CD8+ T cells 

(single cell) 

Mixed-effect ElasticNet Associations with differentiation and 

mutation burden 

-- (Lu et al., 2022) 



Types Sources Algorithm Evaluation Metrics (in years) Reference 

Transcriptomic Mouse subventricular 

zone neurogenic region 

(single cell) 

Lasso and ElasticNet 

regression 

Quantification of transcriptomic 

rejuvenation 

Error = 2.3–4.6 

(months) 

(Buckley et al., 

2023) 

  



Table S20 Summary of metabolic aging clocks. 

 Data resource Clock name Source Number Age range Resource 
Detection 

approach 
Algorithm 

Error range 

(in years) 
Reference 

1 Metabolomics Metabolic score Baltimore 

cohort 

N= 212,157 20-79 years Urine 1H-NMR MFP RMSE = 

11.19 for 

men 

RMSE = 

10.37 for 

women 

(Hertel et al., 

2016) 

2 Metabolomics metaboAge BBMRI-NL N = 25,253 18-85 years Blood 1H-NMR Linear Median error 

= 7.3 

(van den 

Akker et al., 

2020) 

3 Metabolomics Metabolomic 

age 

The UK 

Airwave 

cohort 

N = 2,239 19.2-65.2 

years 

Blood and 

urine 

Multiple 

platforms 

Linear MAE = 3.96 (Robinson et 

al., 2020) 

4 Metabolomics Metabolomic 

age predictor 

The KarMe 

study 

N = 301 18-80 years Blood and 

urine 

Multiple 

platforms 

SVMlinear, 

glmnet, PLS 

RMSE = 

8.31-10.98 

for men 

RMSE = 

9.02-10.88 

for women 

(Rist et al., 

2017) 

5 Metabolomics Metabolomic 

Aging Clock 

This study N = 85 20-86 years CSF Multiple 

platforms 

Linear MAE = 6.91-

12.85 

(Hwangbo et 

al., 2022) 

1H-NMR, proton nuclear magnetic resonance; MFP, multivariable fractional polynomial procedure; RMSE, root mean squared error; MAE, mean absolute error; SVM, 

support vector machine; PLS, partial least squares; CSF, cerebrospinal fluid. 

  



Table S21 Aging clocks at single-cell resolution. 

Data resource Clock name Species Age  Sample Number Cell Number Reference 

Methylome  scAge Mouse  1.5 months - 26 months 12 301 (Trapp et al., 2021) 

Methylome  PRC2 clock Mouse  2 months - 22 months 8 95 (Moqri et al., 2022) 

Methylome  Tarkhov clock Mouse  2 months - 24 months 6 275 (Tarkhov et al., 2022) 

ATAC-seq  EpiTrace Human 
Cultured hematopoietic 

stem cells for 20 days 
-- 800 (Rechsteiner et al., 2022) 

Transcriptome GERAS Zebrafish 1 mpf - 14 mpf 6 827 (Singh et al., 2018) 

Transcriptome Buckley clock Mouse  3 months - 29 months 28 21,458 (Buckley et al., 2022) 

Transcriptome Neumann clock Mouse  3 months - 24 months 19 33,785 (Neumann et al., 2023) 

Transcriptome Lu clock Human Newborn - 90 years 24 120,418 (Lu et al., 2022) 

 

  



Table S22 Characteristics of imaging modalities in aging clocks. 

Imaging 

modality  
Stage 

Spatial 

resolution 
Invasion Imaging content Merits Demerits Imaging agents 

Applications in 

aging clocks 
Reference 

PET/CT 
Preclinical 

and clinical 
3 mm No 

Molecular and 

functional 

changes; 

morphological 

changes 

Relatively short 

scanning time; 

whole-body view 

Radiation; 

complicated 

processes of 

radioprotection; high 

cost 

Radionuclides 

(e.g., 18F, 11C, 

68Ga) labeled 

ligands 

Molecular and 

functional 

changes of 

aging clocks 

(Paydary et 

al., 2021; 

Prenosil et 

al., 2022) 

PET/MRI 
Preclinical 

and clinical 
3 mm No 

Molecular and 

functional 

changes; 

morphological 

changes 

High-resolution of 

soft tissues 

Radiation; 

complicated 

processes of 

radioprotection; high 

cost 

Radionuclides 

(e.g., 18F, 11C, 

68Ga) labeled 

ligands 

Molecular and 

functional 

changes of 

aging clocks 

(Yan et al., 

2020) 

SPECT/CT 
Preclinical 

and clinical 
3-5 mm No 

Molecular and 

functional 

changes; 

morphological 

changes 

Easily available 

imaging agents; 

economic; 

Radiation; relatively 

low spatial resolution 

Radionuclides 

(e.g., 99mTc, 131I, 

111In, 18F) labeled 

ligands 

Molecular and 

functional 

changes of 

aging clocks 

(Ritt, 2022; 

Zhou et al., 

2021) 

MRI 
Preclinical 

and clinical  
2 mm No 

Functional and 

morphological 

changes 

High-resolution of 

soft tissues; non-

radiation 

Relatively long 

scanning time; strict 

contraindications 

Gadolinium 

contrast media 

Functional and 

morphological 

changes of 

aging organs 

(de Lange et 

al., 2020) 



Imaging 

modality  
Stage 

Spatial 

resolution 
Invasion Imaging content Merits Demerits Imaging agents 

Applications in 

aging clocks 
Reference 

Ultrasound 
Preclinical 

and clinical 
25-50 μm No 

Functional and 

morphological 

changes 

Convenient; 

economic; non-

radiation 

Narrow field of view 

Lipid 

microbubble; 

nanobubble 

Morphological 

alterations of 

aging organs 

(Brown et 

al., 2020; 

Stelwagen et 

al., 2020) 

Photoacoustic 

imaging 

Preclinical 

and clinical 
1–10 μm Yes 

Molecular and 

functional 

changes 

Super high 

resolution; high 

sensitivity 

Limited penetration 

depth  

Nanoparticles 

and organic dyes 

Molecular and 

functional 

changes of 

aging related 

diseases 

(Lin and 

Wang, 2022) 

Near-infrared 

(NIR) 

fluorescent 

imaging 

Preclinical 

and clinical 
4 μm No 

Molecular and 

functional 

changes 

Super high 

resolution; high 

sensitivity 

Limited penetration 

depth; lack of 

approved imaging 

agents 

Nanoparticles 

Molecular and 

functional 

changes of 

aging related 

diseases 

(Dang and 

Yan, 2021; 

Li et al., 

2022b) 

  



Table S23 Summary of PET imaging application in aging clocks. 

Imaging 

scale 
Hallmarks Studied aspects  Imaging targets  

Direct/Indirect 

observation 
Imaging modality Imaging agents Reference 

Cell 

molecular 

level 

Genomic 

instability 
DNA damages 

PARP Direct PET 18F-FTT, 18F-PARPi, 18F-olaparib 

(Pantel et al., 2022; 

Schöder et al., 2020; 

Wilson et al., 2019) 

γH2AX Direct PET 89Zr-anti-γH2AX-TAT (Knight et al., 2017) 

Epigenetic 

alterations 

DNA 

methylation 

DAT Indirect  PET 18F-FP-CIT (Pak et al., 2021) 

MGMT Indirect PET 11C-MET (Yu et al., 2019) 

Histone 

modification 

HDAC Direct PET 
11C-MS-275, 11C-Martinostat, 18F-

SAHA 

(Hendricks et al., 2011; 

Hooker et al., 2010; 

Pascoal et al., 2022) 

HDAC Indirect PET 18F-FDG (Schroeder et al., 2013) 

Telomere 

attrition 

Telomerase 

function 
hTERT Direct PET hyperpolarized [U-13C, U-2H]-glucose  (Viswanath et al., 2021) 

Loss of 

proteostasis 

Chaperones HSP Direct PET 
124I- labeled monoclonal antibody, 11C-

NMS-E973 

(Vermeulen et al., 2019; 

Wick et al., 2014) 

Autophagy 
Autophagy induced 

hypoxia 
Direct PET 18F-EF5, 18F-HX4 (Levy et al., 2017) 

Organ level 

Misfolded 

proteins in the 

brain 

Aβ plaques Aβ 
Direct PET 

11C-PiB, 18F-florbetapir, 18F-

flutemetamol, 18F-florbetaben 

(Blazhenets et al., 2020; 

Cho et al., 2020; Vemuri 

et al., 2019) 

Indirect PET 18F-FDG (Doering et al., 2021) 

Tau proteins Tau Direct PET 18F-AV1451 
(Ossenkoppele et al., 

2021; Schöll et al., 2016) 



Imaging 

scale 
Hallmarks Studied aspects  Imaging targets  

Direct/Indirect 

observation 
Imaging modality Imaging agents Reference 

Oxidative 

stress in the 

heart 

Mitochondrial 

dysfunction 

Mitochondrial 

membrane 

potential 

Direct PET 18F-TPP+ 

(Pelletier-Galarneau et 

al., 2021a; Pelletier-

Galarneau et al., 2021b) 

Mitochondria Direct 

Dual-modal 

imaging (PET and 

fluorescence 

imaging) 

18F-5MEF (Zheng et al., 2022) 

Chronic 

inflammation 

in the blood 

vessel 

Atherosclerotic 

plaques 

Microcalcification 

activity 
Direct PET 18F-NaF (Kaczynski et al., 2022) 

Macrophage 

density 
Indirect PET 18F-FDG 

(Chaker et al., 2019; 

Tawakol et al., 2006) 

  



References 

Abbasi, S.A., Shah, R.V., McNulty, S.E., Hernandez, A.F., Semigran, M.J., Lewis, G.D., Jerosch-Herold, M., Kim, R.J., Redfield, M.M., and Kwong, R.Y. (2016). Left Atrial 

Structure and Function in Heart Failure with Preserved Ejection Fraction: A RELAX Substudy. PLoS One 11, e0164914. 

Abdelfatah, N., Chen, R., Duff, H.J., Seifer, C.M., Buffo, I., Huculak, C., Clarke, S., Clegg, R., Jassal, D.S., Gordon, P.M.K., et al. (2019). Characterization of a Unique Form 

of Arrhythmic Cardiomyopathy Caused by Recessive Mutation in LEMD2. JACC Basic Transl Sci 4, 204-221. 

Abou, R., Leung, M., Tonsbeek, A.M., Podlesnikar, T., Maan, A.C., Schalij, M.J., Ajmone Marsan, N., Delgado, V., and Bax, J.J. (2017). Effect of Aging on Left Atrial 

Compliance and Electromechanical Properties in Subjects Without Structural Heart Disease. Am J Cardiol 120, 140-147. 

Acosta, J.C., O'Loghlen, A., Banito, A., Guijarro, M.V., Augert, A., Raguz, S., Fumagalli, M., Da Costa, M., Brown, C., Popov, N., et al. (2008). Chemokine signaling via the 

CXCR2 receptor reinforces senescence. Cell 133, 1006-1018. 

Agrawal, A., and Gupta, S. (2011). Impact of aging on dendritic cell functions in humans. Ageing Res Rev 10, 336-345. 

Aguayo-Mazzucato, C., Andle, J., Lee, T.B., Jr., Midha, A., Talemal, L., Chipashvili, V., Hollister-Lock, J., van Deursen, J., Weir, G., and Bonner-Weir, S. (2019). Acceleration 

of beta Cell Aging Determines Diabetes and Senolysis Improves Disease Outcomes. Cell Metab 30, 129-142 e124. 

Aguayo-Mazzucato, C., van Haaren, M., Mruk, M., Lee, T.B., Jr., Crawford, C., Hollister-Lock, J., Sullivan, B.A., Johnson, J.W., Ebrahimi, A., Dreyfuss, J.M., et al. (2017). 

beta Cell Aging Markers Have Heterogeneous Distribution and Are Induced by Insulin Resistance. Cell Metab 25, 898-910 e895. 

Ahlenius, H., Visan, V., Kokaia, M., Lindvall, O., and Kokaia, Z. (2009). Neural stem and progenitor cells retain their potential for proliferation and differentiation into functional 

neurons despite lower number in aged brain. J Neurosci 29, 4408-4419. 

Ahmed, T.A., Ahmed, S.M., El-Gammal, Z., Shouman, S., Ahmed, A., Mansour, R., and El-Badri, N. (2020). Oocyte Aging: The Role of Cellular and Environmental Factors 

and Impact on Female Fertility. Adv Exp Med Biol 1247, 109-123. 

Ajdžanović, V.Z., Filipović, B.R., Šošić Jurjević, B.T., and Milošević, V.L. (2017). Testosterone supplementation, glucocorticoid milieu and bone homeostasis in the ageing 

male. Fundam Clin Pharmacol 31, 372-382. 

Albano, D., Messina, C., Vitale, J., and Sconfienza, L.M. (2020). Imaging of sarcopenia: old evidence and new insights. European radiology 30, 2199-2208. 

Almaça, J., Molina, J., Arrojo E Drigo, R., Abdulreda, M.H., Jeon, W.B., Berggren, P.-O., Caicedo, A., and Nam, H.G. (2014). Young capillary vessels rejuvenate aged pancreatic 

islets. Proceedings of the National Academy of Sciences of the United States of America 111, 17612-17617. 

Almeida, M., Laurent, M.R., Dubois, V., Claessens, F., O'Brien, C.A., Bouillon, R., Vanderschueren, D., and Manolagas, S.C. (2017). Estrogens and Androgens in Skeletal 

Physiology and Pathophysiology. Physiol Rev 97, 135-187. 

Amador, A., Steger, R.W., Bartke, A., Johns, A., Siler-Khodr, T.M., Parker, C.R., Jr., and Shepherd, A.M. (1985). Testicular LH receptors during aging in Fisher 344 rats. J 



Androl 6, 61-64. 

Amargant, F., Manuel, S.L., Tu, Q., Parkes, W.S., Rivas, F., Zhou, L.T., Rowley, J.E., Villanueva, C.E., Hornick, J.E., Shekhawat, G.S., et al. (2020). Ovarian stiffness increases 

with age in the mammalian ovary and depends on collagen and hyaluronan matrices. Aging Cell 19, e13259. 

An, R., Wilms, E., Masclee, A.A.M., Smidt, H., Zoetendal, E.G., and Jonkers, D. (2018). Age-dependent changes in GI physiology and microbiota: time to reconsider? Gut 67, 

2213-2222. 

Anand, B.S., Vij, J.C., Mac, H.S., Chowdhury, V., and Kumar, A. (1989). Effect of aging on the pancreatic ducts: a study based on endoscopic retrograde pancreatography. 

Gastrointest Endosc 35, 210-213. 

Angelidis, I., Simon, L.M., Fernandez, I.E., Strunz, M., Mayr, C.H., Greiffo, F.R., Tsitsiridis, G., Ansari, M., Graf, E., Strom, T.M., et al. (2019). An atlas of the aging lung 

mapped by single cell transcriptomics and deep tissue proteomics. Nat Commun 10, 963. 

Arnetz, B.B., Kallner, A., and Theorell, T. (1982). The influence of aging on hemoglobin A1c (HbA1c). J Gerontol 37, 648-650. 

Ata, B., Seyhan, A., and Seli, E. (2019). Diminished ovarian reserve versus ovarian aging: overlaps and differences. Curr Opin Obstet Gynecol 31, 139-147. 

Bacos, K., Gillberg, L., Volkov, P., Olsson, A.H., Hansen, T., Pedersen, O., Gjesing, A.P., Eiberg, H., Tuomi, T., Almgren, P., et al. (2016). Blood-based biomarkers of age-

associated epigenetic changes in human islets associate with insulin secretion and diabetes. Nature Communications 7. 

Baerlocher, G.M., Vulto, I., de Jong, G., and Lansdorp, P.M. (2006). Flow cytometry and FISH to measure the average length of telomeres (flow FISH). Nat Protoc 1, 2365-

2376. 

Baines, H.L., Stewart, J.B., Stamp, C., Zupanic, A., Kirkwood, T.B., Larsson, N.G., Turnbull, D.M., and Greaves, L.C. (2014). Similar patterns of clonally expanded somatic 

mtDNA mutations in the colon of heterozygous mtDNA mutator mice and ageing humans. Mech Ageing Dev 139, 22-30. 

Baird, D.M., Rowson, J., Wynford-Thomas, D., and Kipling, D. (2003). Extensive allelic variation and ultrashort telomeres in senescent human cells. Nature genetics 33, 203-

207. 

Bakala, H., Delaval, E., Hamelin, M., Bismuth, J., Borot-Laloi, C., Corman, B., and Friguet, B. (2003). Changes in rat liver mitochondria with aging. Lon protease-like reactivity 

and N(epsilon)-carboxymethyllysine accumulation in the matrix. Eur J Biochem 270, 2295-2302. 

Baker, N., Wade, S., Triolo, M., Girgis, J., Chwastek, D., Larrigan, S., Feige, P., Fujita, R., Crist, C., Rudnicki, M.A., et al. (2022). The mitochondrial protein OPA1 regulates 

the quiescent state of adult muscle stem cells. Cell Stem Cell 29, 1315-1332.e1319. 

Baldo, M.P., Cunha, R.S., Molina, M., Chor, D., Griep, R.H., Duncan, B.B., Schmidt, M.I., Ribeiro, A.L.P., Barreto, S.M., Lotufo, P.A., et al. (2018). Carotid-femoral pulse 

wave velocity in a healthy adult sample: The ELSA-Brasil study. Int J Cardiol 251, 90-95. 

Barritt, J.A., Cohen, J., and Brenner, C.A. (2000). Mitochondrial DNA point mutation in human oocytes is associated with maternal age. Reprod Biomed Online 1, 96-100. 



Basatemur, G.L., Jørgensen, H.F., Clarke, M.C.H., Bennett, M.R., and Mallat, Z. (2019). Vascular smooth muscle cells in atherosclerosis. Nat Rev Cardiol 16, 727-744. 

Basso, A., Piantanelli, L., Rossolini, G., and Roth, G.S. (1998). Reduced DNA synthesis in primary cultures of hepatocytes from old mice is restored by thymus grafts. J 

Gerontol A Biol Sci Med Sci 53, B111-116. 

Basu, R., Breda, E., Oberg, A.L., Powell, C.C., Dalla Man, C., Basu, A., Vittone, J.L., Klee, G.G., Arora, P., Jensen, M.D., et al. (2003). Mechanisms of the age-associated 

deterioration in glucose tolerance: contribution of alterations in insulin secretion, action, and clearance. Diabetes 52, 1738-1748. 

Begueria, R., Garcia, D., Obradors, A., Poisot, F., Vassena, R., and Vernaeve, V. (2014). Paternal age and assisted reproductive outcomes in ICSI donor oocytes: is there an 

effect of older fathers? Hum Reprod 29, 2114-2122. 

Beh, C.W., Zhang, Y., Zheng, Y.L., Sun, B., and Wang, T.H. (2018). Fluorescence spectroscopic detection and measurement of single telomere molecules. Nucleic Acids Res 

46, e117. 

Behringer, V., Deschner, T., Murtagh, R., Stevens, J.M., and Hohmann, G. (2014). Age-related changes in thyroid hormone levels of bonobos and chimpanzees indicate 

heterochrony in development. J Hum Evol 66, 83-88. 

Bendix, L., Horn, P.B., Jensen, U.B., Rubelj, I., and Kolvraa, S. (2010). The load of short telomeres, estimated by a new method, Universal STELA, correlates with number of 

senescent cells. Aging Cell 9, 383-397. 

Bennett, A.E., Wahner, H.W., Riggs, B.L., and Hintz, R.L. (1984). Insulin-like growth factors I and II: aging and bone density in women. J Clin Endocrinol Metab 59, 701-704. 

Bennett, I.J., and Madden, D.J. (2014). Disconnected aging: cerebral white matter integrity and age-related differences in cognition. Neuroscience 276, 187-205. 

Bernard, C., Dilharreguy, B., Helmer, C., Chanraud, S., Amieva, H., Dartigues, J.F., Allard, M., and Catheline, G. (2015). PCC characteristics at rest in 10-year memory decliners. 

Neurobiol Aging 36, 2812-2820. 

Bernasochi, G.B., Boon, W.C., Curl, C.L., Varma, U., Pepe, S., Tare, M., Parry, L.J., Dimitriadis, E., Harrap, S.B., Nalliah, C.J., et al. (2017). Pericardial adipose and aromatase: 

A new translational target for aging, obesity and arrhythmogenesis? J Mol Cell Cardiol 111, 96-101. 

Berron, D., Vogel, J.W., Insel, P.S., Pereira, J.B., Xie, L., Wisse, L.E.M., Yushkevich, P.A., Palmqvist, S., Mattsson-Carlgren, N., Stomrud, E., et al. (2021). Early stages of tau 

pathology and its associations with functional connectivity, atrophy and memory. Brain 144, 2771-2783. 

Blazhenets, G., Ma, Y., Sörensen, A., Schiller, F., Rücker, G., Eidelberg, D., Frings, L., and Meyer, P.T. (2020). Predictive Value of 18F-Florbetapir and 18F-FDG PET for 

Conversion from Mild Cognitive Impairment to Alzheimer Dementia. J Nucl Med 61, 597. 

Blebea, J.S., Houseni, M., Torigian, D.A., Fan, C., Mavi, A., Zhuge, Y., Iwanaga, T., Mishra, S., Udupa, J., Zhuang, J., et al. (2007). Structural and functional imaging of normal 

bone marrow and evaluation of its age-related changes. Seminars in nuclear medicine 37, 185-194. 

Bloomer, S.A., and Moyer, E.D. (2021). Hepatic macrophage accumulation with aging: cause for concern? American journal of physiology Gastrointestinal and liver physiology 



320, G496-G505. 

Bobrov, E., Georgievskaya, A., Kiselev, K., Sevastopolsky, A., Zhavoronkov, A., Gurov, S., Rudakov, K., Del Pilar Bonilla Tobar, M., Jaspers, S., and Clemann, S. (2018). 

PhotoAgeClock: deep learning algorithms for development of non-invasive visual biomarkers of aging. Aging (Albany NY) 10, 3249-3259. 

Bolignano, D., Mattace-Raso, F., Sijbrands, E.J., and Zoccali, C. (2014). The aging kidney revisited: a systematic review. Ageing Res Rev 14, 65-80. 

Bonte, S., Vandemaele, P., Verleden, S., Audenaert, K., Deblaere, K., Goethals, I., and Van Holen, R. (2017). Healthy brain ageing assessed with 18F-FDG PET and age-

dependent recovery factors after partial volume effect correction. Eur J Nucl Med Mol Imaging 44, 838-849. 

Boonen, S., Aerssens, J., Dequeker, J., Nicholson, P., Cheng, X., Lowet, G., Verbeke, G., and Bouillon, R. (1997). Age-associated decline in human femoral neck cortical and 

trabecular content of insulin-like growth factor I: potential implications for age-related (type II) osteoporotic fracture occurrence. Calcif Tissue Int 61, 173-178. 

Bossone, E., and Eagle, K.A. (2021). Epidemiology and management of aortic disease: aortic aneurysms and acute aortic syndromes. Nat Rev Cardiol 18, 331-348. 

Bota, D.A., Van Remmen, H., and Davies, K.J. (2002). Modulation of Lon protease activity and aconitase turnover during aging and oxidative stress. FEBS Lett 532, 103-106. 

Brack, A.S., Conboy, M.J., Roy, S., Lee, M., Kuo, C.J., Keller, C., and Rando, T.A. (2007). Increased Wnt signaling during aging alters muscle stem cell fate and increases 

fibrosis. Science 317, 807-810. 

Broekmans, F.J., Soules, M.R., and Fauser, B.C. (2009). Ovarian aging: mechanisms and clinical consequences. Endocr Rev 30, 465-493. 

Brown, K.G., Ghosh, D., and Hoyt, K. (2020). Deep Learning of Spatiotemporal Filtering for Fast Super-Resolution Ultrasound Imaging. IEEE Transactions on Ultrasonics, 

Ferroelectrics, and Frequency Control 67, 1820-1829. 

Brown, W.R., and Thore, C.R. (2011). Review: cerebral microvascular pathology in ageing and neurodegeneration. Neuropathol Appl Neurobiol 37, 56-74. 

Brubaker, A.L., Rendon, J.L., Ramirez, L., Choudhry, M.A., and Kovacs, E.J. (2013). Reduced neutrophil chemotaxis and infiltration contributes to delayed resolution of 

cutaneous wound infection with advanced age. Journal of immunology 190, 1746-1757. 

Bucaciuc Mracica, T., Anghel, A., Ion, C.F., Moraru, C.V., Tacutu, R., and Lazar, G.A. (2020). MetaboAge DB: a repository of known ageing-related changes in the human 

metabolome. Biogerontology 21, 763-771. 

Buckley, M.T., Sun, E.D., George, B.M., Liu, L., Schaum, N., Xu, L., Reyes, J.M., Goodell, M.A., Weissman, I.L., Wyss-Coray, T., et al. (2022). Cell-type-specific aging clocks 

to quantify aging and rejuvenation in neurogenic regions of the brain. Nature Aging. 

Buckley, M.T., Sun, E.D., George, B.M., Liu, L., Schaum, N., Xu, L., Reyes, J.M., Goodell, M.A., Weissman, I.L., Wyss-Coray, T., et al. (2023). Cell-type-specific aging clocks 

to quantify aging and rejuvenation in neurogenic regions of the brain. Nature Aging 3, 121-137. 

Budzinska, M., Owczarz, M., Pawlik-Pachucka, E., Roszkowska-Gancarz, M., Slusarczyk, P., and Puzianowska-Kuznicka, M. (2016). miR-96, miR-145 and miR-9 expression 

increases, and IGF-1R and FOXO1 expression decreases in peripheral blood mononuclear cells of aging humans. BMC Geriatr 16, 200. 



Cai, Y., Song, W., Li, J., Jing, Y., Liang, C., Zhang, L., Zhang, X., Zhang, W., Liu, B., An, Y., et al. (2022). The landscape of aging. Sci China Life Sci 65, 2354-2454. 

Campbell, R.T., Jasilek, A., Mischak, H., Nkuipou-Kenfack, E., Latosinska, A., Welsh, P.I., Jackson, C.E., Cannon, J., McConnachie, A., Delles, C., et al. (2020). The novel 

urinary proteomic classifier HF1 has similar diagnostic and prognostic utility to BNP in heart failure. ESC Heart Fail 7, 1595-1604. 

Cao, Y., Zhou, K., Diao, W., Long, X., Tian, F., Su, M., and Jia, Z. (2021). Age-related changes of standardized uptake values in the blood pool and liver: a decade-long 

retrospective study of the outcomes of 2,526 subjects. Quantitative imaging in medicine and surgery 11, 95-106. 

Cao, Z., Lis, R., Ginsberg, M., Chavez, D., Shido, K., Rabbany, S.Y., Fong, G.H., Sakmar, T.P., Rafii, S., and Ding, B.S. (2016). Targeting of the pulmonary capillary vascular 

niche promotes lung alveolar repair and ameliorates fibrosis. Nat Med 22, 154-162. 

Capalbo, A., Bono, S., Spizzichino, L., Biricik, A., Baldi, M., Colamaria, S., Ubaldi, F.M., Rienzi, L., and Fiorentino, F. (2013). Sequential comprehensive chromosome analysis 

on polar bodies, blastomeres and trophoblast: insights into female meiotic errors and chromosomal segregation in the preimplantation window of embryo development. Hum 

Reprod 28, 509-518. 

Carlson, M.E., Hsu, M., and Conboy, I.M. (2008). Imbalance between pSmad3 and Notch induces CDK inhibitors in old muscle stem cells. Nature 454, 528-532. 

Carrie D Johnston, Eugenia L Siegler, Michelle C Rice, Heather M Derry, Katie C Hootman , Yuan-Shan Zhu, Chelsie O Burchett, Samir K Gupta, Mary E Choi, and Glesby, 

M.J. (2021). Urine Cell-Free Mitochondrial DNA as a Marker of Weight Loss and Body Composition in Older Adults With HIV. J Acquir Immune Defic Syndr 88, 229-233. 

Cawthon, R.M. (2002). Telomere measurement by quantitative PCR. Nucleic Acids Res 30, e47. 

Chaker, S., Al-Dasuqi, K., Baradaran, H., Demetres, M., Delgado, D., Nehmeh, S., Osborne, J.R., Christos, P.J., Kamel, H., and Gupta, A. (2019). Carotid Plaque Positron 

Emission Tomography Imaging and Cerebral Ischemic Disease. Stroke 50, 2072-2079. 

Chakkalakal, J.V., Jones, K.M., Basson, M.A., and Brack, A.S. (2012). The aged niche disrupts muscle stem cell quiescence. Nature 490, 355-360. 

Chambers, E.S., and Akbar, A.N. (2020). Can blocking inflammation enhance immunity during aging? J Allergy Clin Immunol 145, 1323-1331. 

Chan, C.C., Liu, V.W., Lau, E.Y., Yeung, W.S., Ng, E.H., and Ho, P.C. (2005). Mitochondrial DNA content and 4977 bp deletion in unfertilized oocytes. Mol Hum Reprod 11, 

843-846. 

Chang, A.M., Smith, M.J., Galecki, A.T., Bloem, C.J., and Halter, J.B. (2006). Impaired beta-cell function in human aging: response to nicotinic acid-induced insulin resistance. 

J Clin Endocrinol Metab 91, 3303-3309. 

Chantarojanasiri, T., Hirooka, Y., Kawashima, H., Ohno, E., Sugimoto, H., Hayashi, D., Kuwahara, T., Yamamura, T., Funasaka, K., Nakamura, M., et al. (2016). Age-related 

changes in pancreatic elasticity: When should we be concerned about their effect on strain elastography? Ultrasonics 69, 90-96. 

Charalambous, C., Webster, A., and Schuh, M. (2023). Aneuploidy in mammalian oocytes and the impact of maternal ageing. Nat Rev Mol Cell Biol 24, 27-44. 

Chen, H., Luo, L., Liu, J., and Zirkin, B.R. (2007). Cyclooxygenases in rat Leydig cells: effects of luteinizing hormone and aging. Endocrinology 148, 735-742. 



Chen, J., Lippo, L., Labella, R., Tan, S.L., Marsden, B.D., Dustin, M.L., Ramasamy, S.K., and Kusumbe, A.P. (2021). Decreased blood vessel density and endothelial cell subset 

dynamics during ageing of the endocrine system. EMBO J 40, e105242. 

Chen, T.P., Lai, M., Lin, W.Y., Huang, K.C., and Yang, K.C. (2020). Metabolic profiles and fibrosis of nonalcoholic fatty liver disease in the elderly: A community-based study. 

Journal of gastroenterology and hepatology 35, 1636-1643. 

Chen, W., Qian, W., Wu, G., Chen, W., Xian, B., Chen, X., Cao, Y., Green, C.D., Zhao, F., Tang, K., et al. (2015). Three-dimensional human facial morphologies as robust 

aging markers. Cell Res 25, 574-587. 

Chen, Y., Liu, S., and Leng, S.X. (2019). Chronic Low-grade Inflammatory Phenotype (CLIP) and Senescent Immune Dysregulation. Clin Ther 41, 400-409. 

Cheng, N.-L., Xiaochun Chen, Jiewan Kim, Alvin H Shi, Cuong Nguyen, Robert Wersto, and Weng, N.-P. (2015). MicroRNA-125b modulates inflammatory chemokine CCL4 

expression in immune cells and its reduction causes CCL4 increase with age. Aging Cell 14, 200-208. 

Chianese, C., Brilli, S., and Krausz, C. (2014). Genomic changes in spermatozoa of the aging male. Adv Exp Med Biol 791, 13-26. 

Chiang, T., Duncan, F.E., Schindler, K., Schultz, R.M., and Lampson, M.A. (2010). Evidence that weakened centromere cohesion is a leading cause of age-related aneuploidy 

in oocytes. Curr Biol 20, 1522-1528. 

Chin, R.M., Fu, X., Pai, M.Y., Vergnes, L., Hwang, H., Deng, G., Diep, S., Lomenick, B., Meli, V.S., Monsalve, G.C., et al. (2014). The metabolite alpha-ketoglutarate extends 

lifespan by inhibiting ATP synthase and TOR. Nature 510, 397-401. 

Chini, C.C.S., Peclat, T.R., Warner, G.M., Kashyap, S., Espindola-Netto, J.M., de Oliveira, G.C., Gomez, L.S., Hogan, K.A., Tarragó, M.G., Puranik, A.S., et al. (2020). CD38 

ecto-enzyme in immune cells is induced during aging and regulates NAD(+) and NMN levels. Nat Metab 2, 1284-1304. 

Cho, S.H., Choe, Y.S., Kim, H.J., Jang, H., Kim, Y., Kim, S.E., Kim, S.J., Kim, J.P., Jung, Y.H., Kim, B.C., et al. (2020). A new Centiloid method for 18F-florbetaben and 18F-

flutemetamol PET without conversion to PiB. European journal of nuclear medicine and molecular imaging 47, 1938-1948. 

Cho, S.J., and Stout-Delgado, H.W. (2020). Aging and Lung Disease. Annu Rev Physiol 82, 433-459. 

Choi, S., Baudot, M., Vivas, O., and Moreno, C.M. (2022). Slowing down as we age: aging of the cardiac pacemaker's neural control. Geroscience 44, 1-17. 

Chondronasiou, D., Gill, D., Mosteiro, L., Urdinguio, R.G., Berenguer, A., Aguilera, M., Durand, S., Aprahamian, F., Nirmalathasan, N., Abad, M., et al. (2022). Multi-omic 

rejuvenation of naturally aged tissues by a single cycle of transient reprogramming. Aging Cell 21. 

Chong, Y.H., Pankhurst, M.W., and McLennan, I.S. (2017). The Testicular Hormones AMH, InhB, INSL3, and Testosterone Can Be Independently Deficient in Older Men. J 

Gerontol A Biol Sci Med Sci 72, 548-553. 

Choudhary, G., Jankowich, M., and Wu, W.C. (2014). Elevated pulmonary artery systolic pressure predicts heart failure admissions in African Americans: Jackson Heart Study. 

Circ Heart Fail 7, 558-564. 



Choudhury, S., Huang, A.Y., Kim, J., Zhou, Z., Morillo, K., Maury, E.A., Tsai, J.W., Miller, M.B., Lodato, M.A., Araten, S., et al. (2022). Somatic mutations in single human 

cardiomyocytes reveal age-associated DNA damage and widespread oxidative genotoxicity. Nat Aging 2, 714-725. 

Christodoulou, M., Aspray, T.J., Piec, I., Washbourne, C., Tang, J.C.Y., Fraser, W.D., and Schoenmakers, I. (2023). Early renal impairment affects hormonal regulators of 

calcium and bone metabolism and Wnt signalling and the response to vitamin D supplementation in healthy older adults. J Steroid Biochem Mol Biol 229, 106267. 

Christopikou, D., Tsorva, E., Economou, K., Shelley, P., Davies, S., Mastrominas, M., and Handyside, A.H. (2013). Polar body analysis by array comparative genomic 

hybridization accurately predicts aneuploidies of maternal meiotic origin in cleavage stage embryos of women of advanced maternal age. Hum Reprod 28, 1426-1434. 

Chung, P.L., Zhou, S., Eslami, B., Shen, L., LeBoff, M.S., and Glowacki, J. (2014). Effect of age on regulation of human osteoclast differentiation. J Cell Biochem 115, 1412-

1419. 

Cnop, M., Hughes, S.J., Igoillo-Esteve, M., Hoppa, M.B., Sayyed, F., van de Laar, L., Gunter, J.H., de Koning, E.J.P., Walls, G.V., Gray, D.W.G., et al. (2010). The long lifespan 

and low turnover of human islet beta cells estimated by mathematical modelling of lipofuscin accumulation. Diabetologia 53, 321-330. 

Coca, S.G., Nadkarni, G.N., Huang, Y., Moledina, D.G., Rao, V., Zhang, J., Ferket, B., Crowley, S.T., Fried, L.F., and Parikh, C.R. (2017). Plasma Biomarkers and Kidney 

Function Decline in Early and Established Diabetic Kidney Disease. J Am Soc Nephrol 28, 2786-2793. 

Coffey, S., Roberts-Thomson, R., Brown, A., Carapetis, J., Chen, M., Enriquez-Sarano, M., Zuhlke, L., and Prendergast, B.D. (2021). Global epidemiology of valvular heart 

disease. Nat Rev Cardiol 18, 853-864. 

Cogger, V.C., Svistounov, D., Warren, A., Zykova, S., Melvin, R.G., Solon-Biet, S.M., O'Reilly, J.N., McMahon, A.C., Ballard, J.W., De Cabo, R., et al. (2014). Liver aging 

and pseudocapillarization in a Werner syndrome mouse model. J Gerontol A Biol Sci Med Sci 69, 1076-1086. 

Cogger, V.C., Warren, A., Fraser, R., Ngu, M., McLean, A.J., and Le Couteur, D.G. (2003). Hepatic sinusoidal pseudocapillarization with aging in the non-human primate. Exp 

Gerontol 38, 1101-1107. 

Cole, J.H., Poudel, R.P.K., Tsagkrasoulis, D., Caan, M.W.A., Steves, C., Spector, T.D., and Montana, G. (2017). Predicting brain age with deep learning from raw imaging data 

results in a reliable and heritable biomarker. Neuroimage 163, 115-124. 

Conboy, I.M., Conboy, M.J., Smythe, G.M., and Rando, T.A. (2003). Notch-mediated restoration of regenerative potential to aged muscle. Science 302, 1575-1577. 

Conlon, T.M., John-Schuster, G., Heide, D., Pfister, D., Lehmann, M., Hu, Y., Ertuz, Z., Lopez, M.A., Ansari, M., Strunz, M., et al. (2020). Inhibition of LTbetaR signalling 

activates WNT-induced regeneration in lung. Nature 588, 151-156. 

Cooper, E.B., Watowich, M.M., Beeby, N., Whalen, C., Montague, M.J., Brent, L.J.N., Snyder-Mackler, N., and Higham, J.P. (2022). Concentrations of urinary neopterin, but 

not suPAR, positively correlate with age in rhesus macaques. Frontiers in Ecology and Evolution 10. 

Coppe, J.P., Boysen, M., Sun, C.H., Wong, B.J., Kang, M.K., Park, N.H., Desprez, P.Y., Campisi, J., and Krtolica, A. (2008a). A role for fibroblasts in mediating the effects of 



tobacco-induced epithelial cell growth and invasion. Molecular cancer research : MCR 6, 1085-1098. 

Coppe, J.P., Desprez, P.Y., Krtolica, A., and Campisi, J. (2010). The senescence-associated secretory phenotype: the dark side of tumor suppression. Annual review of pathology 

5, 99-118. 

Coppe, J.P., Patil, C.K., Rodier, F., Sun, Y., Munoz, D.P., Goldstein, J., Nelson, P.S., Desprez, P.Y., and Campisi, J. (2008b). Senescence-associated secretory phenotypes reveal 

cell-nonautonomous functions of oncogenic RAS and the p53 tumor suppressor. PLoS biology 6, 2853-2868. 

Covarrubias, A.J., Kale, A., Perrone, R., Lopez-Dominguez, J.A., Pisco, A.O., Kasler, H.G., Schmidt, M.S., Heckenbach, I., Kwok, R., Wiley, C.D., et al. (2020). Senescent 

cells promote tissue NAD(+) decline during ageing via the activation of CD38(+) macrophages. Nat Metab 2, 1265-1283. 

Covarrubias, A.J., Perrone, R., Grozio, A., and Verdin, E. (2021). NAD(+) metabolism and its roles in cellular processes during ageing. Nat Rev Mol Cell Biol 22, 119-141. 

Cree, L.M., Patel, S.K., Pyle, A., Lynn, S., Turnbull, D.M., Chinnery, P.F., and Walker, M. (2008). Age-related decline in mitochondrial DNA copy number in isolated human 

pancreatic islets. Diabetologia 51, 1440-1443. 

Csapo, R., Malis, V., Sinha, U., Du, J., and Sinha, S. (2014). Age-associated differences in triceps surae muscle composition and strength - an MRI-based cross-sectional 

comparison of contractile, adipose and connective tissue. BMC Musculoskelet Disord 15, 209. 

Curley, M., Milne, L., Smith, S., Jorgensen, A., Frederiksen, H., Hadoke, P., Potter, P., and Smith, L.B. (2019). A young testicular microenvironment protects Leydig cells 

against age-related dysfunction in a mouse model of premature aging. FASEB J 33, 978-995. 

Dai, D.F., Chen, T., Johnson, S.C., Szeto, H., and Rabinovitch, P.S. (2012). Cardiac aging: from molecular mechanisms to significance in human health and disease. Antioxid 

Redox Signal 16, 1492-1526. 

Dakouane, M., Bicchieray, L., Bergere, M., Albert, M., Vialard, F., and Selva, J. (2005). A histomorphometric and cytogenetic study of testis from men 29-102 years old. Fertil 

Steril 83, 923-928. 

Dang, H., and Yan, L. (2021). Organic fluorescent nanoparticles with NIR-II emission for bioimaging and therapy. Biomedical Materials 16, 022001. 

Das, A., Huang, G.X., Bonkowski, M.S., Longchamp, A., Li, C., Schultz, M.B., Kim, L.J., Osborne, B., Joshi, S., Lu, Y., et al. (2018). Impairment of an endothelial NAD+-H2S 

signaling network is a reversible cause of vascular aging. Cell 173, 74-89. 

de Lange, A.-M.G., Anatürk, M., Suri, S., Kaufmann, T., Cole, J.H., Griffanti, L., Zsoldos, E., Jensen, D.E.A., Filippini, N., Singh-Manoux, A., et al. (2020). Multimodal brain-

age prediction and cardiovascular risk: The Whitehall II MRI sub-study. NeuroImage 222, 117292. 

de Lemos, J.A., Drazner, M.H., Omland, T., Ayers, C.R., Khera, A., Rohatgi, A., Hashim, I., Berry, J.D., Das, S.R., Morrow, D.A., et al. (2010). Association of troponin T 

detected with a highly sensitive assay and cardiac structure and mortality risk in the general population. JAMA 304, 2503-2512. 

De Vis, J.B., Peng, S.L., Chen, X., Li, Y., Liu, P., Sur, S., Rodrigue, K.M., Park, D.C., and Lu, H. (2018). Arterial-spin-labeling (ASL) perfusion MRI predicts cognitive function 



in elderly individuals: A 4-year longitudinal study. J Magn Reson Imaging 48, 449-458. 

Deenadayal Mettler, A., Govindarajan, M., Srinivas, S., Mithraprabhu, S., Evenson, D., and Mahendran, T. (2020). Male age is associated with sperm DNA/chromatin integrity. 

Aging Male 23, 822-829. 

DeJong, E.N., Surette, M.G., and Bowdish, D.M.E. (2020). The Gut Microbiota and Unhealthy Aging: Disentangling Cause from Consequence. Cell Host Microbe 28, 180-

189. 

Dekaban, A.S. (1978). Changes in brain weights during the span of human life: relation of brain weights to body heights and body weights. Ann Neurol 4, 345-356. 

DellaCroce, J.T., and Vitale, A.T. (2008). Hypertension and the eye. Current Opinion In Ophthalmology 19, 493-498. 

Delles, C., Schiffer, E., von Zur Muhlen, C., Peter, K., Rossing, P., Parving, H.H., Dymott, J.A., Neisius, U., Zimmerli, L.U., Snell-Bergeon, J.K., et al. (2010). Urinary 

proteomic diagnosis of coronary artery disease: identification and clinical validation in 623 individuals. J Hypertens 28, 2316-2322. 

Denic, A., Glassock, R.J., and Rule, A.D. (2016). Structural and Functional Changes With the Aging Kidney. Adv Chronic Kidney Dis 23, 19-28. 

Denic, A., Lieske, J.C., Chakkera, H.A., Poggio, E.D., Alexander, M.P., Singh, P., Kremers, W.K., Lerman, L.O., and Rule, A.D. (2017). The Substantial Loss of Nephrons in 

Healthy Human Kidneys with Aging. J Am Soc Nephrol 28, 313-320. 

Detlefsen, S., Sipos, B., Feyerabend, B., and Klöppel, G. (2005). Pancreatic fibrosis associated with age and ductal papillary hyperplasia. Virchows Arch 447, 800-805. 

Ding, J., Ji, J., Rabow, Z., Shen, T., Folz, J., Brydges, C.R., Fan, S., Lu, X., Mehta, S., Showalter, M.R. , et al. (2021). A metabolome atlas of the aging mouse brain. Nat 

Commun 12, 6021. 

Ding, J., Sigurðsson, S., Jónsson, P.V., Eiriksdottir, G., Meirelles, O., Kjartansson, O., Lopez, O.L., van Buchem, M.A., Gudnason, V., and Launer, L.J. (2017). Space and 

location of cerebral microbleeds, cognitive decline, and dementia in the community. Neurology 88, 2089-2097. 

Ding, Y.N., Wang, H.Y., Chen, H.Z., and Liu, D.P. (2022). Targeting senescent cells for vascular aging and related diseases. J Mol Cell Cardiol 162, 43-52. 

Dixit, M., Louis, L.D., Basta-Pljakic, J., Yildirim, G., Poudel, S.B., Kumararaja, F., List, E.O., Duran, S.O., Kopchick, J.J., Ruff, R.R., et al. (2022). Lifelong Excess in GH 

Elicits Sexually Dimorphic Effects on Skeletal Morphology and Bone Mechanical Properties. J Bone Miner Res 37, 2201-2214. 

Doering, E., Hönig, M.C., Bischof, G.N., van Eimeren, T., and Drzezga, A. (2021). A gatekeeper for amyloid status based on FDG-PET and genetic risk in patients with mild 

cognitive impairment. Alzheimer's & Dementia 17, e057433. 

Drüeke, T.B., and Parfrey, P.S. (2012). Summary of the KDIGO guideline on anemia and comment: reading between the (guide)line(s). Kidney Int 82, 952-960. 

Duncan, F.E., Hornick, J.E., Lampson, M.A., Schultz, R.M., Shea, L.D., and Woodruff, T.K. (2012). Chromosome cohesion decreases in human eggs with advanced maternal 

age. Aging Cell 11, 1121-1124. 

Durham, A.L., Speer, M.Y., Scatena, M., Giachelli, C.M., and Shanahan, C.M. (2018). Role of smooth muscle cells in vascular calcification: implications in atherosclerosis and 



arterial stiffness. Cardiovasc Res 114, 590-600. 

Eissa, S., Matboli, M., Aboushahba, R., Bekhet, M.M., and Soliman, Y. (2016). Urinary exosomal microRNA panel unravels novel biomarkers for diagnosis of type 2 diabetic 

kidney disease. J Diabetes Complications 30, 1585-1592. 

El-Naseery, N.I., Mousa, H.S.E., Noreldin, A.E., El-Far, A.H., and Elewa, Y.H.A. (2020). Aging-associated immunosenescence via alterations in splenic immune cell 

populations in rat. Life Sci 241, 117168. 

Elderman, M., Sovran, B., Hugenholtz, F., Graversen, K., Huijskes, M., Houtsma, E., Belzer, C., Boekschoten, M., de Vos, P., Dekker, J., et al. (2017). The effect of age on the 

intestinal mucus thickness, microbiota composition and immunity in relation to sex in mice. PLoS One 12, e0184274. 

Emechebe, U., Nelson, J.W., Alkayed, N.J., Kaul, S., Adey, A.C., and Barnes, A.P. (2021). Age-dependent transcriptional alterations in cardiac endothelial cells. Physiol 

Genomics 53, 295-308. 

Enge, M., Arda, H., Mignardi, M., Beausang, J., Bottino, R., Kim, S., and Quake, S. (2017). Single-Cell Analysis of Human Pancreas Reveals Transcriptional Signatures of 

Aging and Somatic Mutation Patterns. Cell 171, 321-330.e314. 

Enwere, E., Shingo, T., Gregg, C., Fujikawa, H., Ohta, S., and Weiss, S. (2004). Aging results in reduced epidermal growth factor receptor signaling, diminished olfactory 

neurogenesis, and deficits in fine olfactory discrimination. J Neurosci 24, 8354-8365. 

Esfahani, N.S., Wu, Q., Kumar, N., Ganesan, L.P., Lafuse, W.P., and Rajaram, M.V.S. (2021). Aging influences the cardiac macrophage phenotype and function during steady 

state and during inflammation. Aging Cell 20, e13438. 

Espinoza, S., and Walston, J.D. (2005). Frailty in older adults: insights and interventions. Cleve Clin J Med 72, 1105-1112. 

Evenson, D.P., Djira, G., Kasperson, K., and Christianson, J. (2020). Relationships between the age of 25,445 men attending infertility clinics and sperm chromatin structure 

assay (SCSA(R)) defined sperm DNA and chromatin integrity. Fertil Steril 114, 311-320. 

Evin, M., Redheuil, A., Soulat, G., Perdrix, L., Ashrafpoor, G., Giron, A., Lamy, J., Defrance, C., Roux, C., Hatem, S.N. , et al. (2016). Left atrial aging: a cardiac magnetic 

resonance feature-tracking study. Am J Physiol Heart Circ Physiol 310, H542-549. 

Fakhry, M., Roszkowska, M., Briolay, A., Bougault, C., Guignandon, A., Diaz-Hernandez, J.I., Diaz-Hernandez, M., Pikula, S., Buchet, R., Hamade, E., et al. (2017). TNAP 

stimulates vascular smooth muscle cell trans-differentiation into chondrocytes through calcium deposition and BMP-2 activation: Possible implication in atherosclerotic plaque 

stability. Biochim Biophys Acta Mol Basis Dis 1863, 643-653. 

Feng, Y., Lv, L.L., Wu, W.J., Li, Z.L., Chen, J., Ni, H.F., Zhou, L.T., Tang, T.T., Wang, F.M., Wang, B., et al. (2018). Urinary Exosomes and Exosomal CCL2 mRNA as 

Biomarkers of Active Histologic Injury in IgA Nephropathy. Am J Pathol 188, 2542-2552. 

Feridooni, H.A., Dibb, K.M., and Howlett, S.E. (2015). How cardiomyocyte excitation, calcium release and contraction become altered with age. J Mol Cell Cardiol 83, 62-72. 



Fernandez-Rebollo, E., Franzen, J., Goetzke, R., Hollmann, J., Ostrowska, A., Oliverio, M., Sieben, T., Rath, B., Kornfeld, J.W., and Wagner, W. (2020). Senescence-Associated 

Metabolomic Phenotype in Primary and iPSC-Derived Mesenchymal Stromal Cells. Stem Cell Reports 14, 201-209. 

Fitzner, B., Müller, S., Walther, M., Fischer, M., Engelmann, R., Müller-Hilke, B., Pützer, B.M., Kreutzer, M., Nizze, H., and Jaster, R. (2012). Senescence determines the fate 

of activated rat pancreatic stellate cells. J Cell Mol Med 16, 2620-2630. 

Fleischer, J.G., Schulte, R., Tsai, H.H., Tyagi, S., Ibarra, A., Shokhirev, M.N., Huang, L., Hetzer, M.W., and Navlakha, S. (2018). Predicting age from the transcriptome of 

human dermal fibroblasts. Genome Biol 19, 221. 

Foley, K.G., Pritchard, M.T., and Duncan, F.E. (2021). Macrophage-derived multinucleated giant cells: hallmarks of the aging ovary. Reproduction 161, V5-V9. 

Fox, N.C., and Schott, J.M. (2004). Imaging cerebral atrophy: normal ageing to Alzheimer's disease. Lancet 363, 392-394. 

Frisoni, G.B., Boccardi, M., Barkhof, F., Blennow, K., Cappa, S., Chiotis, K., Démonet, J.F., Garibotto, V., Giannakopoulos, P., Gietl, A., et al. (2017). Strategic roadmap for 

an early diagnosis of Alzheimer's disease based on biomarkers. Lancet Neurol 16, 661-676. 

Furrer, K., Rickenbacher, A., Tian, Y., Jochum, W., Bittermann, A.G., Kach, A., Humar, B., Graf, R., Moritz, W., and Clavien, P.A. (2011). Serotonin reverts age-related 

capillarization and failure of regeneration in the liver through a VEGF-dependent pathway. Proceedings of the National Academy of Sciences of the United States of America 

108, 2945-2950. 

Gan, G.C.H., Bhat, A., Chen, H.H.L., Fernandez, F., Byth, K., Eshoo, S., and Thomas, L. (2020). Determinants of LA reservoir strain: Independent effects of LA volume and 

LV global longitudinal strain. Echocardiography 37, 2018-2028. 

García-Prat, L., Martínez-Vicente, M., Perdiguero, E., Ortet, L., Rodríguez-Ubreva, J., Rebollo, E., Ruiz-Bonilla, V., Gutarra, S., Ballestar, E., Serrano, A.L., et al. (2016). 

Autophagy maintains stemness by preventing senescence. Nature 529, 37-42. 

García-Prat, L., Perdiguero, E., Alonso-Martín, S., Dell'Orso, S., Ravichandran, S., Brooks, S.R., Juan, A.H., Campanario, S., Jiang, K., Hong, X., et al. (2020). FoxO maintains 

a genuine muscle stem-cell quiescent state until geriatric age. Nat Cell Biol 22, 1307-1318. 

Gardner, S.E., Humphry, M., Bennett, M.R., and Clarke, M.C. (2015). Senescent Vascular Smooth Muscle Cells Drive Inflammation Through an Interleukin-1alpha-Dependent 

Senescence-Associated Secretory Phenotype. Arterioscler Thromb Vasc Biol 35, 1963-1974. 

Geloneze, B., de Oliveira, M.d.S., Vasques, A.C.J., Novaes, F.S., Pareja, J.C., and Tambascia, M.A. (2014). Impaired incretin secretion and pancreatic dysfunction with older 

age and diabetes. Metabolism 63, 922-929. 

Ghosh, D.K., Pande, S., Kumar, J., Yesodharan, D., Nampoothiri, S., Radhakrishnan, P., Reddy, C.G., Ranjan, A., and Girisha, K.M. (2022). The E262K mutation in Lamin A 

links nuclear proteostasis imbalance to laminopathy-associated premature aging. Aging cell 21, e13688. 

Gimble, J.M., Floyd, Z.E., Kassem, M., and Nuttall, M.E. (2009). Aging and Bone. In Osteoporosis in Older Persons, pp. 19-33. 



Glaser, J., and Stienecker, K. (2000). Pancreas and aging: a study using ultrasonography. Gerontology 46, 93-96. 

Glassock, R.J., and Rule, A.D. (2012). The implications of anatomical and functional changes of the aging kidney: with an emphasis on the glomeruli. Kidney Int 82, 270-277. 

Glassock, R.J., and Rule, A.D. (2016). Aging and the Kidneys: Anatomy, Physiology and Consequences for Defining Chronic Kidney Disease. Nephron 134, 25-29. 

Gómez-Santos, B., Saenz de Urturi, D., Nuñez-García, M., Gonzalez-Romero, F., Buque, X., Aurrekoetxea, I., Gutiérrez de Juan, V., Gonzalez-Rellan, M.J., García-Monzón, 

C., González-Rodríguez, Á., et al. (2020). Liver osteopontin is required to prevent the progression of age-related nonalcoholic fatty liver disease. Aging Cell 19, e13183. 

Gong, H., Pang, J., Han, Y., Dai, Y., Dai, D., Cai, J., and Zhang, T.-M. (2014). Age-dependent tissue expression patterns of Sirt1 in senescence-accelerated mice. Mol Med Rep 

10, 3296-3302. 

Gonzalez-Teuber, V., Albert-Gasco, H., Auyeung, V.C., Papa, F.R., Mallucci, G.R., and Hetz, C. (2019). Small Molecules to Improve ER Proteostasis in Disease. Trends in 

Pharmacological Sciences 40, 684-695. 

Good, C.D., Johnsrude, I.S., Ashburner, J., Henson, R.N., Friston, K.J., and Frackowiak, R.S. (2001). A voxel-based morphometric study of ageing in 465 normal adult human 

brains. Neuroimage 14, 21-36. 

Gopcevic, K.R., Gkaliagkousi, E., Nemcsik, J., Acet, O., Bernal-Lopez, M.R., Bruno, R.M., Climie, R.E., Fountoulakis, N., Fraenkel, E., Lazaridis, A., et al. (2021). 

Pathophysiology of Circulating Biomarkers and Relationship With Vascular Aging: A Review of the Literature From VascAgeNet Group on Circulating Biomarkers, European 

Cooperation in Science and Technology Action 18216. Front Physiol 12, 789690. 

Gorgoulis, V., Adams, P.D., Alimonti, A., Bennett, D.C., Bischof, O., Bishop, C., Campisi, J., Collado, M., Evangelou, K., Ferbeyre, G., et al. (2019). Cellular Senescence: 

Defining a Path Forward. Cell 179, 813-827. 

Gosden, R.G., Richardson, D.W., Brown, N., and Davidson, D.W. (1982). Structure and gametogenic potential of seminiferous tubules in ageing mice. J Reprod Fertil 64, 127-

133. 

Gou, M., Li, J., Yi, L., Li, H., Ye, X., Wang, H., Liu, L., Sun, B., Zhang, S., Zhu, Z., et al. (2023). Reprogramming of ovarian aging epigenome by resveratrol. PNAS Nexus 2, 

pgac310. 

Greaves, L.C., Elson, J.L., Nooteboom, M., Grady, J.P., Taylor, G.A., Taylor, R.W., Mathers, J.C., Kirkwood, T.B., and Turnbull, D.M. (2012). Comparison of mitochondrial 

mutation spectra in ageing human colonic epithelium and disease: absence of evidence for purifying selection in somatic mitochondrial DNA point mutations. PLoS Genet 8, 

e1003082. 

Greaves, L.C., Preston, S.L., Tadrous, P.J., Taylor, R.W., Barron, M.J., Oukrif, D., Leedham, S.J., Deheragoda, M., Sasieni, P., Novelli, M.R., et al. (2006). Mitochondrial DNA 

mutations are established in human colonic stem cells, and mutated clones expand by crypt fission. Proc Natl Acad Sci U S A 103, 714-719. 

Green, D.R. (2019). Polyamines and Aging: A CLEAR Connection? Mol Cell 76, 5-7. 



Grootaert, M.O.J., and Bennett, M.R. (2022). Sirtuins in atherosclerosis: guardians of healthspan and therapeutic targets. Nat Rev Cardiol 19, 668-683. 

Gupta, R., and Kumar, N. (2018). Morphology and Aging of the Human Adult Pancreas: An Electron Microscopic Study. Acta Medica Iranica 56, 106-112. 

Gupta, S. (2014). Role of dendritic cells in innate and adaptive immune response in human aging. Experimental gerontology  54, 47-52. 

Gutiérrez, O.M., Shlipak, M.G., Katz, R., Waikar, S.S., Greenberg, J.H., Schrauben, S.J., Coca, S., Parikh, C.R., Vasan, R.S., Feldman, H.I., et al. (2022). Associations of 

Plasma Biomarkers of Inflammation, Fibrosis, and Kidney Tubular Injury With Progression of Diabetic Kidney Disease: A Cohort Study. Am J Kidney Dis 79, 849-857.e841. 

Habes, M., Sotiras, A., Erus, G., Toledo, J.B., Janowitz, D., Wolk, D.A., Shou, H., Bryan, N.R., Doshi, J., Völzke, H., et al. (2018). White matter lesions: Spatial heterogeneity, 

links to risk factors, cognition, genetics, and atrophy. Neurology 91, e964-e975. 

Haden, S.T., Glowacki, J., Hurwitz, S., Rosen, C., and LeBoff, M.S. (2000 ). <2020-Calcif Tissue Int-Effects of Age on Serum Dehydroepiandrosterone Sulfate, IGF-I, and IL-

6 Levels in Women.pdf>. Calcif Tissue Int. 

Hagen, T.M., Yowe, D.L., Bartholomew, J.C., Wehr, C.M., Do, K.L., Park, J.Y., and Ames, B.N. (1997). Mitochondrial decay in hepatocytes from old rats: membrane potential 

declines, heterogeneity and oxidants increase. Proc Natl Acad Sci U S A 94, 3064-3069. 

Hager, K., Machein, U., Krieger, S., Platt, D., Seefried, G., and Bauer, J. (1994). Interleukin-6 and selected plasma proteins in healthy persons of different ages. Neurobiol 

Aging 15, 771-772. 

Haji, M., Tanaka, S., Nishi, Y., Yanase, T., Takayanagi, R., Hasegawa, Y., Sasamoto, S., and Nawata, H. (1994). Sertoli cell function declines earlier than Leydig cell function 

in aging Japanese men. Maturitas 18, 143-153. 

Haller, S., Vernooij, M.W., Kuijer, J.P.A., Larsson, E.M., Jäger, H.R., and Barkhof, F. (2018). Cerebral Microbleeds: Imaging and Clinical Significance. Radiology 287, 11-28. 

Hamczyk, M.R., Nevado, R.M., Barettino, A., Fuster, V., and Andrés, V. (2020). Biological Versus Chronological Aging: JACC Focus Seminar. Journal of the American College 

of Cardiology 75, 919-930. 

Hanseeuw, B.J., Betensky, R.A., Jacobs, H.I.L., Schultz, A.P., Sepulcre, J., Becker, J.A., Cosio, D.M.O., Farrell, M., Quiroz, Y.T., Mormino, E.C., et al. (2019). Association of 

Amyloid and Tau With Cognition in Preclinical Alzheimer Disease: A Longitudinal Study. JAMA Neurol 76, 915-924. 

Harley, C.B., Futcher, A.B., and Greider, C.W. (1990). Telomeres shorten during ageing of human fibroblasts. Nature 345, 458-460. 

Hastier, P., Buckley, M.J., Dumas, R., Kuhdorf, H., Staccini, P., Demarquay, J.F., Caroli-Bosc, F.X., and Delmont, J.P. (1998). A study of the effect of age on pancreatic duct 

morphology. Gastrointestinal Endoscopy 48, 53-57. 

Hayek, S.S., Sever, S., Ko, Y.A., Trachtman, H., Awad, M., Wadhwani, S., Altintas, M.M., Wei, C., Hotton, A.L., French, A.L., et al. (2015). Soluble Urokinase Receptor and 

Chronic Kidney Disease. N Engl J Med 373, 1916-1925. 

Hedström, A., Haas, S.L., Berger, B., Carlsson, J., and Löhr, J.M. (2015). Frequency of exocrine pancreatic insufficiency in 1105 patients with gastrointestinal symptoms. 



Pancreatology 15, S74. 

Helman, A., Klochendler, A., Azazmeh, N., Gabai, Y., Horwitz, E., Anzi, S., Swisa, A., Condiotti, R., Granit, R.Z., Nevo, Y., et al. (2016). p16(Ink4a)-induced senescence of 

pancreatic beta cells enhances insulin secretion. Nature medicine 22, 412-420. 

Hendricks, J.A., Keliher, E.J., Marinelli, B., Reiner, T., Weissleder, R., and Mazitschek, R. (2011). In vivo PET Imaging of Histone Deacetylases by 18F-Suberoylanilide 

Hydroxamic Acid (18F-SAHA). Journal of medicinal chemistry 54, 5576-5582. 

Hernandez-Segura, A., Nehme, J., and Demaria, M. (2018). Hallmarks of Cellular Senescence. Trends Cell Biol 28, 436-453. 

Hernandez-Suarez, D.F., and Lopez-Candales, A. (2017). Potential usefulness of diastolic parameters measured by strain imaging echocardiography in the early prediction of 

chemotherapy-induced cardiotoxicity. Med Hypotheses 101, 30-32. 

Hertel, J., Friedrich, N., Wittfeld, K., Pietzner, M., Budde, K., Van der Auwera, S., Lohmann, T., Teumer, A., Volzke, H., Nauck, M., et al. (2016). Measuring Biological Age 

via Metabonomics: The Metabolic Age Score. J Proteome Res 15, 400-410. 

Herzig, K.-H., Purhonen, A.-K., Räsänen, K.M., Idziak, J., Juvonen, P., Phillps, R., and Walkowiak, J. (2011). Fecal pancreatic elastase-1 levels in older individuals without 

known gastrointestinal diseases or diabetes mellitus. BMC Geriatr 11, 4. 

Heuck, A., Maubach, P.A., Reiser, M., Feuerbach, S., Allgayer, B., Lukas, P., and Kahn, T. (1987). Age-related morphology of the normal pancreas on computed tomography. 

Gastrointestinal radiology 12, 18-22. 

Hilmer, S.N., Cogger, V.C., and Le Couteur, D.G. (2007). Basal activity of Kupffer cells increases with old age. J Gerontol A Biol Sci Med Sci 62, 973-978. 

Hilvo, M., Meikle, P.J., Pedersen, E.R., Tell, G.S., Dhar, I., Brenner, H., Schottker, B., Laaperi, M., Kauhanen, D., Koistinen, K.M., et al. (2020). Development and validation 

of a ceramide- and phospholipid-based cardiovascular risk estimation score for coronary artery disease patients. Eur Heart J 41, 371-380. 

Hirose, H., Takayama, M., Iwao, Y., and Kawabe, H. (2016). Effects of Aging on Visceral and Subcutaneous Fat Areas and on Homeostasis Model Assessment of Insulin 

Resistance and Insulin Secretion Capacity in a Comprehensive Health Checkup. J Atheroscler Thromb 23, 207-215. 

Hohman, L.S., and Osborne, L.C. (2022). A gut-centric view of aging: Do intestinal epithelial cells contribute to age-associated microbiota changes, inflammaging, and 

immunosenescence? Aging Cell 21, e13700. 

Holzscheck, N., Falckenhayn, C., Söhle, J., Kristof, B., Siegner, R., Werner, A., Schössow, J., Jürgens, C., Völzke, H., Wenck, H., et al. (2021). Modeling transcriptomic age 

using knowledge-primed artificial neural networks. NPJ Aging Mech Dis 7, 15. 

Homma, S., Hirose, N., Ishida, H., Ishii, T., and Araki, G. (2001). Carotid plaque and intima-media thickness assessed by b-mode ultrasonography in subjects ranging from 

young adults to centenarians. Stroke 32, 830-835. 

Hommos, M.S., Glassock, R.J., and Rule, A.D. (2017). Structural and Functional Changes in Human Kidneys with Healthy Aging. J Am Soc Nephrol 28, 2838-2844. 



Hooker, J.M., Kim, S.W., Alexoff, D., Xu, Y., Shea, C., Reid, A., Volkow, N., and Fowler, J.S. (2010). Histone Deacetylase Inhibitor MS-275 Exhibits Poor Brain Penetration: 

Pharmacokinetic Studies of [11C]MS-275 using Positron Emission Tomography. ACS chemical neuroscience 1, 65-73. 

Horiguchi, N., Ishac, E.J., and Gao, B. (2007). Liver regeneration is suppressed in alcoholic cirrhosis: correlation with decreased STAT3 activation. Alcohol 41, 271-280. 

Houtkooper, R.H., Argmann, C., Houten, S.M., Canto, C., Jeninga, E.H., Andreux, P.A., Thomas, C., Doenlen, R., Schoonjans, K., and Auwerx, J. (2011). The metabolic 

footprint of aging in mice. Sci Rep 1, 134. 

Hu, W.T., Howell, J.C., Ozturk, T., Gangishetti, U., Kollhoff, A.L., Hatcher-Martin, J.M., Anderson, A.M., and Tyor, W.R. (2019). CSF Cytokines in Aging, Multiple Sclerosis, 

and Dementia. Front Immunol 10, 480. 

Hua, Y., Zhang, Y., Ceylan-Isik, A.F., Wold, L.E., Nunn, J.M., and Ren, J. (2011). Chronic Akt activation accentuates aging-induced cardiac hypertrophy and myocardial 

contractile dysfunction: role of autophagy. Basic Res Cardiol 106, 1173-1191. 

Huang, D., Zuo, Y., Zhang, C., Sun, G., Jing, Y., Lei, J., Ma, S., Sun, S., Lu, H., Zhang, X. , et al. (2022a). A single-nucleus transcriptomic atlas of primate testicular aging 

reveals exhaustion of the spermatogonial stem cell reservoir and loss of Sertoli cell homeostasis. Protein & Cell. 

Huang, W., Hickson, L.J., Eirin, A., Kirkland, J.L., and Lerman, L.O. (2022b). Cellular senescence: the good, the bad and the unknown. Nat Rev Nephrol 18, 611-627. 

Huber, A.K., Giles, D.A., Segal, B.M., and Irani, D.N. (2018). An emerging role for eotaxins in neurodegenerative disease. Clin Immunol 189, 29-33. 

Huh, J.Y., Mougios, V., Kabasakalis, A., Fatouros, I., Siopi, A., Douroudos, II, Filippaios, A., Panagiotou, G., Park, K.H., and Mantzoros, C.S. (2014). Exercise-induced irisin 

secretion is independent of age or fitness level and increased irisin may directly modulate muscle metabolism through AMPK activation. J Clin Endocrinol Metab 99, E2154-

2161. 

Huhtaniemi, I.T., Tajar, A., Lee, D.M., O'Neill, T.W., Finn, J.D., Bartfai, G., Boonen, S., Casanueva, F.F., Giwercman, A., Han, T.S., et al. (2012). Comparison of serum 

testosterone and estradiol measurements in 3174 European men using platform immunoassay and mass spectrometry; relevance for the diagnostics in aging men. Eur J 

Endocrinol 166, 983-991. 

Hull, H., He, Q., Thornton, J., Javed, F., Allen, L., Wang, J., Pierson, R.N., Jr., and Gallagher, D. (2009). iDXA, Prodigy, and DPXL dual-energy X-ray absorptiometry whole-

body scans: a cross-calibration study. Journal of clinical densitometry : the official journal of the International Society for Clinical Densitometry 12, 95-102. 

Hung, C.L., Goncalves, A., Shah, A.M., Cheng, S., Kitzman, D., and Solomon, S.D. (2017). Age- and Sex-Related Influences on Left Ventricular Mechanics in Elderly 

Individuals Free of Prevalent Heart Failure: The ARIC Study (Atherosclerosis Risk in Communities). Circ Cardiovasc Imaging 10. 

Hwangbo, N., Zhang, X., Raftery, D., Gu, H., Hu, S.C., Montine, T.J., Quinn, J.F., Chung, K.A., Hiller, A.L., Wang, D., et al. (2022). A Metabolomic Aging Clock Using Human 

Cerebrospinal Fluid. J Gerontol A Biol Sci Med Sci 77, 744-754. 

Iakova, P., Awad, S.S., and Timchenko, N.A. (2003). Aging Reduces Proliferative Capacities of Liver by Switching Pathways of C/EBP&#x3b1; Growth Arrest. Cell 113, 495-



506. 

Ide, S., Yahara, Y., Kobayashi, Y., Strausser, S.A., Ide, K., Watwe, A., Xu-Vanpala, S., Privratsky, J.R., Crowley, S.D., Shinohara, M.L., et al. (2020). Yolk-sac-derived 

macrophages progressively expand in the mouse kidney with age. Elife 9. 

Igarashi, M., Miura, M., Williams, E., Jaksch, F., Kadowaki, T., Yamauchi, T., and Guarente, L. (2019). NAD(+) supplementation rejuvenates aged gut adult stem cells. Aging 

Cell 18, e12935. 

Ihara, K., Skupien, J., Kobayashi, H., Md Dom, Z.I., Wilson, J.M., O'Neil, K., Badger, H.S., Bowsman, L.M., Satake, E., Breyer, M.D., et al. (2020). Profibrotic Circulating 

Proteins and Risk of Early Progressive Renal Decline in Patients With Type 2 Diabetes With and Without Albuminuria. Diabetes Care 43, 2760-2767. 

Ihm, S.-H., Moon, H.J., Kang, J.G., Park, C.Y., Oh, K.W., Jeong, I.K., Oh, Y.-S., and Park, S.W. (2007). Effect of aging on insulin secretory function and expression of beta 

cell function-related genes of islets. Diabetes Research and Clinical Practice 77, S150-S154. 

Iozzo, P., Beck-Nielsen, H., Laakso, M., Smith, U., Yki-Järvinen, H., and Ferrannini, E. (1999). Independent influence of age on basal insulin secretion in nondiabetic humans. 

European Group for the Study of Insulin Resistance. The Journal of clinical endocrinology and metabolism 84, 863-868. 

Irvine, K.M., Skoien, R., Bokil, N.J., Melino, M., Thomas, G.P., Loo, D., Gabrielli, B., Hill, M.M., Sweet, M.J., Clouston, A.D., et al. (2014). Senescent human hepatocytes 

express a unique secretory phenotype and promote macrophage migration. World J Gastroenterol 20, 17851-17862. 

Irwin, D.J., Cohen, T.J., Grossman, M., Arnold, S.E., Xie, S.X., Lee, V.M., and Trojanowski, J.Q. (2012). Acetylated tau, a novel pathological signature in Alzheimer's disease 

and other tauopathies. Brain : a journal of neurology 135, 807-818. 

Ishibashi, T., Matsumoto, S., Harada, H., Ochi, K., Tanaka, J., Seno, T., Oka, H., Miyake, H., and Kimura, I. (1991). [Aging and exocrine pancreatic function evaluated by the 

recently standardized secretin test]. Nihon Ronen Igakkai Zasshi Japanese Journal of Geriatrics 28, 599-605. 

Ishigaki, Y., Oka, Y., and Katagiri, H. (2009). Circulating oxidized LDL: a biomarker and a pathogenic factor. Curr Opin Lipidol 20, 363-369. 

Ito, Y., Sørensen, K.K., Bethea, N.W., Svistounov, D., McCuskey, M.K., Smedsrød, B.H., and McCuskey, R.S. (2007). Age-related changes in the hepatic microcirculation in 

mice. Exp Gerontol 42, 789-797. 

Ivell, R., Wade, J.D., and Anand-Ivell, R. (2013). INSL3 as a biomarker of Leydig cell functionality. Biol Reprod 88, 147. 

Iwawaki, T., Akai, R., Kohno, K., and Miura, M. (2004). A transgenic mouse model for monitoring endoplasmic reticulum stress. Cell Structure and Function 29, 95-95. 

Jacinto, T.A., Meireles, G.S., Dias, A.T., Aires, R., Porto, M.L., Gava, A.L., Vasquez, E.C., Pereira, T.M.C., Campagnaro, B.P., and Meyrelles, S.S. (2018). Increased ROS 

production and DNA damage in monocytes are biomarkers of aging and atherosclerosis. Biol Res 51, 33. 

Jack, C.R., Jr., Barrio, J.R., and Kepe, V. (2013). Cerebral amyloid PET imaging in Alzheimer's disease. Acta Neuropathol 126, 643-657. 

Jakovljevic, D.G. (2018). Physical activity and cardiovascular aging: Physiological and molecular insights. Exp Gerontol 109, 67-74. 



Jessberger, R. (2010). Deterioration without replenishment--the misery of oocyte cohesin. Genes Dev 24, 2587-2591. 

Jiang, J., Cheng, L., Yan, L., Ge, M., Yang, L., Ying, H., and Kong, Q. (2021). Decoding the role of long noncoding RNAs in the healthy aging of centenarians. Brief Bioinform 

22. 

Jin, X., Wang, K., Wang, L., Liu, W., Zhang, C., Qiu, Y., Liu, W., Zhang, H., Zhang, D., Yang, Z., et al. (2022). RAB7 activity is required for the regulation of mitophagy in 

oocyte meiosis and oocyte quality control during ovarian aging. Autophagy 18, 643-660. 

Jing, Y., Guo, Y., Yu, Y., and Liu, G.H. (2022). Single-nucleus profiling unveils a geroprotective role of the FOXO3 in primate skeletal muscle aging. Protein & Cell. 

Jing, Y., Shaheen, E., Drake, R.R., Chen, N., Gravenstein, S., and Deng, Y. (2009). Aging is associated with a numerical and functional decline in plasmacytoid dendritic cells, 

whereas myeloid dendritic cells are relatively unaltered in human peripheral blood. Hum Immunol 70, 777-784. 

John, R.M., and Kumar, S. (2016). Sinus Node and Atrial Arrhythmias. Circulation 133, 1892-1900. 

Johnson, K.M., Owen, K., and Witte, P.L. (2002). Aging and developmental transitions in the B cell lineage. International immunology 14, 1313-1323. 

Johnson, L. (1989). Evaluation of the human testis and its age-related dysfunction. Prog Clin Biol Res 302, 35-60; discussion 61-37. 

Johnson, L., Petty, C.S., and Neaves, W.B. (1984). Influence of age on sperm production and testicular weights in men. J Reprod Fertil 70, 211-218. 

Johnson, S.L., Dunleavy, J., Gemmell, N.J., and Nakagawa, S. (2015). Consistent age-dependent declines in human semen quality: a systematic review and meta-analysis. 

Ageing Res Rev 19, 22-33. 

Ju, W., Nair, V., Smith, S., Zhu, L., Shedden, K., Song, P.X.K., Mariani, L.H., Eichinger, F.H., Berthier, C.C., Randolph, A. , et al. (2015). Tissue transcriptome-driven 

identification of epidermal growth factor as a chronic kidney disease biomarker. Sci Transl Med 7, 316ra193. 

Jung, K.H., Stephens, K.A., Yochim, K.M., Riphagen, J.M., Kim, C.M., Buckner, R.L., and Salat, D.H. (2021). Heterogeneity of Cerebral White Matter Lesions and Clinical 

Correlates in Older Adults. Stroke 52, 620-630. 

Jurivich, D.A., Manocha, G.D., Trivedi, R., Lizakowski, M., Rakoczy, S., and Brown-Borg, H. (2020). Multifactorial Attenuation of the Murine Heat Shock Response With 

Age. The journals of gerontology Series A, Biological sciences and medical sciences 75, 1846-1852. 

Kaczynski, J., Sellers, S., Seidman, M.A., Syed, M., Dennis, M., McNaught, G., Jansen, M., Semple, S.I., Alcaide-Corral, C., Tavares, A.A.S., et al. (2022). 18F-NaF PET/MRI 

for Detection of Carotid Atheroma in Acute Neurovascular Syndrome. Radiology 305, 137-148. 

Kalwat, M.A., Scheuner, D., Rodrigues-Dos-Santos, K., Eizirik, D.L., and Cobb, M.H. (2021). The Pancreatic beta-cell Response to Secretory Demands and Adaption to Stress. 

Endocrinology 162. 

Kalyanasundaram, A., Li, N., Gardner, M.L., Artiga, E.J., Hansen, B.J., Webb, A., Freitas, M.A., Pietrzak, M., Whitson, B.A., Mokadam, N.A., et al. (2021). Fibroblast-Specific 

Proteotranscriptomes Reveal Distinct Fibrotic Signatures of Human Sinoatrial Node in Nonfailing and Failing Hearts. Circulation 144, 126-143. 



Kantarci, K., Schwarz, C.G., Reid, R.I., Przybelski, S.A., Lesnick, T.G., Zuk, S.M., Senjem, M.L., Gunter, J.L., Lowe, V., Machulda, M.M., et al. (2014). White matter integrity 

determined with diffusion tensor imaging in older adults without dementia: influence of amyloid load and neurodegeneration. JAMA Neurol 71, 1547-1554. 

Katz, K.S., Shutov, O., Lapoint, R., Kimelman, M., Brister, J.R., and O'Sullivan, C. (2021). STAT: a fast, scalable, MinHash-based k-mer tool to assess Sequence Read Archive 

next-generation sequence submissions. Genome Biol 22, 270. 

Kaufman, J.M., Lapauw, B., Mahmoud, A., T'Sjoen, G., and Huhtaniemi, I.T. (2019). Aging and the Male Reproductive System. Endocr Rev 40, 906-972. 

Keefe, D.L., Marquard, K., and Liu, L. (2006). The telomere theory of reproductive senescence in women. Curr Opin Obstet Gynecol 18, 280-285. 

Kehm, R., König, J., Nowotny, K., Jung, T., Deubel, S., Gohlke, S., Schulz, T.J., and Höhn, A. (2018). Age-related oxidative changes in pancreatic islets are predominantly 

located in the vascular system. Redox Biology 15, 387-393. 

Khosla, S., and Hofbauer, L.C. (2017). Osteoporosis treatment: recent developments and ongoing challenges. Lancet Diabetes Endocrinol 5, 898-907. 

Kikuchi, W., Ichihara, K., Mori, K., and Shimizu, Y. (2021). Biological sources of variations of tartrate-resistant acid phosphatase 5b in a healthy Japanese population. Ann 

Clin Biochem 58, 358-367. 

Kim, C., Jin, J., Ye, Z., Jadhav, R.R., Gustafson, C.E., Hu, B., Cao, W., Tian, L., Weyand, C.M., and Goronzy, J.J. (2021). Histone deficiency and accelerated replication stress 

in T cell aging. J Clin Invest 131. 

Kirk, B., Feehan, J., Lombardi, G., and Duque, G. (2020). Muscle, Bone, and Fat Crosstalk: the Biological Role of Myokines, Osteokines, and Adipokines. Curr Osteoporos 

Rep 18, 388-400. 

Kitajima, K., Nakamoto, Y., Senda, M., Onishi, Y., Okizuka, H., and Sugimura, K. (2007). Normal uptake of 18F-FDG in the testis: an assessment by PET/CT. Ann Nucl Med 

21, 405-410. 

Kleefeldt, F., Bommel, H., Broede, B., Thomsen, M., Pfeiffer, V., Worsdorfer, P., Karnati, S., Wagner, N., Rueckschloss, U., and Ergun, S. (2019). Aging-related 

carcinoembryonic antigen-related cell adhesion molecule 1 signaling promotes vascular dysfunction. Aging Cell 18, e13025. 

Knight, J.C., Mosley, M.J., Bravo, L.C., Kersemans, V., Allen, P.D., Mukherjee, S., O'Neill, E., and Cornelissen, B. (2017). 89Zr-anti-γH2AX-TAT but not 18F-FDG Allows 

Early Monitoring of Response to Chemotherapy in a Mouse Model of Pancreatic Ductal Adenocarcinoma. Clin Cancer Res 23, 6498-6504. 

Koh, J.-M., Khang, Y.-H., Jung, C.-H., Bae, S., Kim, D.J., Chung, Y.-E., and Kim, G.S. (2005). Higher circulating hsCRP levels are associated with lower bone mineral density 

in healthy pre- and postmenopausal women: evidence for a link between systemic inflammation and osteoporosis. Osteoporos Int 16, 1263-1271. 

Komutrattananont, P., Mahakkanukrauh, P., and Das, S. (2019). Morphology of the human aorta and age-related changes: anatomical facts. Anat Cell Biol 52, 109-114. 

Koziel, R., Ruckenstuhl, C., Albertini, E., Neuhaus, M., Netzberger, C., Bust, M., Madeo, F., Wiesner, R.J., and Jansen-Durr, P. (2014). Methionine restriction slows down 

senescence in human diploid fibroblasts. Aging Cell 13, 1038-1048. 



Kudryavtsev, B.N., Kudryavtseva, M.V., Sakuta, G.A., and Stein, G.I. (1993). Human hepatocyte polyploidization kinetics in the course of life cycle. Virchows Arch B Cell 

Pathol Incl Mol Pathol 64, 387-393. 

Kuilman, T., Michaloglou, C., Vredeveld, L.C.W., Douma, S., van Doom, R., Desmet, C.J., Aarden, L.A., Mooi, W.J., and Peeper, D.S. (2008). Oncogene-induced senescence 

relayed by an interleukin-dependent inflammatory network. Cell 133, 1019-1031. 

Kuk, J.L., Saunders, T.J., Davidson, L.E., and Ross, R. (2009). Age-related changes in total and regional fat distribution. Ageing research reviews 8, 339-348. 

Kurz, D.J., Decary, S., Hong, Y., Trivier, E., Akhmedov, A., and Erusalimsky, J.D. (2004). Chronic oxidative stress compromises telomere integrity and accelerates the onset of 

senescence in human endothelial cells. J Cell Sci 117, 2417-2426. 

Kuswanto, W., Burzyn, D., Panduro, M., Wang, K.K., Jang, Y.C., Wagers, A.J., Benoist, C., and Mathis, D. (2016). Poor Repair of Skeletal Muscle in Aging Mice Reflects a 

Defect in Local, Interleukin-33-Dependent Accumulation of Regulatory T Cells. Immunity 44, 355-367. 

Lai, T.P., Zhang, N., Noh, J., Mender, I., Tedone, E., Huang, E., Wright, W.E., Danuser, G., and Shay, J.W. (2017). A method for measuring the distribution of the shortest 

telomeres in cells and tissues. Nat Commun 8, 1356. 

Lajoie, I., Nugent, S., Debacker, C., Dyson, K., Tancredi, F.B., Badhwar, A., Belleville, S., Deschaintre, Y., Bellec, P., Doyon, J., et al. (2017). Application of calibrated fMRI 

in Alzheimer's disease. Neuroimage Clin 15, 348-358. 

Lansdorp, P.M., Verwoerd, N.P., van de Rijke, F.M., Dragowska, V., Little, M.T., Dirks, R.W., Raap, A.K., and Tanke, H.J. (1996). Heterogeneity in telomere length of human 

chromosomes. Human molecular genetics 5, 685-691. 

Lanzer, P., Boehm, M., Sorribas, V., Thiriet, M., Janzen, J., Zeller, T., St Hilaire, C., and Shanahan, C. (2014). Medial vascular calcification revisited: review and perspectives. 

European Heart Journal 35, 1515-1525. 

Laugier, R., Bernard, J.P., Berthezene, P., and Dupuy, P. (1991). Changes in pancreatic exocrine secretion with age: pancreatic exocrine secretion does decrease in the elderly. 

Digestion 50, 202-211. 

Laurentino, S., Cremers, J.F., Horsthemke, B., Tuttelmann, F., Czeloth, K., Zitzmann, M., Pohl, E., Rahmann, S., Schroder, C., Berres, S., et al. (2020). A germ cell-specific 

ageing pattern in otherwise healthy men. Aging Cell 19, e13242. 

Laurila, P., Wohlwend, M., Lima, T., and Luan, P. (2022). Sphingolipids accumulate in aged muscle, and their reduction counteracts sarcopenia. Nature Aging. 

Le Couteur, D.G., Cogger, V.C., Markus, A.M., Harvey, P.J., Yin, Z.L., Ansselin, A.D., and McLean, A.J. (2001). Pseudocapillarization and associated energy limitation in the 

aged rat liver. Hepatology 33, 537-543. 

Le Goallec, A., Diai, S., Collin, S., Prost, J.-B., Vincent, T., and Patel, C.J. (2022). Using deep learning to predict abdominal age from liver and pancreas magnetic resonance 

images. Nature Communications 13, 1979. 



Lee, J.-H., and Lee, J. (2022). Endoplasmic Reticulum (ER) Stress and Its Role in Pancreatic beta-Cell Dysfunction and Senescence in Type 2 Diabetes. International Journal 

of Molecular Sciences 23. 

Lee, L.E., Chandrasekar, B., Yu, P., and Ma, L. (2022a). Quantification of myocardial fibrosis using noninvasive T2-mapping magnetic resonance imaging: Preclinical models 

of aging and pressure overload. NMR Biomed 35, e4641. 

Lee, M.Y., Huang, C.H., Kuo, C.J., Lin, C.L., Lai, W.T., and Chiou, S.H. (2015). Clinical proteomics identifies urinary CD14 as a potential biomarker for diagnosis of stable 

coronary artery disease. PLoS One 10, e0117169. 

Lee, S.M., Lee, S.H., Jung, Y., Lee, Y., Yoon, J.H., Choi, J.Y., Hwang, C.Y., Son, Y.H., Park, S.S., Hwang, G.S., et al. (2020). FABP3-mediated membrane lipid saturation alters 

fluidity and induces ER stress in skeletal muscle with aging. Nat Commun 11, 5661. 

Lee, W.J., Brown, J.A., Kim, H.R., La Joie, R., Cho, H., Lyoo, C.H., Rabinovici, G.D., Seong, J.K., and Seeley, W.W. (2022b). Regional Aβ-tau interactions promote onset and 

acceleration of Alzheimer's disease tau spreading. Neuron 110, 1932-1943.e1935. 

Lenchik, L., and Boutin, R.D. (2018). Sarcopenia: Beyond Muscle Atrophy and into the New Frontiers of Opportunistic Imaging, Precision Medicine, and Machine Learning. 

Seminars in musculoskeletal radiology 22, 307-322. 

Lesmana, C.R., Pakasi, L.S., Inggriani, S., Aidawati, M.L., and Lesmana, L.A. (2015). Prevalence of Non-Alcoholic Fatty Pancreas Disease (NAFPD) and its risk factors 

among adult medical check-up patients in a private hospital: a large cross sectional study. BMC gastroenterology 15, 174. 

Levy, J.M.M., Towers, C.G., and Thorburn, A. (2017). Targeting autophagy in cancer. Nature Reviews Cancer 17, 528-542. 

Li, C.J., Lin, L.T., Tsai, H.W., Chern, C.U., Wen, Z.H., Wang, P.H., and Tsui, K.H. (2021a). The Molecular Regulation in the Pathophysiology in Ovarian Aging. Aging Dis 12, 

934-949. 

Li, C.J., Lin, L.T., Tsai, H.W., Wen, Z.H., and Tsui, K.H. (2022a). Phosphoglycerate mutase family member 5 maintains oocyte quality via mitochondrial dynamic rearrangement 

during aging. Aging Cell 21, e13546. 

Li, C.M., Shapiro, H., Tsiobikas, C., Selfors, L.M., Chen, H., Rosenbluth, J., Moore, K., Gupta, K.P., Gray, G.K., Oren, Y., et al. (2020). Aging-Associated Alterations in 

Mammary Epithelia and Stroma Revealed by Single-Cell RNA Sequencing. Cell Rep 33, 108566. 

Li, C.W., Yu, K., Shyh-Chang, N., Li, G.X., Jiang, L.J., Yu, S.L., Xu, L.Y., Liu, R.J., Guo, Z.J., Xie, H.Y., et al. (2019a). Circulating factors associated with sarcopenia during 

ageing and after intensive lifestyle intervention. J Cachexia Sarcopenia Muscle 10, 586-600. 

Li, G., Yu, M., Lee, W.W., Tsang, M., Krishnan, E., Weyand, C.M., and Goronzy, J.J. (2012a). Decline in miR-181a expression with age impairs T cell receptor sensitivity by 

increasing DUSP6 activity. Nat Med 18, 1518-1524. 

Li, J., Li, S.H., Dong, J., Alibhai, F.J., Zhang, C., Shao, Z.B., Song, H.F., He, S., Yin, W.J., Wu, J., et al. (2019b). Long-term repopulation of aged bone marrow stem cells using 



young Sca-1 cells promotes aged heart rejuvenation. Aging Cell 18, e13026. 

Li, J., Wang, K., Pan, W., Li, N., and Tang, B. (2022b). Targeted Imaging in Atherosclerosis. Analytical chemistry 94, 12263-12273. 

Li, J., Xie, Y., Yuan, F., Song, B., and Tang, C. (2011). Noninvasive quantification of pancreatic fat in healthy male population using chemical shift magnetic resonance imaging: 

effect of aging on pancreatic fat content. Pancreas 40, 295-299. 

Li, J., Zheng, Y., Yan, P., Song, M., Wang, S., Sun, L., Liu, Z., Ma, S., Belmonte, J.C.I., Chan, P., et al. (2021b). A single-cell transcriptomic atlas of primate pancreatic islet 

aging. National Science Review 8. 

Li, Q., Geng, X., Zheng, W., Tang, J., Xu, B., and Shi, Q. (2012b). Current understanding of ovarian aging. Sci China Life Sci 55, 659-669. 

Li, Y., Ma, Y., Song, L., Yu, L., Zhang, L., Zhang, Y., Xing, Y., Yin, Y., and Ma, H. (2018). SIRT3 deficiency exacerbates p53/Parkin‑mediated mitophagy inhibition and 

promotes mitochondrial dysfunction: Implication for aged hearts. Int J Mol Med 41, 3517-3526. 

Li, Y., Zhang, Y., Wang, L., Wang, P., Xue, Y., Li, X., Qiao, X., Zhang, X., Xu, T., Liu, G., et al. (2017). Autophagy impairment mediated by S-nitrosation of ATG4B leads to 

neurotoxicity in response to hyperglycemia. Autophagy 13, 1145-1160. 

Lian, J., Yue, Y., Yu, W., and Zhang, Y. (2020). Immunosenescence: a key player in cancer development. J Hematol Oncol 13, 151. 

Lim, J., and Luderer, U. (2011). Oxidative damage increases and antioxidant gene expression decreases with aging in the mouse ovary. Biol Reprod 84, 775-782. 

Lin, K., Ma, H., Sarnari, R., Li, D., Lloyd-Jones, D.M., Markl, M., and Carr, J.C. (2021). Cardiac MRI Reveals Late Diastolic Changes in Left Ventricular Relaxation Patterns 

During Healthy Aging. J Magn Reson Imaging 53, 766-774. 

Lin, L., and Wang, L.V. (2022). The emerging role of photoacoustic imaging in clinical oncology. Nature Reviews Clinical Oncology 19, 365-384. 

Lin, Z., Sur, S., Soldan, A., Pettigrew, C., Miller, M., Oishi, K., Bilgel, M., Moghekar, A., Pillai, J.J., Albert, M., et al. (2019). Brain Oxygen Extraction by Using MRI in Older 

Individuals: Relationship to Apolipoprotein E Genotype and Amyloid Burden. Radiology 292, 140-148. 

Lindeman, R.D., Tobin, J., and Shock, N.W. (1985). Longitudinal studies on the rate of decline in renal function with age. J Am Geriatr Soc 33, 278-285. 

Linehan, E., Dombrowski, Y., Snoddy, R., Fallon, P.G., Kissenpfennig, A., and Fitzgerald, D.C. (2014). Aging impairs peritoneal but not bone marrow-derived macrophage 

phagocytosis. Aging Cell 13, 699-708. 

Liu, A., Guo, E., Yang, J., Yang, Y., Liu, S., Jiang, X., Hu, Q., Dirsch, O., Dahmen, U., Zhang, C., et al. (2018). Young plasma reverses age-dependent alterations in hepatic 

function through the restoration of autophagy. Aging cell 17. 

Liu, L., and Keefe, D.L. (2008). Defective cohesin is associated with age-dependent misaligned chromosomes in oocytes. Reprod Biomed Online 16, 103-112. 

Lliberos, C., Liew, S.H., Zareie, P., La Gruta, N.L., Mansell, A., and Hutt, K. (2021). Evaluation of inflammation and follicle depletion during ovarian ageing in mice. Sci Rep 

11, 278. 



Long, C., Liu, H., Zhan, W., Chen, L., Yu, Z., Tian, S., Xiang, Y., Chen, S., and Tian, X.L. (2022). Chronological attenuation of NPRA/PKG/AMPK signaling promotes vascular 

aging and elevates blood pressure. Aging Cell 21, e13699. 

Lu, J., Ahmad, R., Nguyen, T., Cifello, J., Hemani, H., Li, J., Chen, J., Li, S., Wang, J., Achour, A., et al. (2022). Heterogeneity and transcriptome changes of human CD8(+) T 

cells across nine decades of life. Nat Commun 13, 5128. 

Lu, J., Li, S., Li, X., Zhao, W., Duan, X., Gu, X., Xu, J., Yu, B., Sigal, L.J., Dong, Z., et al. (2021). Declined miR-181a-5p expression is associated with impaired natural killer 

cell development and function with aging. Aging Cell 20, e13353. 

Lukjanenko, L., Karaz, S., Stuelsatz, P., Gurriaran-Rodriguez, U., Michaud, J., Dammone, G., Sizzano, F., Mashinchian, O., Ancel, S., Migliavacca, E., et al. (2019). Aging 

Disrupts Muscle Stem Cell Function by Impairing Matricellular WISP1 Secretion from Fibro-Adipogenic Progenitors. Cell Stem Cell 24, 433-446.e437. 

Luo, O.J., Lei, W., Zhu, G., Ren, Z., Xu, Y., Xiao, C., Zhang, H., Cai, J., Luo, Z., Gao, L., et al. (2022). Multidimensional single-cell analysis of human peripheral blood reveals 

characteristic features of the immune system landscape in aging and frailty. Nature Aging 2, 348-364. 

Luo, Y., Viswanathan, R., Hande, M.P., Loh, A.H.P., and Cheow, L.F. (2020). Massively parallel single-molecule telomere length measurement with digital real-time PCR. Sci 

Adv 6. 

Lyon, J., Manning Fox, J.E., Spigelman, A.F., Kim, R., Smith, N., O'Gorman, D., Kin, T., Shapiro, A.M.J., Rajotte, R.V., and MacDonald, P.E. (2016). Research-Focused 

Isolation of Human Islets From Donors With and Without Diabetes at the Alberta Diabetes Institute IsletCore. Endocrinology 157, 560-569. 

Madan, C.R. (2021). Age-related decrements in cortical gyrification: Evidence from an accelerated longitudinal dataset. Eur J Neurosci 53, 1661-1671. 

Madeo, F., Bauer, M.A., Carmona-Gutierrez, D., and Kroemer, G. (2019). Spermidine: a physiological autophagy inducer acting as an anti-aging vitamin in humans? Autophagy 

15, 165-168. 

Maeso-Díaz, R., Ortega-Ribera, M., Fernández-Iglesias, A., Hide, D., Muñoz, L., Hessheimer, A.J., Vila, S., Francés, R., Fondevila, C., Albillos, A., et al. (2018). Effects of 

aging on liver microcirculatory function and sinusoidal phenotype. Aging Cell 17, e12829. 

Mahmoud, A.M., Goemaere, S., El-Garem, Y., Van Pottelbergh, I., Comhaire, F.H., and Kaufman, J.M. (2003). Testicular volume in relation to hormonal indices of gonadal 

function in community-dwelling elderly men. J Clin Endocrinol Metab 88, 179-184. 

Malhotra, R., Katz, R., Jotwani, V., Ambrosius, W.T., Raphael, K.L., Haley, W., Rastogi, A., Cheung, A.K., Freedman, B.I., Punzi, H., et al. (2020). Urine Markers of Kidney 

Tubule Cell Injury and Kidney Function Decline in SPRINT Trial Participants with CKD. Clin J Am Soc Nephrol 15, 349-358. 

Mamoshina, P., Volosnikova, M., Ozerov, I.V., Putin, E., Skibina, E., Cortese, F., and Zhavoronkov, A. (2018). Machine Learning on Human Muscle Transcriptomic Data for 

Biomarker Discovery and Tissue-Specific Drug Target Identification. Front Genet 9, 242. 

Manser, A.R., and Uhrberg, M. (2016). Age-related changes in natural killer cell repertoires: impact on NK cell function and immune surveillance. Cancer Immunol Immunother 



65, 417-426. 

Marioni, R.E., Shah, S., McRae, A.F., Chen, B.H., Colicino, E., Harris, S.E., Gibson, J., Henders, A.K., Redmond, P., Cox, S.R. , et al. (2015). DNA methylation age of blood 

predicts all-cause mortality in later life. Genome Biology 16, 25. 

Maroni, L., Pinto, C., Giordano, D.M., Saccomanno, S., Banales, J.M., Spallacci, D., Albertini, M.C., Orlando, F., Provinciali, M., Milkiewicz, M., et al. (2019). Aging-Related 

Expression of Twinfilin-1 Regulates Cholangiocyte Biological Response to Injury. Hepatology 70, 883-898. 

Martini, H., Iacovoni, J.S., Maggiorani, D., Dutaur, M., Marsal, D.J., Roncalli, J., Itier, R., Dambrin, C., Pizzinat, N., Mialet-Perez, J., et al. (2019). Aging induces cardiac 

mesenchymal stromal cell senescence and promotes endothelial cell fate of the CD90 + subset. Aging Cell 18, e13015. 

Matsuda, Y. (2019). Age-related morphological changes in the pancreas and their association with pancreatic carcinogenesis. Pathol Int 69, 450-462. 

Matzkin, M.E., Calandra, R.S., Rossi, S.P., Bartke, A., and Frungieri, M.B. (2021). Hallmarks of Testicular Aging: The Challenge of Anti-Inflammatory and Antioxidant 

Therapies Using Natural and/or Pharmacological Compounds to Improve the Physiopathological Status of the Aged Male Gonad. Cells 10. 

McLean, A.J., Cogger, V.C., Chong, G.C., Warren, A., Markus, A.M., Dahlstrom, J.E., and Le Couteur, D.G. (2003). Age-related pseudocapillarization of the human liver. J 

Pathol 200, 112-117. 

McQuattie-Pimentel, A.C., Ren, Z., Joshi, N., Watanabe, S., Stoeger, T., Chi, M., Lu, Z., Sichizya, L., Aillon, R.P., Chen, C.I., et al. (2021). The lung microenvironment shapes 

a dysfunctional response of alveolar macrophages in aging. J Clin Invest 131. 

Meier, J.M., Alavi, A., Iruvuri, S., Alzeair, S., Parker, R., Houseni, M., Hernandez-Pampaloni, M., Mong, A., and Torigian, D.A. (2007). Assessment of age-related changes in 

abdominal organ structure and function with computed tomography and positron emission tomography. Semin Nucl Med 37, 154-172. 

Merritt, E.K., Stec, M.J., Thalacker-Mercer, A., Windham, S.T., Cross, J.M., Shelley, D.P., Craig Tuggle, S., Kosek, D.J., Kim, J.S., and Bamman, M.M. (2013). Heightened 

muscle inflammation susceptibility may impair regenerative capacity in aging humans. J Appl Physiol (1985) 115, 937-948. 

Meyer, D.H., and Schumacher, B. (2021). BiT age: A transcriptome-based aging clock near the theoretical limit of accuracy. Aging Cell 20, e13320. 

Mihaylova, M.M., Cheng, C.W., Cao, A.Q., Tripathi, S., Mana, M.D., Bauer-Rowe, K.E., Abu-Remaileh, M., Clavain, L., Erdemir, A., Lewis, C.A., et al. (2018). Fasting 

Activates Fatty Acid Oxidation to Enhance Intestinal Stem Cell Function during Homeostasis and Aging. Cell Stem Cell 22, 769-778 e764. 

Minamino, T., and Komuro, I. (2007). Vascular cell senescence: contribution to atherosclerosis. Circ Res 100, 15-26. 

Mittelbrunn, M., and Kroemer, G. (2021). Hallmarks of T cell aging. Nat Immunol 22, 687-698. 

Miyamoto-Mikami, E., Sato, K., Kurihara, T., Hasegawa, N., Fujie, S., Fujita, S., Sanada, K., Hamaoka, T., Tabata, I., and Iemitsu, M. (2015). Endurance training-induced 

increase in circulating irisin levels is associated with reduction of abdominal visceral fat in middle-aged and older adults. PLoS One 10, e0120354. 

Mizukami, H., Takahashi, K., Inaba, W., Osonoi, S., Kamata, K., Tsuboi, K., and Yagihashi, S. (2014a). Age-associated changes of islet endocrine cells and the effects of body 



mass index in Japanese. Journal of Diabetes Investigation 5, 38-47. 

Mizukami, H., Takahashi, K., Inaba, W., Osonoi, S., Kamata, K., Tsuboi, K., and Yagihashi, S. (2014b). Age-associated changes of islet endocrine cells and the effects of body 

mass index in Japanese. Journal of diabetes investigation 5, 38-47. 

Mogilenko, D.A., Shchukina, I., and Artyomov, M.N. (2022). Immune ageing at single-cell resolution. Nat Rev Immunol 22, 484-498. 

Mogilenko, D.A., Shpynov, O., Andhey, P.S., Arthur, L., Swain, A., Esaulova, E., Brioschi, S., Shchukina, I., Kerndl, M., Bambouskova, M., et al. (2021). Comprehensive 

Profiling of an Aging Immune System Reveals Clonal GZMK(+) CD8(+) T Cells as Conserved Hallmark of Inflammaging. Immunity 54, 99-115 e112. 

Mohammed, S., Thadathil, N., Selvarani, R., Nicklas, E.H., Wang, D., Miller, B.F., Richardson, A., and Deepa, S.S. (2021). Necroptosis contributes to chronic inflammation 

and fibrosis in aging liver. Aging cell 20, e13512. 

Moll, L., Roitenberg, N., Bejerano-Sagie, M., Boocholez, H., Carvalhal Marques, F., Volovik, Y., Elami, T., Siddiqui, A.A., Grushko, D., Biram, A., et al. (2018). The insulin/IGF 

signaling cascade modulates SUMOylation to regulate aging and proteostasis in Caenorhabditis elegans. eLife 7. 

Mooradian, A.D., and Chehade, J.M. (2000). Serum leptin response to endogenous hyperinsulinemia in aging rats. Mech Ageing Dev 115, 101-106. 

Moqri, M., Cipriano, A., Nachun, D., Murty, T., de Sena Brandine, G., Rasouli, S., Tarkhov, A., Aberg, K.A., van den Oord, E., Zhou, W., et al. (2022). PRC2 clock: a universal 

epigenetic biomarker of aging and rejuvenation. 2022.2006.2003.494609. 

Mularoni, V., Esposito, V., Di Persio, S., Vicini, E., Spadetta, G., Berloco, P., Fanelli, F., Mezzullo, M., Pagotto, U., Pelusi, C., et al. (2020). Age-related changes in human 

Leydig cell status. Hum Reprod 35, 2663-2676. 

Murao, N., Yokoi, N., Takahashi, H., Hayami, T., Minami, Y., and Seino, S. (2022). Increased glycolysis affects beta-cell function and identity in aging and diabetes. Molecular 

Metabolism 55. 

Nacarelli, T., Lau, L., Fukumoto, T., Zundell, J., Fatkhutdinov, N., Wu, S., Aird, K.M., Iwasaki, O., Kossenkov, A.V., Schultz, D., et al. (2019). NAD(+) metabolism governs 

the proinflammatory senescence-associated secretome. Nat Cell Biol 21, 397-407. 

Nagata, T. (2012). RNA synthesis in the pancreatic acinar cells of aging mice as revealed by electron microscopic radioautography. Curr Radiopharm 5. 

Nagpal, R., Mainali, R., Ahmadi, S., Wang, S., Singh, R., Kavanagh, K., Kitzman, D.W., Kushugulova, A., Marotta, F., and Yadav, H. (2018). Gut microbiome and aging: 

Physiological and mechanistic insights. Nutr Healthy Aging 4, 267-285. 

Nakano-Kurimoto, R., Ikeda, K., Uraoka, M., Nakagawa, Y., Yutaka, K., Koide, M., Takahashi, T., Matoba, S., Yamada, H., Okigaki, M., et al. (2009). Replicative senescence 

of vascular smooth muscle cells enhances the calcification through initiating the osteoblastic transition. Am J Physiol Heart Circ Physiol 297, H1673-1684. 

Nalapareddy, K., Hassan, A., Sampson, L.L., Zheng, Y., and Geiger, H. (2021). Suppression of elevated Cdc42 activity promotes the regenerative potential of aged intestinal 

stem cells. iScience 24, 102362. 



Nalapareddy, K., Nattamai, K.J., Kumar, R.S., Karns, R., Wikenheiser-Brokamp, K.A., Sampson, L.L., Mahe, M.M., Sundaram, N., Yacyshyn, M.B., Yacyshyn, B., et al. (2017). 

Canonical Wnt Signaling Ameliorates Aging of Intestinal Stem Cells. Cell Rep 18, 2608-2621. 

Nandi, N., and Krämer, H. (2018). Cdk5-mediated Acn/Acinus phosphorylation regulates basal autophagy independently of metabolic stress. Autophagy 14, 1271-1272. 

Naranjo, J.D., Dziki, J.L., and Badylak, S.F. (2017). Regenerative Medicine Approaches for Age-Related Muscle Loss and Sarcopenia: A Mini-Review. Gerontology 63, 580-

589. 

Navarro, A., and Boveris, A. (2004). Rat brain and liver mitochondria develop oxidative stress and lose enzymatic activities on aging. Am J Physiol Regul Integr Comp Physiol 

287, R1244-1249. 

Neaves, W.B., Johnson, L., Porter, J.C., Parker, C.R., Jr., and Petty, C.S. (1984). Leydig cell numbers, daily sperm production, and serum gonadotropin levels in aging men. J 

Clin Endocrinol Metab 59, 756-763. 

Neumann, J.F., Leote, A.C., Liersch, M., and Beyer, A. (2023). Predicting murine age across tissues and cell types using single cell transcriptome data. 2022.2010.2019.512922. 

Nie, X., Munyoki, S.K., Sukhwani, M., Schmid, N., Missel, A., Emery, B.R., DonorConnect, Stukenborg, J.B., Mayerhofer, A., Orwig, K.E., et al. (2022). Single-cell analysis 

of human testis aging and correlation with elevated body mass index. Dev Cell 57, 1160-1176 e1165. 

Nitta, K., Okada, K., Yanai, M., and Takahashi, S. (2013). Aging and chronic kidney disease. Kidney Blood Press Res 38, 109-120. 

Norvik, J.V., Harskamp, L.R., Nair, V., Shedden, K., Solbu, M.D., Eriksen, B.O., Kretzler, M., Gansevoort, R.T., Ju, W., and Melsom, T. (2021). Urinary excretion of epidermal 

growth factor and rapid loss of kidney function. Nephrol Dial Transplant 36, 1882-1892. 

Noureddin, M., Yates, K.P., Vaughn, I.A., Neuschwander-Tetri, B.A., Sanyal, A.J., McCullough, A., Merriman, R., Hameed, B., Doo, E., Kleiner, D.E., et al. (2013). Clinical 

and histological determinants of nonalcoholic steatohepatitis and advanced fibrosis in elderly patients. Hepatology 58, 1644-1654. 

Novelli, M., De Tata, V., Bombara, M., Bergamini, E., and Masiello, P. (2000). Age-dependent reduction in GLUT-2 levels is correlated with the impairment of the insulin 

secretory response in isolated islets of Sprague-Dawley rats. Experimental Gerontology 35, 641-651. 

Ogrodnik, M., Miwa, S., Tchkonia, T., Tiniakos, D., Wilson, C.L., Lahat, A., Day, C.P., Burt, A., Palmer, A., Anstee, Q.M., et al. (2017). Cellular senescence drives age-

dependent hepatic steatosis. Nat Commun 8, 15691. 

Olsen, F.J., Johansen, N.D., Skaarup, K.G., Lassen, M.C.H., Ravnkilde, K., Schnohr, P., Jensen, G.B., Marott, J.L., Sogaard, P., Mogelvang, R., et al. (2021). Changes in left 

atrial structure and function over a decade in the general population. Eur Heart J Cardiovasc Imaging 23, 124-136. 

Ossenkoppele, R., Smith, R., Mattsson-Carlgren, N., Groot, C., Leuzy, A., Strandberg, O., Palmqvist, S., Olsson, T., Jögi, J., Stormrud, E., et al. (2021). Accuracy of Tau 

Positron Emission Tomography as a Prognostic Marker in Preclinical and Prodromal Alzheimer Disease: A Head-to-Head Comparison Against Amyloid Positron Emission 

Tomography and Magnetic Resonance Imaging. JAMA Neurology 78, 961-971. 



Owczarz, M., Budzinska, M., Domaszewska-Szostek, A., Borkowska, J., Polosak, J., Gewartowska, M., Slusarczyk, P., and Puzianowska-Kuznicka, M. (2017). miR-34a and 

miR-9 are overexpressed and SIRT genes are downregulated in peripheral blood mononuclear cells of aging humans. Exp Biol Med (Maywood) 242, 1453-1461. 

Pak, K., Seok, J.W., Nam, H.-Y., Seo, S., Lee, M.J., Kim, K., and Kim, I.J. (2021). The association of DAT gene methylation with striatal DAT availability in healthy subjects. 

EJNMMI Res 11, 58. 

Palla, A.R., Hilgendorf, K.I., Yang, A.V., Kerr, J.P., Hinken, A.C., Demeter, J., Kraft, P., Mooney, N.A., Yucel, N., Burns, D.M., et al. (2022). Primary cilia on muscle stem cells 

are critical to maintain regenerative capacity and are lost during aging. Nat Commun 13, 1439. 

Palla, A.R., Ravichandran, M., Wang, Y.X., Alexandrova, L., Yang, A.V., Kraft, P., Holbrook, C.A., Schürch, C.M., Ho, A.T.V., and Blau, H.M. (2021). Inhibition of 

prostaglandin-degrading enzyme 15-PGDH rejuvenates aged muscle mass and strength. Science 371. 

Palmeri, M., Misiano, G., Malaguarnera, M., Forte, G.I., Vaccarino, L., Milano, S., Scola, L., Caruso, C., Motta, M., Maugeri, D., et al. (2012). Cytokine serum profile in a 

group of Sicilian nonagenarians. J Immunoassay Immunochem 33, 82-90. 

Paniagua, R., Amat, P., Nistal, M., and Martin, A. (1985). Ultrastructural changes in Sertoli cells in ageing humans. Int J Androl 8, 295-312. 

Pantel, A.R., Gitto, S.B., Makvandi, M., Kim, H., Medvedv, S., Weeks, J.K., Torigian, D.A., Hsieh, C.-J., Ferman, B., Latif, N.A., et al. (2022). [18F]FluorThanatrace ([18F]FTT) 

PET Imaging of PARP-inhibitor Drug-Target Engagement as a Biomarker of Response in Ovarian Cancer, a pilot study. Clin Cancer Res. 

Panyard, D.J., Yu, B., and Snyder, M.P. (2022). The metabolomics of human aging: Advances, challenges, and opportunities. Sci Adv 8, eadd6155. 

Park, M.J., Ahn, J.W., Kim, K.H., Bang, J., Kim, S.C., Jeong, J.Y., Choi, Y.E., Kim, C.W., and Joo, B.S. (2020). Prediction of ovarian aging using ovarian expression of BMP15, 

GDF9, and C-KIT. Exp Biol Med (Maywood) 245, 711-719. 

Parkhitko, A.A., Jouandin, P., Mohr, S.E., and Perrimon, N. (2019). Methionine metabolism and methyltransferases in the regulation of aging and lifespan extension across 

species. Aging Cell 18, e13034. 

Partridge, L., Deelen, J., and Slagboom, P.E. (2018). Facing up to the global challenges of ageing. Nature 561, 45-56. 

Pascale, A., and Govoni, S. (2016). Cerebral Aging: Implications for the Heart Autonomic Nervous System Regulation. In Heart Failure Management: The Neural Pathways, 

pp. 115-127. 

Pascoal, T.A., Chamoun, M., Lax, E., Wey, H.-Y., Shin, M., Ng, K.P., Kang, M.S., Mathotaarachchi, S., Benedet, A.L., Therriault, J., et al. (2022). [11C]Martinostat PET 

analysis reveals reduced HDAC I availability in Alzheimer’s disease. Nature communications 13, 4171. 

Paul, C., and Robaire, B. (2013). Impaired function of the blood-testis barrier during aging is preceded by a decline in cell adhesion proteins and GTPases. PLoS One 8, e84354. 

Paydary, K., Revheim, M.-E., Emamzadehfard, S., Gholami, S., Pourhassan, S., Werner, T.J., Høilund-Carlsen, P.F., and Alavi, A. (2021). Quantitative thoracic aorta calcification 

assessment by 18F-NaF PET/CT and its correlation with atherosclerotic cardiovascular disorders and increasing age. European radiology 31, 785-794. 



Pelletier-Galarneau, M., Detmer, F.J., Petibon, Y., Normandin, M., Ma, C., Alpert, N.M., and El Fakhri, G. (2021a). Quantification of Myocardial Mitochondrial Membrane 

Potential Using PET. Current Cardiology Reports 23, 70. 

Pelletier-Galarneau, M., Petibon, Y., Ma, C., Han, P., Kim, S.J.W., Detmer, F.J., Yokell, D., Guehl, N., Normandin, M., El Fakhri, G., et al. (2021b). In vivo quantitative mapping 

of human mitochondrial cardiac membrane potential: a feasibility study. European journal of nuclear medicine and molecular imaging 48, 414-420. 

Pentinmikko, N., Iqbal, S., Mana, M., Andersson, S., Cognetta, A.B., 3rd, Suciu, R.M., Roper, J., Luopajarvi, K., Markelin, E., Gopalakrishnan, S., et al. (2019). Notum 

produced by Paneth cells attenuates regeneration of aged intestinal epithelium. Nature 571, 398-402. 

Perheentupa, A., and Huhtaniemi, I. (2009). Aging of the human ovary and testis. Mol Cell Endocrinol 299, 2-13. 

Pertynska-Marczewska, M., and Diamanti-Kandarakis, E. (2017). Aging ovary and the role for advanced glycation end products. Menopause 24, 345-351. 

Peters, A. (2009). The effects of normal aging on myelinated nerve fibers in monkey central nervous system. Front Neuroanat 3, 11. 

Peters, A., Verderosa, A., and Sethares, C. (2008). The neuroglial population in the primary visual cortex of the aging rhesus monkey. Glia 56, 1151-1161. 

Peters, M.J., Joehanes, R., Pilling, L.C., Schurmann, C., Conneely, K.N., Powell, J., Reinmaa, E., Sutphin, G.L., Zhernakova, A., Schramm, K., et al. (2015). The transcriptional 

landscape of age in human peripheral blood. Nat Commun 6, 8570. 

Peverill, R.E. (2019). Aging and the relationships between long-axis systolic and early diastolic excursion, isovolumic relaxation time and left ventricular length-Implications 

for the interpretation of aging effects on e. PLoS One 14, e0210277. 

Pibiri, M. (2018). Liver regeneration in aged mice: new insights. Aging 10, 1801-1824. 

Piehl, N., van Olst, L., Ramakrishnan, A., Teregulova, V., Simonton, B., Zhang, Z., Tapp, E., Channappa, D., Oh, H., Losada, P.M. , et al. (2022). Cerebrospinal fluid immune 

dysregulation during healthy brain aging and cognitive impairment. Cell 185, 5028-5039 e5013. 

Pino, V., Sanz, A., Valdes, N., Crosby, J., and Mackenna, A. (2020). The effects of aging on semen parameters and sperm DNA fragmentation. JBRA Assist Reprod 24, 82-86. 

Pinti, M., Appay, V., Campisi, J., Frasca, D., Fülöp, T., Sauce, D., Larbi, A., Weinberger, B., and Cossarizza, A. (2016). Aging of the immune system: Focus on inflammation 

and vaccination. European journal of immunology 46, 2286-2301. 

Porpiglia, E., Mai, T., Kraft, P., Holbrook, C.A., de Morree, A., Gonzalez, V.D., Hilgendorf, K.I., Frésard, L., Trejo, A., Bhimaraju, S., et al. (2022). Elevated CD47 is a hallmark 

of dysfunctional aged muscle stem cells that can be targeted to augment regeneration. Cell Stem Cell 29, 1653-1668.e1658. 

Potabattula, R., Zacchini, F., Ptak, G.E., Dittrich, M., Muller, T., El Hajj, N., Hahn, T., Drummer, C., Behr, R., Lucas-Hahn, A., et al. (2020). Increasing methylation of sperm 

rDNA and other repetitive elements in the aging male mammalian germline. Aging Cell 19, e13181. 

Poulter, N.R., Prabhakaran, D., and Caulfield, M. (2015). Hypertension. Lancet (London, England) 386, 801-812. 

Pradhan, G., Samson, S.L., and Sun, Y. (2013). Ghrelin: much more than a hunger hormone. Curr Opin Clin Nutr Metab Care  16, 619-624. 



Prenosil, G.A., Sari, H., Fürstner, M., Afshar-Oromieh, A., Shi, K., Rominger, A., and Hentschel, M. (2022). Performance Characteristics of the Biograph Vision Quadra 

PET/CT System with a Long Axial Field of View Using the NEMA NU 2-2018 Standard. J Nucl Med 63, 476. 

Price, A.J., Manjegowda, M.C., Kain, J., Anandh, S., and Bochkis, I.M. (2020). Hdac3, Setdb1, and Kap1 mark H3K9me3/H3K14ac bivalent regions in young and aged liver. 

Aging Cell 19, e13092. 

Price, F.D., von Maltzahn, J., Bentzinger, C.F., Dumont, N.A., Yin, H., Chang, N.C., Wilson, D.H., Frenette, J., and Rudnicki, M.A. (2014). Inhibition of JAK-STAT signaling 

stimulates adult satellite cell function. Nat Med 20, 1174-1181. 

Proença de Oliveira-Maul, J., Barbosa de Carvalho, H., Goto, D.M., Maia, R.M., Fló, C., Barnabé, V., Franco, D.R., Benabou, S., Perracini, M.R., Jacob-Filho, W., et al. (2013). 

Aging, diabetes, and hypertension are associated with decreased nasal mucociliary clearance. Chest 143, 1091-1097. 

Pucciarelli, S., Moreschini, B., Micozzi, D., De Fronzo, G.S., Carpi, F.M., Polzonetti, V., Vincenzetti, S., Mignini, F., and Napolioni, V. (2012). Spermidine and spermine are 

enriched in whole blood of nona/centenarians. Rejuvenation Res 15, 590-595. 

Puthumana, J., Thiessen-Philbrook, H., Xu, L., Coca, S.G., Garg, A.X., Himmelfarb, J., Bhatraju, P.K., Ikizler, T.A., Siew, E.D., Ware, L.B., et al. (2021). Biomarkers of 

inflammation and repair in kidney disease progression. J Clin Invest 131. 

Puzianowska-Kuznicka, M., Owczarz, M., Wieczorowska-Tobis, K., Nadrowski, P., Chudek, J., Slusarczyk, P., Skalska, A., Jonas, M., Franek, E., and Mossakowska, M. (2016). 

Interleukin-6 and C-reactive protein, successful aging, and mortality: the PolSenior study. Immun Ageing 13, 21. 

Qiao, X., Zhang, Y., Ye, A., Zhang, Y., Xie, T., Lv, Z., Shi, C., Wu, D., Chu, B., Wu, X., et al. (2022). ER reductive stress caused by Ero1α S-nitrosation accelerates senescence. 

Free radical biology & medicine 180, 165-178. 

Quinn, L.S., Anderson, B.G., Strait-Bodey, L., and Wolden-Hanson, T. (2010). Serum and muscle interleukin-15 levels decrease in aging mice: correlation with declines in 

soluble interleukin-15 receptor alpha expression. Exp Gerontol 45, 106-112. 

Ragonnaud, E., and Biragyn, A. (2021). Gut microbiota as the key controllers of "healthy" aging of elderly people. Immun Ageing 18, 2. 

Rahier, J., Guiot, Y., Goebbels, R.M., Sempoux, C., and Henquin, J.C. (2008). Pancreatic beta-cell mass in European subjects with type 2 diabetes. Diabetes, Obesity & 

Metabolism 10 Suppl 4, 32-42. 

Rai, N., Venugopalan, G., Pradhan, R., Ambastha, A., Upadhyay, A.D., Dwivedi, S., Dey, A.B., and Dey, S. (2018). Exploration of Novel Anti-Oxidant Protein Sestrin in Frailty 

Syndrome in Elderly. Aging Dis 9, 220-227. 

Rai, R., Ghosh, A.K., Eren, M., Mackie, A.R., Levine, D.C., Kim, S.Y., Cedernaes, J., Ramirez, V., Procissi, D., Smith, L.H., et al. (2017). Downregulation of the Apelinergic 

Axis Accelerates Aging, whereas Its Systemic Restoration Improves the Mammalian Healthspan. Cell Rep 21, 1471-1480. 

Ramezani Tehrani, F., Mansournia, M.A., Solaymani-Dodaran, M., Minooee, S., and Azizi, F. (2017). Serum variations of anti-mullerian hormone and total testosterone with 



aging in healthy adult Iranian men: A population-based study. PLoS One 12, e0179634. 

Ramirez, T., Li, Y.-M., Yin, S., Xu, M.-J., Feng, D., Zhou, Z., Zang, M., Mukhopadhyay, P., Varga, Z.V., Pacher, P., et al. (2017). Aging aggravates alcoholic liver injury and 

fibrosis in mice by downregulating sirtuin 1 expression. Journal of Hepatology 66, 601-609. 

Rechsteiner, C., Morandini, F., Perez, K., Praz, V., López-García, G., Hinte, L., Meyenn, F.v., and Ocampo, A. (2022). Development of a novel aging clock based on chromatin 

accessibility. 2022.2008.2011.502778. 

Reers, C., Erbel, S., Esposito, I., Schmied, B., Büchler, M.W., Nawroth, P.P., and Ritzel, R.A. (2009). Impaired islet turnover in human donor pancreata with aging. Eur J 

Endocrinol 160, 185-191. 

Regadera, J., Nistal, M., and Paniagua, R. (1985). Testis, epididymis, and spermatic cord in elderly men. Correlation of angiographic and histologic studies with systemic 

arteriosclerosis. Arch Pathol Lab Med 109, 663-667. 

Reiter, R.J., Tan, D.X., Kim, S.J., Manchester, L.C., Qi, W.B., Garcia, J.J., Cabrera, J.C., El-Sokkary, G., and Rouvier-Garay, V. (1999). Augmentation of indices of oxidative 

damage in life-long melatonin-deficient rats. Mechanisms of Ageing and Development 110, 157-173. 

Resnick, S.M., Pham, D.L., Kraut, M.A., Zonderman, A.B., and Davatzikos, C. (2003). Longitudinal magnetic resonance imaging studies of older adults: a shrinking brain. J 

Neurosci 23, 3295-3301. 

Revelli, A., Delle Piane, L., Casano, S., Molinari, E., Massobrio, M., and Rinaudo, P. (2009). Follicular fluid content and oocyte quality: from single biochemical markers to 

metabolomics. Reprod Biol Endocrinol 7, 40. 

Reynaert, N.L., van der Vliet, A., Guala, A.S., McGovern, T., Hristova, M., Pantano, C., Heintz, N.H., Heim, J., Ho, Y.S., Matthews, D.E., et al. (2006). Dynamic redox control 

of NF-kappaB through glutaredoxin-regulated S-glutathionylation of inhibitory kappaB kinase beta. Proceedings of the National Academy of Sciences of the United States of 

America 103, 13086-13091. 

Rist, M.J., Roth, A., Frommherz, L., Weinert, C.H., Kruger, R., Merz, B., Bunzel, D., Mack, C., Egert, B., Bub, A., et al. (2017). Metabolite patterns predicting sex and age in 

participants of the Karlsruhe Metabolomics and Nutrition (KarMeN) study. Plos One 12. 

Ritt, P. (2022). Recent Developments in SPECT/CT. Seminars in nuclear medicine 52, 276-285. 

Rizza, S., Cardaci, S., Montagna, C., Di Giacomo, G., De Zio, D., Bordi, M., Maiani, E., Campello, S., Borreca, A., Puca, A.A., et al. (2018). S-nitrosylation drives cell 

senescence and aging in mammals by controlling mitochondrial dynamics and mitophagy. Proceedings of the National Academy of Sciences of the United States of America 

115, E3388-e3397. 

Robinson, O., Chadeau Hyam, M., Karaman, I., Climaco Pinto, R., Ala-Korpela, M., Handakas, E., Fiorito, G., Gao, H., Heard, A., Jarvelin, M.R., et al. (2020). Determinants 

of accelerated metabolomic and epigenetic aging in a UK cohort. Aging Cell 19, e13149. 



Rodier, F., Coppe, J.P., Patil, C.K., Hoeijmakers, W.A., Munoz, D.P., Raza, S.R., Freund, A., Campeau, E., Davalos, A.R., and Campisi, J. (2009). Persistent DNA damage 

signalling triggers senescence-associated inflammatory cytokine secretion. Nat Cell Biol 11, 973-979. 

Rodier, F., Munoz, D.P., Teachenor, R., Chu, V., Le, O., Bhaumik, D., Coppe, J.P., Campeau, E., Beausejour, C.M., Kim, S.H. , et al. (2011). DNA-SCARS: distinct nuclear 

structures that sustain damage-induced senescence growth arrest and inflammatory cytokine secretion. Journal of cell science 124, 68-81. 

Rodrigues, L.P., Teixeira, V.R., Alencar-Silva, T., Simonassi-Paiva, B., Pereira, R.W., Pogue, R., and Carvalho, J.L. (2021). Hallmarks of aging and immunosenescence: 

Connecting the dots. Cytokine Growth Factor Rev 59, 9-21. 

Roger, F., Picazo, C., Reiter, W., Libiad, M., Asami, C., Hanzén, S., Gao, C., Lagniel, G., Welkenhuysen, N., Labarre, J., et al. (2020). Peroxiredoxin promotes longevity and 

H(2)O(2)-resistance in yeast through redox-modulation of protein kinase A. eLife 9. 

Romani, M., Sorrentino, V., Oh, C.M., Li, H., de Lima, T.I., Zhang, H., Shong, M., and Auwerx, J. (2021). NAD(+) boosting reduces age-associated amyloidosis and restores 

mitochondrial homeostasis in muscle. Cell Rep 34, 108660. 

Rong, Y.D., Bian, A.L., Hu, H.Y., Ma, Y., and Zhou, X.Z. (2018). Study on relationship between elderly sarcopenia and inflammatory cytokine IL-6, anti-inflammatory cytokine 

IL-10. BMC Geriatr 18, 308. 

Rosiak-Gill, A., Gill, K., Jakubik, J., Fraczek, M., Patorski, L., Gaczarzewicz, D., Kurzawa, R., Kurpisz, M., and Piasecka, M. (2019). Age-related changes in human sperm 

DNA integrity. Aging (Albany NY) 11, 5399-5411. 

Rossi, F.E., Lira, F.S., Silva, B.S.A., Freire, A., Ramos, E.M.C., and Gobbo, L.A. (2019). Influence of skeletal muscle mass and fat mass on the metabolic and inflammatory 

profile in sarcopenic and non-sarcopenic overfat elderly. Aging Clin Exp Res 31, 629-635. 

Rossi, L., Nicoletti, M.C., Carmosino, M., Mastrofrancesco, L., Di Franco, A., Indrio, F., Lella, R., Laviola, L., Giorgino, F., Svelto, M., et al. (2017). Urinary Excretion of 

Kidney Aquaporins as Possible Diagnostic Biomarker of Diabetic Nephropathy. J Diabetes Res 2017, 4360357. 

Rottenberg, H., and Wu, S. (1997). Mitochondrial dysfunction in lymphocytes from old mice: enhanced activation of the permeability transition. Biochem Biophys Res Commun 

240, 68-74. 

Rozo, M., Li, L., and Fan, C.M. (2016). Targeting β1-integrin signaling enhances regeneration in aged and dystrophic muscle in mice. Nat Med 22, 889-896. 

Ruixue Ren, Yong He, Dong Ding , Aoyuan Cui , Huarui Bao, Jing Ma, Xin Hou, Yu Li, Dechun Feng, Xiaoling Li, et al. (2022). Aging exaggerates acute-on-chronic alcohol-

induced liver injury in mice and humans by inhibiting neutrophilic sirtuin 1-C/EBPα-miRNA-223 axis. Hepatology 75, 646-660. 

Rule, A.D., Amer, H., Cornell, L.D., Taler, S.J., Cosio, F.G., Kremers, W.K., Textor, S.C., and Stegall, M.D. (2010). The association between age and nephrosclerosis on renal 

biopsy among healthy adults. Ann Intern Med 152, 561-567. 

Rusanova, I., Diaz-Casado, M.E., Fernandez-Ortiz, M., Aranda-Martinez, P., Guerra-Librero, A., Garcia-Garcia, F.J., Escames, G., Manas, L., and Acuna-Castroviejo, D. (2018). 



Analysis of Plasma MicroRNAs as Predictors and Biomarkers of Aging and Frailty in Humans. Oxid Med Cell Longev 2018, 7671850. 

Ruth, K.S., Day, F.R., Hussain, J., Martinez-Marchal, A., Aiken, C.E., Azad, A., Thompson, D.J., Knoblochova, L., Abe, H., Tarry-Adkins, J.L., et al. (2021). Genetic insights 

into biological mechanisms governing human ovarian ageing. Nature 596, 393-397. 

Ryan, A.S., and Elahi, D. (1998). Loss of bone mineral density in women athletes during aging. Calcif Tissue Int 63, 287-292. 

Ryan, N.A., Zwetsloot, K.A., Westerkamp, L.M., Hickner, R.C., Pofahl, W.E., and Gavin, T.P. (2006). Lower skeletal muscle capillarization and VEGF expression in aged vs. 

young men. J Appl Physiol (1985) 100, 178-185. 

Sacco, A.J., Granatosky, M.C., Laird, M.F., and Milich, K.M. (2021). Validation of a method for quantifying urinary C-peptide in platyrrhine monkeys. Gen Comp Endocrinol 

300, 113644. 

Saeed, A., Nambi, V., Sun, W., Virani, S.S., Taffet, G.E., Deswal, A., Selvin, E., Matsushita, K., Wagenknecht, L.E., Hoogeveen, R., et al. (2018). Short-Term Global 

Cardiovascular Disease Risk Prediction in Older Adults. J Am Coll Cardiol 71, 2527-2536. 

Saisho, Y., Butler, A.E., Manesso, E., Elashoff, D., Rizza, R.A., and Butler, P.C. (2013). β-cell mass and turnover in humans: effects of obesity and aging. Diabetes Care 36, 

111-117. 

Saisho, Y., Butler, A.E., Meier, J.J., Monchamp, T., Allen-Auerbach, M., Rizza, R.A., and Butler, P.C. (2007). Pancreas volumes in humans from birth to age one hundred taking 

into account sex, obesity, and presence of type-2 diabetes. Clin Anat 20, 933-942. 

Sakamoto, J., Miura, T., Shimamoto, K., and Horio, Y. (2004). Predominant expression of Sir2alpha, an NAD-dependent histone deacetylase, in the embryonic mouse heart and 

brain. FEBS Lett 556, 281-286. 

Salminen, A., Kaarniranta, K., and Kauppinen, A. (2016). Age-related changes in AMPK activation: Role for AMPK phosphatases and inhibitory phosphorylation by upstream 

signaling pathways. Ageing research reviews 28, 15-26. 

Salonia, A., Rastrelli, G., Hackett, G., Seminara, S.B., Huhtaniemi, I.T., Rey, R.A., Hellstrom, W.J.G., Palmert, M.R., Corona, G., Dohle, G.R., et al. (2019). Paediatric and 

adult-onset male hypogonadism. Nat Rev Dis Primers 5, 38. 

Sanders, J.L., Putman, R.K., Dupuis, J., Xu, H., Murabito, J.M., Araki, T., Nishino, M., Benjamin, E.J., Levy, D., Ramachandran, V.S., et al. (2021). The Association of Aging 

Biomarkers, Interstitial Lung Abnormalities, and  Mortality. American journal of respiratory and critical care medicine 203, 1149-1157. 

Sandoval-Pistorius, S.S., Gerson, J.E., Liggans, N., Ryou, J.H., Oak, K., Li, X., Negron-Rios, K.Y., Fischer, S., Barsh, H., Crowley, E.V., et al. (2023). Ubiquilin-2 regulates 

pathological alpha-synuclein. Scientific reports 13, 293. 

Sandovici, I., Smith, N.H., Nitert, M.D., Ackers-Johnson, M., Uribe-Lewis, S., Ito, Y., Jones, R.H., Marquez, V.E., Cairns, W., Tadayyon, M., et al. (2011). Maternal diet and 

aging alter the epigenetic control of a promoter-enhancer interaction at the Hnf4a gene in rat pancreatic islets. Proceedings of the National Academy of Sciences of the United 



States of America 108, 5449-5454. 

Sasano, N., and Ichijo, S. (1969). Vascular patterns of the human testis with special reference to its senile changes. Tohoku J Exp Med 99, 269-280. 

Sastre, J., Pallardó, F.V., Plá, R., Pellín, A., Juan, G., O'Connor, J.E., Estrela, J.M., Miquel, J., and Viña, J. (1996). Aging of the liver: age-associated mitochondrial damage in 

intact hepatocytes. Hepatology 24, 1199-1205. 

Sato, I., Morita, I., Kaji, K., Ikeda, M., Nagao, M., and Murota, S. (1993). Reduction of nitric oxide producing activity associated with in vitro aging in cultured human umbilical 

vein endothelial cell. Biochem Biophys Res Commun 195, 1070-1076. 

Sato, S., Solanas, G., Peixoto, F.O., Bee, L., Symeonidi, A., Schmidt, M.S., Brenner, C., Masri, S., Benitah, S.A., and Sassone-Corsi, P. (2017). Circadian Reprogramming in 

the Liver Identifies Metabolic Pathways of Aging. Cell 170, 664-677.e611. 

Sato, T., Ito, K., Tamada, T., Sone, T., Noda, Y., Higaki, A., Kanki, A., Tanimoto, D., and Higashi, H. (2012). Age-related changes in normal adult pancreas: MR imaging 

evaluation. Eur J Radiol 81, 2093-2098. 

Saunders, J.T., Nambi, V., de Lemos, J.A., Chambless, L.E., Virani, S.S., Boerwinkle, E., Hoogeveen, R.C., Liu, X., Astor, B.C., Mosley, T.H. , et al. (2011). Cardiac troponin 

T measured by a highly sensitive assay predicts coronary heart disease, heart failure, and mortality in the Atherosclerosis Risk in Communities Study. Circulation 123, 1367-

1376. 

Schaap, L.A., Pluijm, S.M., Deeg, D.J., and Visser, M. (2006a). Inflammatory markers and loss of muscle mass (sarcopenia) and strength. Am J Med 119, 526 e529-517. 

Schaap, L.A., Pluijm, S.M., Deeg, D.J., and Visser, M. (2006b). Inflammatory markers and loss of muscle mass (sarcopenia) and strength. Am J Med 119, 526.e529-517. 

Scheltens, P., De Strooper, B., Kivipelto, M., Holstege, H., Chételat, G., Teunissen, C.E., Cummings, J., and van der Flier, W.M. (2021). Alzheimer's disease. Lancet 397, 1577-

1590. 

Schmitt, R., and Melk, A. (2017). Molecular mechanisms of renal aging. Kidney Int 92, 569-579. 

Schmucker, D.L., Woodhouse, K.W., Wang, R.K., Wynne, H., James, O.F., McManus, M., and Kremers, P. (1990). Effects of age and gender on in vitro properties of human 

liver microsomal monooxygenases. Clin Pharmacol Ther 48, 365-374. 

Schöder, H., França, P.D.D.S., Nakajima, R., Burnazi, E., Roberts, S., Brand, C., Grkovski, M., Mauguen, A., Dunphy, M.P., Ghossein, R.A., et al. (2020). Safety and Feasibility 

of PARP1/2 Imaging with 18F-PARPi in Patients with Head and Neck Cancer. Clin Cancer Res 26, 3110-3116. 

Schöll, M., Lockhart, S.N., Schonhaut, D.R., O'Neil, J.P., Janabi, M., Ossenkoppele, R., Baker, S.L., Vogel, J.W., Faria, J., Schwimmer, H.D., et al. (2016). PET Imaging of 

Tau Deposition in the Aging Human Brain. Neuron 89, 971-982. 

Schrauben, S.J., Shou, H., Zhang, X., Anderson, A.H., Bonventre, J.V., Chen, J., Coca, S., Furth, S.L., Greenberg, J.H., Gutierrez, O.M., et al. (2021). Association of Multiple 

Plasma Biomarker Concentrations with Progression of Prevalent Diabetic Kidney Disease: Findings from the Chronic Renal Insufficiency Cohort (CRIC) Study. J Am Soc 



Nephrol 32, 115-126. 

Schroeder, F.A., Chonde, D.B., Riley, M.M., Moseley, C.K., Granda, M.L., Wilson, C.M., Wagner, F.F., Zhang, Y.-L., Gale, J., Holson, E.B., et al. (2013). FDG-PET imaging 

reveals local brain glucose utilization is altered by class I histone deacetylase inhibitors. Neuroscience letters 550, 119-124. 

Schüler, S.C., Kirkpatrick, J.M., Schmidt, M., Santinha, D., Koch, P., Di Sanzo, S., Cirri, E., Hemberg, M., Ori, A., and von Maltzahn, J. (2021). Extensive remodeling of the 

extracellular matrix during aging contributes to age-dependent impairments of muscle stem cell functionality. Cell Rep 35, 109223. 

Secomandi, L., Borghesan, M., Velarde, M., and Demaria, M. (2022). The role of cellular senescence in female reproductive aging and the potential for senotherapeutic 

interventions. Hum Reprod Update 28, 172-189. 

Selvaratnam, J., Paul, C., and Robaire, B. (2015). Male Rat Germ Cells Display Age-Dependent and Cell-Specific Susceptibility in Response to Oxidative Stress Challenges. 

Biol Reprod 93, 72. 

Seo, Y., Ishizu, T., Ieda, M., Ohte, N., and Investigators, J.L.S. (2020). Elderly Japanese Standard Data of Echocardiography; From J-LONG study. J Echocardiogr 18, 175-182. 

Shahnazari, M., Dwyer, D., Chu, V., Asuncion, F., Stolina, M., Ominsky, M., Kostenuik, P., and Halloran, B. (2012). Bone turnover markers in peripheral blood and marrow 

plasma reflect trabecular bone loss but not endocortical expansion in aging mice. Bone 50, 628-637. 

Sharma, R., Agarwal, A., Rohra, V.K., Assidi, M., Abu-Elmagd, M., and Turki, R.F. (2015). Effects of increased paternal age on sperm quality, reproductive outcome and 

associated epigenetic risks to offspring. Reprod Biol Endocrinol 13, 35. 

Sheedfar, F., Di Biase, S., Koonen, D., and Vinciguerra, M. (2013). Liver diseases and aging: friends or foes? Aging cell 12, 950-954. 

Shi, M., Xu, B.H., Wang, X., Aoyama, K., Michie, S.A., and Takeuchi, T. (2004). Oxidative damages in chronic inflammation of a mouse autoimmune disease model. 

Immunology Letters 95, 233-236. 

Shimizu, I., and Minamino, T. (2016). Physiological and pathological cardiac hypertrophy. J Mol Cell Cardiol 97, 245-262. 

Shin, C.S., Moon, B.S., Park, K.S., Kim, S.Y., Park, S.J., Chung, M.H., and Lee, H.K. (2001). Serum 8-hydroxy-guanine levels are increased in diabetic patients. Diabetes Care 

24, 733-737. 

Shirakabe, A., Ikeda, Y., Sciarretta, S., Zablocki, D.K., and Sadoshima, J. (2016). Aging and Autophagy in the Heart. Circ Res 118, 1563-1576. 

Shook, B.A., Lennington, J.B., Acabchuk, R.L., Halling, M., Sun, Y., Peters, J., Wu, Q., Mahajan, A., Fellows, D.W., and Conover, J.C. (2014). Ventriculomegaly associated 

with ependymal gliosis and declines in barrier integrity in the aging human and mouse brain. Aging Cell 13, 340-350. 

Shrestha, S., Erikson, G., Lyon, J., Spigelman, A.F., Bautista, A., Manning Fox, J.E., Dos Santos, C., Shokhirev, M., Cartailler, J.P., Hetzer, M.W., et al. (2022). Aging 

compromises human islet beta cell function and identity by decreasing transcription factor activity and inducing ER stress. Sci Adv 8, eabo3932. 

Singh, P., Coskun, Z.Z., Goode, C., Dean, A., Thompson-Snipes, L., and Darlington, G. (2008). Lymphoid neogenesis and immune infiltration in aged liver. Hepatology 47, 



1680-1690. 

Singh, S.P., Janjuha, S., Chaudhuri, S., Reinhardt, S., Krankel, A., Dietz, S., Eugster, A., Bilgin, H., Korkmaz, S., Zararsiz, G., et al. (2018). Machine learning based classification 

of cells into chronological stages using single-cell transcriptomics. Sci Rep 8, 17156. 

Sokol, H., Pigneur, B., Watterlot, L., Lakhdari, O., Bermudez-Humaran, L.G., Gratadoux, J.J., Blugeon, S., Bridonneau, C., Furet, J.P., Corthier, G., et al. (2008). 

Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease patients. Proc Natl Acad Sci U S A 105, 

16731-16736. 

Solana, C., Tarazona, R., and Solana, R. (2018). Immunosenescence of Natural Killer Cells, Inflammation, and Alzheimer's Disease. Int J Alzheimers Dis 2018, 3128758. 

Solana, R., Tarazona, R., Gayoso, I., Lesur, O., Dupuis, G., and Fulop, T. (2012). Innate immunosenescence: effect of aging on cells and receptors of the innate immune system 

in humans. Semin Immunol 24, 331-341. 

Solvang, S.H., Hodge, A., Watne, L.O., Cabral-Marques, O., Nordrehaug, J.E., Giles, G.G., Dugue, P.A., Nygard, O., Ueland, P.M., McCann, A., et al. (2022). Kynurenine 

Pathway Metabolites in the Blood and Cerebrospinal Fluid Are Associated with Human Aging. Oxid Med Cell Longev 2022, 5019752. 

Sonel, A., Sasseen, B.M., Fineberg, N., Bang, N., and Wilensky, R.L. (2000). Prospective study correlating fibrinopeptide A, troponin I, myoglobin, and myosin light chain 

levels with early and late ischemic events in consecutive patients presenting to the emergency department with chest pain. Circulation 102, 1107-1113. 

Song, J., Ni, Q., Sun, J., Xie, J., Liu, J., Ning, G., Wang, W., and Wang, Q. (2022). Aging Impairs Adaptive Unfolded Protein Response and Drives Beta Cell Dedifferentiation 

in Humans. The Journal of Clinical Endocrinology and Metabolism 107, 3231-3241. 

Song, L. (2017). Calcium and Bone Metabolism Indices. Adv Clin Chem 82, 1-46. 

Song, M., Franco, A., Fleischer, J.A., Zhang, L., and Dorn, G.W. (2017). Abrogating Mitochondrial Dynamics in Mouse Hearts Accelerates Mitochondrial Senescence. Cell 

Metabolism 26, 872-883.e875. 

Sousa-Victor, P., Gutarra, S., García-Prat, L., Rodriguez-Ubreva, J., Ortet, L., Ruiz-Bonilla, V., Jardí, M., Ballestar, E., González, S., Serrano, A.L., et al. (2014). Geriatric 

muscle stem cells switch reversible quiescence into senescence. Nature 506, 316-321. 

Sousa-Victor, P., Neves, J., Cedron-Craft, W., Ventura, P.B., Liao, C.-Y., Riley, R.R., Soifer, I., van Bruggen, N., Kolumam, G.A., Villeda, S.A., et al. (2019). MANF regulates 

metabolic and immune homeostasis in ageing and protects against liver damage. Nature Metabolism 1, 276-290. 

Srivastava, A., Schmidt, I.M., Palsson, R., Weins, A., Bonventre, J.V., Sabbisetti, V., Stillman, I.E., Rennke, H.G., and Waikar, S.S. (2021). The Associations of Plasma 

Biomarkers of Inflammation With Histopathologic Lesions, Kidney Disease Progression, and Mortality-The Boston Kidney Biopsy Cohort Study. Kidney Int Rep 6, 685-694. 

Steenman, M., and Lande, G. (2017). Cardiac aging and heart disease in humans. Biophys Rev 9, 131-137. 

Stelwagen, J., Lubberts, S., Steggink, L.C., Steursma, G., Kruyt, L.M., Donkerbroek, J.W., van Roon, A.M., van Gessel, A.I., van de Zande, S.C., Meijer, C., et al. (2020). 



Vascular aging in long-term survivors of testicular cancer more than 20 years after treatment with cisplatin-based chemotherapy. British journal of cancer 123, 1599-1607. 

Stensen, M.H., Tanbo, T., Storeng, R., and Fedorcsak, P. (2014). Advanced glycation end products and their receptor contribute to ovarian ageing. Hum Reprod 29, 125-134. 

Stervbo, U., Meier, S., Malzer, J.N., Baron, U., Bozzetti, C., Jurchott, K., Nienen, M., Olek, S., Rachwalik, D., Schulz, A.R., et al. (2015). Effects of aging on human leukocytes 

(part I): immunophenotyping of innate immune cells. Age (Dordr) 37, 92. 

Storsve, A.B., Fjell, A.M., Tamnes, C.K., Westlye, L.T., Overbye, K., Aasland, H.W., and Walhovd, K.B. (2014). Differential longitudinal changes in cortical thickness, surface 

area and volume across the adult life span: regions of accelerating and decelerating change. J Neurosci 34, 8488-8498. 

Stotland, A., and Gottlieb, R.A. (2016). alpha-MHC MitoTimer mouse: In vivo mitochondrial turnover model reveals remarkable mitochondrial heterogeneity in the heart. J 

Mol Cell Cardiol 90, 53-58. 

Su, Y., Misumi, Y., Ueda, M., Shono, M., Tasaki, M., Guo, J., Jono, H., Obayashi, K., Senokuchi, T., Yamagata, K., et al. (2012). The occurrence of islet amyloid polypeptide 

amyloidosis in Japanese subjects. Pancreas 41, 971-973. 

Suffee, N., Moore-Morris, T., Jagla, B., Mougenot, N., Dilanian, G., Berthet, M., Proukhnitzky, J., Le Prince, P., Tregouet, D.A., Puceat, M., et al. (2020). Reactivation of the 

Epicardium at the Origin of Myocardial Fibro-Fatty Infiltration During the Atrial Cardiomyopathy. Circ Res 126, 1330-1342. 

Sun, Q., Dong, J., Liu, C., Yang, J., Zhang, X., and Li, W. (2021). Scalable distributed microwave photonic MIMO radar based on a bidirectional ring network. Opt Express 29, 

31508-31519. 

Sun, X.L., Jiang, H., Han, D.X., Fu, Y., Liu, J.B., Gao, Y., Hu, S.M., Yuan, B., and Zhang, J.B. (2018). The activated DNA double-strand break repair pathway in cumulus cells 

from aging patients may be used as a convincing predictor of poor outcomes after in vitro fertilization-embryo transfer treatment. PLoS One 13, e0204524. 

Sun, Y., Campisi, J., Higano, C., Beer, T.M., Porter, P., Coleman, I., True, L., and Nelson, P.S. (2012). Treatment-induced damage to the tumor microenvironment promotes 

prostate cancer therapy resistance through WNT16B. Nat Med 18, 1359-1368. 

Sun, Y., Lu, F., Yu, X., Wang, B., Chen, J., Lu, F., Peng, S., Sun, X., Yu, M., Chen, H., et al. (2020). Exogenous H(2)S Promoted USP8 Sulfhydration to Regulate Mitophagy 

in the Hearts of db/db Mice. Aging and disease 11, 269-285. 

Suzan, V., Yavuzer, H., Bag Soytas, R., Bektan Kanat, B., Arman, P., Emiroglu Gedik, T., Unal, D., Atar, O., Bolayirli, I.M., and Doventas, A. (2021). The relationship between 

primary sarcopenia and SARC-F, serum MMP9, TIMP1 levels, and MMP9/TIMP1 ratio in the geriatric patients. Eur Geriatr Med 12, 1229-1235. 

Suzuki, T., Aoki, K., Shimokobe, K., Omiya, S., Funayama, C., Takahashi, T., and Kato, M. (2022). Age-related morphological and functional changes in the small intestine of 

senescence-accelerated mouse. Exp Gerontol 163, 111795. 

Svoboda, P., Ko, S.H., Cho, B., Yoo, S.H., Choi, S.W., Ye, S.K., Kasai, H., and Chung, M.H. (2008). Neopterin, a marker of immune response, and 8-hydroxy-2'-deoxyguanosine, 

a marker of oxidative stress, correlate at high age as determined by automated simultaneous high-performance liquid chromatography analysis of human urine. Anal Biochem 



383, 236-242. 

Swanlund, J.M., Kregel, K.C., and Oberley, T.D. (2008). Autophagy following heat stress: the role of aging and protein nitration. Autophagy 4, 936-939. 

Tabibian, J.H., O'Hara, S.P., Splinter, P.L., Trussoni, C.E., and LaRusso, N.F. (2014). Cholangiocyte senescence by way of N-ras activation is a characteristic of primary 

sclerosing cholangitis. Hepatology 59, 2263-2275. 

Takada, Y., Yaman-Deveci, R., Shirakawa, T., Sharif, J., Tomizawa, S.I., Miura, F., Ito, T., Ono, M., Nakajima, K., Koseki, Y., et al. (2021). Maintenance DNA methylation in 

pre-meiotic germ cells regulates meiotic prophase by facilitating homologous chromosome pairing. Development 148. 

Takahashi, H., Okamura, D., Starr, M.E., Saito, H., and Evers, B.M. (2012). Age-dependent reduction of the PI3K regulatory subunit p85α suppresses pancreatic acinar cell 

proliferation. Aging Cell 11, 305-314. 

Takahashi, M., Hoshino, H., and Kushida, K. (1999). Measurements of urinary nonisomerized form of type I collagen degradation products (alpha-CTx) in aging, menopause, 

and osteoporosis with fractures. Clin Chim Acta 279, 69-76. 

Tan, L., Register, T.C., and Yammani, R.R. (2020). Age-Related Decline in Expression of Molecular Chaperones Induces Endoplasmic Reticulum Stress and Chondrocyte 

Apoptosis in Articular Cartilage. Aging and disease 11, 1091-1102. 

Tang, X., Chen, X.F., Wang, N.Y., Wang, X.M., Liang, S.T., Zheng, W., Lu, Y.B., Zhao, X., Hao, D.L., Zhang, Z.Q., et al. (2017). SIRT2 Acts as a Cardioprotective Deacetylase 

in Pathological Cardiac Hypertrophy. Circulation 136, 2051-2067. 

Tarkhov, A.E., Lindstrom-Vautrin, T., Zhang, S., Ying, K., Moqri, M., Zhang, B., and Gladyshev, V.N. (2022). Nature of epigenetic aging from a single-cell perspective. 

2022.2009.2026.509592. 

Tatone, C., and Amicarelli, F. (2013). The aging ovary--the poor granulosa cells. Fertil Steril 99, 12-17. 

Tatone, C., Amicarelli, F., Carbone, M.C., Monteleone, P., Caserta, D., Marci, R., Artini, P.G., Piomboni, P., and Focarelli, R. (2008). Cellular and molecular aspects of ovarian 

follicle ageing. Hum Reprod Update 14, 131-142. 

Tauchi, H., Sato, T., and Ito, Y. (1994). Morphological aspects of aging liver: half a century of progress in Japan. Archives of gerontology and geriatrics 19, 135-144. 

Tawakol, A., Migrino Raymond, Q., Bashian Gregory, G., Bedri, S., Vermylen, D., Cury Ricardo, C., Yates, D., LaMuraglia Glenn, M., Furie, K., Houser, S., et al. (2006). In 

vivo 18F-Fluorodeoxyglucose Positron Emission Tomography Imaging Provides a Noninvasive Measure of Carotid Plaque Inflammation in Patients. Journal of the American 

College of Cardiology 48, 1818-1824. 

Tawo, R., Pokrzywa, W., Kevei, É., Akyuz, M.E., Balaji, V., Adrian, S., Höhfeld, J., and Hoppe, T. (2017). The Ubiquitin Ligase CHIP Integrates Proteostasis and Aging by 

Regulation of Insulin Receptor Turnover. Cell 169, 470-482.e413. 

Taylor, R.W., Barron, M.J., Borthwick, G.M., Gospel, A., Chinnery, P.F., Samuels, D.C., Taylor, G.A., Plusa, S.M., Needham, S.J., Greaves, L.C., et al. (2003). Mitochondrial 



DNA mutations in human colonic crypt stem cells. J Clin Invest 112, 1351-1360. 

Tezze, C., Romanello, V., Desbats, M.A., Fadini, G.P., Albiero, M., Favaro, G., Ciciliot, S., Soriano, M.E., Morbidoni, V., Cerqua, C., et al. (2017). Age-Associated Loss of 

OPA1 in Muscle Impacts Muscle Mass, Metabolic Homeostasis, Systemic Inflammation, and Epithelial Senescence. Cell Metab 25, 1374-1389.e1376. 

Tham, C.Y., Poon, L., Yan, T., Koh, J.Y.P., Ramlee, M.K., Teoh, V.S.I., Zhang, S., Cai, Y., Hong, Z., Lee, G.S. , et al. (2023). High-throughput telomere length measurement at 

nucleotide resolution using the PacBio high fidelity sequencing platform. Nat Commun 14, 281. 

Thevaranjan, N., Puchta, A., Schulz, C., Naidoo, A., Szamosi, J.C., Verschoor, C.P., Loukov, D., Schenck, L.P., Jury, J., Foley, K.P., et al. (2017). Age-Associated Microbial 

Dysbiosis Promotes Intestinal Permeability, Systemic Inflammation, and Macrophage Dysfunction. Cell Host Microbe 21, 455-466 e454. 

Thijssen, D.H.J., Bruno, R.M., van Mil, A.C.C.M., Holder, S.M., Faita, F., Greyling, A., Zock, P.L., Taddei, S., Deanfield, J.E., Luscher, T., et al. (2019). Expert consensus and 

evidence-based recommendations for the assessment of flow-mediated dilation in humans. Eur Heart J 40, 2534-2547. 

Tian, X.-L., and Li, Y. (2014). Endothelial cell senescence and age-related vascular diseases. Journal of genetics and genomics = Yi chuan xue bao 41, 485-495. 

Tierney, M.T., Aydogdu, T., Sala, D., Malecova, B., Gatto, S., Puri, P.L., Latella, L., and Sacco, A. (2014). STAT3 signaling controls satellite cell expansion and skeletal muscle 

repair. Nat Med 20, 1182-1186. 

Tierney, M.T., Stec, M.J., Rulands, S., Simons, B.D., and Sacco, A. (2018). Muscle Stem Cells Exhibit Distinct Clonal Dynamics in Response to Tissue Repair and Homeostatic 

Aging. Cell Stem Cell 22, 119-127.e113. 

Tokida, R., Uehara, M., Nakano, M., Suzuki, T., Sakai, N., Ikegami, S., Takahashi, J., Nakamura, Y., and Kato, H. (2021). Reference values for bone metabolism in a Japanese 

cohort survey randomly sampled from a basic elderly resident registry. Sci Rep 11, 7822. 

Toppari, J. (2021). Insulin-like Factor 3 Emerges from the Shadow of Testosterone as a Leydig Cell Biomarker. J Clin Endocrinol Metab 106, e370-e371. 

Torigoe, T., Ito, K., Yamamoto, A., Kanki, A., Yasokawa, K., Tamada, T., and Yoshida, K. (2014). Age-related change of the secretory flow of pancreatic juice in the main 

pancreatic duct: evaluation with cine-dynamic MRCP using spatially selective inversion recovery pulse. AJR American Journal of Roentgenology 202, 1022-1026. 

Torres, D.D., Rossini, M., Manno, C., Mattace-Raso, F., D'Altri, C., Ranieri, E., Pontrelli, P., Grandaliano, G., Gesualdo, L., and Schena, F.P. (2008). The ratio of epidermal 

growth factor to monocyte chemotactic peptide-1 in the urine predicts renal prognosis in IgA nephropathy. Kidney Int 73, 327-333. 

Townsend, R.R., Wilkinson, I.B., Schiffrin, E.L., Avolio, A.P., Chirinos, J.A., Cockcroft, J.R., Heffernan, K.S., Lakatta, E.G., McEniery, C.M., Mitchell, G.F., et al. (2015). 

Recommendations for Improving and Standardizing Vascular Research on Arterial Stiffness: A Scientific Statement From the American Heart Association. Hypertension (Dallas, 

Tex : 1979) 66, 698-722. 

Trapp, A., Kerepesi, C., and Gladyshev, V.N. (2021). Profiling epigenetic age in single cells. Nat Aging 1, 1189-1201. 

Trembinski, D.J., Bink, D.I., Theodorou, K., Sommer, J., Fischer, A., van Bergen, A., Kuo, C.-C., Costa, I.G., Schürmann, C., Leisegang, M.S., et al. (2020). Aging-regulated 



anti-apoptotic long non-coding RNA Sarrah augments recovery from acute myocardial infarction. Nat Commun 11, 2039. 

Tu, W., Ni, D., Yang, H., Zhao, F., Yang, C., Zhao, X., Guo, Z., Yu, K., Wang, J., Hu, Z., et al. (2022). Deciphering the dynamics of the ovarian reserve in cynomolgus monkey 

through a quantitative morphometric study. Sci Bull (Beijing) 67, 1854-1859. 

Tuduri, E., Soriano, S., Almagro, L., Garcia-Heredia, A., Rafacho, A., Alonso-Magdalena, P., Nadal, A., and Quesada, I. (2022). The Effects of Aging on Male Mouse Pancreatic 

beta-Cell Function Involve Multiple Events in the Regulation of Secretion: Influence of Insulin Sensitivity. Journals of Gerontology Series a-Biological Sciences and Medical 

Sciences 77, 405-415. 

Tuljapurkar, S.R., McGuire, T.R., Brusnahan, S.K., Jackson, J.D., Garvin, K.L., Kessinger, M.A., Lane, J.T., O' Kane, B.J., and Sharp, J.G. (2011). Changes in human bone 

marrow fat content associated with changes in hematopoietic stem cell numbers and cytokine levels with aging. J Anat 219, 574-581. 

Uddin, M.N., Nishio, N., Ito, S., Suzuki, H., and Isobe, K. (2012). Autophagic activity in thymus and liver during aging. Age (Dordr) 34, 75-85. 

Ukita, Y., Yuda, S., Sugio, H., Yonezawa, A., Takayanagi, Y., Masuda-Yamamoto, H., Tanaka-Saito, N., Ohnishi, H., and Miura, T. (2016). Prevalence and clinical characteristics 

of degenerative mitral stenosis. J Cardiol 68, 248-252. 

Umehara, T., Winstanley, Y.E., Andreas, E., Morimoto, A., Williams, E.J., Smith, K.M., Carroll, J., Febbraio, M.A., Shimada, M., Russell, D.L., et al. (2022). Female 

reproductive life span is extended by targeted removal of fibrotic collagen from the mouse ovary. Sci Adv 8, eabn4564. 

Ungvari, Z., Tarantini, S., Kiss, T., Wren, J.D., Giles, C.B., Griffin, C.T., Murfee, W.L., Pacher, P., and Csiszar, A. (2018). Endothelial dysfunction and angiogenesis impairment 

in the ageing vasculature. Nat Rev Cardiol 15, 555-565. 

Upadhya, B., Taffet, G.E., Cheng, C.P., and Kitzman, D.W. (2015). Heart failure with preserved ejection fraction in the elderly: scope of the problem. J Mol Cell Cardiol 83, 

73-87. 

Van Bortel, L.M., Laurent, S., Boutouyrie, P., Chowienczyk, P., Cruickshank, J.K., De Backer, T., Filipovsky, J., Huybrechts, S., Mattace-Raso, F.U.S., Protogerou, A.D., et al. 

(2012). Expert consensus document on the measurement of aortic stiffness in daily practice using carotid-femoral pulse wave velocity. Journal of Hypertension 30, 445-448. 

van den Akker, E.B., Trompet, S., Wolf, J.J.H.B., Beekman, M., Suchiman, H.E.D., Deelen, J., Asselbergs, F.W., Boersma, E., Cats, D., Elders, P.M., et al. (2020). Metabolic 

Age Based on the BBMRI-NL H-1-NMR Metabolomics Repository as Biomarker of Age-related Disease. Circ-Genom Precis Me 13, 541-547. 

van der Goot, A.T., and Nollen, E.A. (2013). Tryptophan metabolism: entering the field of aging and age-related pathologies. Trends Mol Med 19, 336-344. 

VanDussen, K.L., Carulli, A.J., Keeley, T.M., Patel, S.R., Puthoff, B.J., Magness, S.T., Tran, I.T., Maillard, I., Siebel, C., Kolterud, A., et al. (2012). Notch signaling modulates 

proliferation and differentiation of intestinal crypt base columnar stem cells. Development 139, 488-497. 

Vemuri, P., Lesnick, T.G., Knopman, D.S., Przybelski, S.A., Reid, R.I., Mielke, M.M., Graff-Radford, J., Lowe, V.J., Machulda, M.M., Petersen, R.C., et al. (2019). Amyloid, 

Vascular, and Resilience Pathways Associated with Cognitive Aging. Annals of neurology 86, 866-877. 



Verma, S., Tachtatzis, P., Penrhyn-Lowe, S., Scarpini, C., Jurk, D., Von Zglinicki, T., Coleman, N., and Alexander, G.J. (2012a). Sustained telomere length in hepatocytes and 

cholangiocytes with increasing age in normal liver. Hepatology 56, 1510-1520. 

Verma, S., Tachtatzis, P., Penrhyn-Lowe, S., Scarpini, C., Jurk, D., Von Zglinicki, T., Coleman, N., and Alexander, G.J.M. (2012b). Sustained telomere length in hepatocytes 

and cholangiocytes with increasing age in normal liver. Hepatology 56, 1510-1520. 

Vermeulen, K., Naus, E., Ahamed, M., Attili, B., Siemons, M., Luyten, K., Celen, S., Schymkowitz, J., Rousseau, F., and Bormans, G. (2019). Evaluation of [(11)C]NMS-E973 

as a PET tracer for in vivo visualisation of HSP90. Theranostics 9, 554-572. 

Veron, G.L., Tissera, A.D., Bello, R., Beltramone, F., Estofan, G., Molina, R.I., and Vazquez-Levin, M.H. (2018). Impact of age, clinical conditions, and lifestyle on routine 

semen parameters and sperm kinematics. Fertil Steril 110, 68-75 e64. 

Viswanath, P., Batsios, G., Ayyappan, V., Taglang, C., Gillespie, A.M., Larson, P.E.Z., Luchman, H.A., Costello, J.F., Pieper, R.O., and Ronen, S.M. (2021). Metabolic imaging 

detects elevated glucose flux through the pentose phosphate pathway associated with TERT expression in low-grade gliomas. Neuro-oncology 23, 1509-1522. 

Volpato, S., Bianchi, L., Cherubini, A., Landi, F., Maggio, M., Savino, E., Bandinelli, S., Ceda, G.P., Guralnik, J.M., Zuliani, G., et al. (2014). Prevalence and clinical correlates 

of sarcopenia in community-dwelling older people: application of the EWGSOP definition and diagnostic algorithm. J Gerontol A Biol Sci Med Sci 69, 438-446. 

Wagner, J.U.G., Chavakis, E., Rogg, E.-M., Muhly-Reinholz, M., Glaser, S.F., Günther, S., John, D., Bonini, F., Zeiher, A.M., Schaefer, L., et al. (2018). Switch in Laminin β2 

to Laminin β1 Isoforms During Aging Controls Endothelial Cell Functions—Brief Report. Arteriosclerosis, Thrombosis, and Vascular Biology 38, 1170-1177. 

Wakabayashi, H., Nishiyama, Y., Ushiyama, T., Maeba, T., and Maeta, H. (2002). Evaluation of the effect of age on functioning hepatocyte mass and liver blood flow using 

liver scintigraphy in preoperative estimations for surgical patients: comparison with CT volumetry. The Journal of surgical research 106, 246-253. 

Wan, J., Wu, X., Chen, H., Xia, X., Song, X., Chen, S., Lu, X., Jin, J., Su, Q., Cai, D., et al. (2020). Aging-induced aberrant RAGE/PPARα axis promotes hepatic steatosis via 

dysfunctional mitochondrial β oxidation. Aging Cell 19, e13238. 

Wang, C., Xu, W., An, J., Liang, M., Li, Y., Zhang, F., Tong, Q., and Huang, K. (2019a). Poly(ADP-ribose) polymerase 1 accelerates vascular calcification by upregulating 

Runx2. Nat Commun 10, 1203. 

Wang, G.-L., Salisbury, E., Shi, X., Timchenko, L., Medrano, E.E., and Timchenko, N.A. (2008). HDAC1 Cooperates with C/EBP&#x3b1; in the Inhibition of Liver 

Proliferation in Old Mice *. Journal of Biological Chemistry 283, 26169-26178. 

Wang, H., Guan, J., Lin, J., Zhang, Z., Li, S., Guo, Y., and Cai, H. (2018a). Diffusion-Weighted and Magnetization Transfer Imaging in Testicular Spermatogenic Function 

Evaluation: Preliminary Results. J Magn Reson Imaging 47, 186-190. 

Wang, H., Zheng, C., Lu, Y., Jiang, Q., Yin, R., Zhu, P., Zhou, M., and Liu, Z. (2017a). Urinary Fibrinogen as a Predictor of Progression of CKD. Clin J Am Soc Nephrol 12, 

1922-1929. 



Wang, J., Teng, C., Zhang, Z., Chen, W., Tan, J., Pan, Y., Zhang, R., Zhou, H., Ding, B., Cheng, H.M., et al. (2021a). A Scalable Artificial Neuron Based on Ultrathin Two-

Dimensional Titanium Oxide. ACS Nano 15, 15123-15131. 

Wang, L., Jia, H., Lin, G., and Zheng, S. (2021b). Magnetic resonance imaging investigation of age-related morphological changes in the pancreases of 226 Chinese. Aging 

medicine (Milton (NSW)) 4, 297-303. 

Wang, L., Li, H., Liang, Y., Zhang, J., Li, X., Shu, N., Wang, Y.Y., and Zhang, Z. (2013a). Amnestic mild cognitive impairment: topological reorganization of the default-mode 

network. Radiology 268, 501-514. 

Wang, M.-J., Chen, F., Li, J.-X., Liu, C.-C., Zhang, H.-B., Xia, Y., Yu, B., You, P., Xiang, D., Lu, L., et al. (2014). Reversal of hepatocyte senescence after continuous in vivo 

cell proliferation. Hepatology 60, 349-361. 

Wang, M., Takagi, G., Asai, K., Resuello, R.G., Natividad, F.F., Vatner, D.E., Vatner, S.F., and Lakatta, E.G. (2003a). Aging increases aortic MMP-2 activity and angiotensin II 

in nonhuman primates. Hypertension 41, 1308-1316. 

Wang, S., Hu, S., and Mao, Y. (2021c). The mechanisms of vascular aging. Aging Med (Milton) 4, 153-158. 

Wang, S., Sun, Q.-q., Xiang, B., and Li, X.-J. (2013b). Pancreatic islet cell autophagy during aging in rats. Clinical and Investigative Medicine 36, E72-E80. 

Wang, S., Zheng, Y., Li, J., Yu, Y., Zhang, W., Song, M., Liu, Z., Min, Z., Hu, H., Jing, Y., et al. (2020a). Single-Cell Transcriptomic Atlas of Primate Ovarian Aging. Cell 180, 

585-600 e519. 

Wang, T.-W., Johmura, Y., Suzuki, N., Omori, S., Migita, T., Yamaguchi, K., Hatakeyama, S., Yamazaki, S., Shimizu, E., Imoto, S., et al. (2022). Blocking PD-L1–PD-1 

improves senescence surveillance and ageing phenotypes. Nature 611, 358-364. 

Wang, T., Zhang, M., Jiang, Z., and Seli, E. (2017b). Mitochondrial dysfunction and ovarian aging. Am J Reprod Immunol 77. 

Wang, X., Ren, X.S., An, Y.Q., Hou, Z.H., Yu, Y.T., Lu, B., and Wang, F. (2021d). A Specific Assessment of the Normal Anatomy of the Aortic Root in Relation to Age and 

Gender. Int J Gen Med 14, 2827-2837. 

Wang, X., Shen, C.L., Dyson, M.T., Eimerl, S., Orly, J., Hutson, J.C., and Stocco, D.M. (2005). Cyclooxygenase-2 regulation of the age-related decline in testosterone 

biosynthesis. Endocrinology 146, 4202-4208. 

Wang, Y., Deng, P., Liu, Y., Wu, Y., Chen, Y., Guo, Y., Zhang, S., Zheng, X., Zhou, L., Liu, W., et al. (2020b). Alpha-ketoglutarate ameliorates age-related osteoporosis via 

regulating histone methylations. Nat Commun 11, 5596. 

Wang, Y., Welc, S.S., Wehling-Henricks, M., and Tidball, J.G. (2018b). Myeloid cell-derived tumor necrosis factor-alpha promotes sarcopenia and regulates muscle cell fusion 

with aging muscle fibers. Aging Cell 17, e12828. 

Wang, Y.H., Yu, X.H., Qu, G.J., Qiao, F.F., and Han, H. (2019b). Reduced expression of the lncRNA NRON is a potential hallmark of the CMV-amplified CD8+ T cell 



accumulations commonly seen in older humans. Exp Gerontol 115, 46-54. 

Wang, Y.X.J. (2021). Gender-specific liver aging and magnetic resonance imaging. Quantitative imaging in medicine and surgery 11, 2893-2904. 

Wang, Z., Tamura, K., Yoshie, M., Tamura, H., Imakawa, K., and Kogo, H. (2003b). Prostaglandin F2alpha-induced functional regression of the corpus luteum and apoptosis 

in rodents. J Pharmacol Sci 92, 19-27. 

Warren, A., Bertolino, P., Cogger, V.C., McLean, A.J., Fraser, R., and Le Couteur, D.G. (2005). Hepatic pseudocapillarization in aged mice. Exp Gerontol 40, 807-812. 

Warren, A., Cogger, V.C., Fraser, R., Deleve, L.D., McCuskey, R.S., and Le Couteur, D.G. (2011). The effects of old age on hepatic stellate cells. Curr Gerontol Geriatr Res 

2011, 439835. 

Wei, J., Xu, H., Davies, J.L., and Hemmings, G.P. (1992). Increase of plasma IL-6 concentration with age in healthy subjects. Life Sci 51, 1953-1956. 

Well, D., Yang, H., Houseni, M., Iruvuri, S., Alzeair, S., Sansovini, M., Wintering, N., Alavi, A., and Torigian, D.A. (2007). Age-related structural and metabolic changes in the 

pelvic reproductive end organs. Semin Nucl Med 37, 173-184. 

Wendt, R., Siwy, J., He, T., Latosinska, A., Wiech, T., Zipfel, P.F., Tserga, A., Vlahou, A., Rupprecht, H., Catanese, L., et al. (2021). Molecular Mapping of Urinary Complement 

Peptides in Kidney Diseases. Proteomes 9. 

Westacott, M.J., Farnsworth, N.L., St Clair, J.R., Poffenberger, G., Heintz, A., Ludin, N.W., Hart, N.J., Powers, A.C., and Benninger, R.K.P. (2017). Age-Dependent Decline in 

the Coordinated [Ca] and Insulin Secretory Dynamics in Human Pancreatic Islets. Diabetes 66, 2436-2445. 

Wick, G., Jakic, B., Buszko, M., Wick, M.C., and Grundtman, C. (2014). The role of heat shock proteins in atherosclerosis. Nature Reviews Cardiology 11, 516-529. 

Wiktor-Brown, D.M., Hendricks, C.A., Olipitz, W., and Engelward, B.P. (2006). Age-dependent accumulation of recombinant cells in the mouse pancreas revealed by in situ 

fluorescence imaging. Proceedings of the National Academy of Sciences of the United States of America 103, 11862-11867. 

Wilson, T.C., Xavier, M.-A., Knight, J., Verhoog, S., Torres, J.B., Mosley, M., Hopkins, S.L., Wallington, S., Allen, P.D., Kersemans, V., et al. (2019). PET Imaging of PARP 

Expression Using 18F-Olaparib. J Nucl Med 60, 504. 

Wong, C.K., Smith, C.A., Sakamoto, K., Kaminski, N., Koff, J.L., and Goldstein, D.R. (2017). Aging Impairs Alveolar Macrophage Phagocytosis and Increases Influenza-

Induced Mortality in Mice. J Immunol 199, 1060-1068. 

Wu, F.C., Tajar, A., Pye, S.R., Silman, A.J., Finn, J.D., O'Neill, T.W., Bartfai, G., Casanueva, F., Forti, G., Giwercman, A., et al. (2008). Hypothalamic-pituitary-testicular axis 

disruptions in older men are differentially linked to age and modifiable risk factors: the European Male Aging Study. J Clin Endocrinol Metab  93, 2737-2745. 

Wu, H.H.L., Goldys, E.M., Pollock, C.A., and Saad, S. (2022). Exfoliated Kidney Cells from Urine for Early Diagnosis and Prognostication of CKD: The Way of the Future? 

Int J Mol Sci 23. 

Wu, L., Li, X.Q., Chang, D.Y., Zhang, H., Li, J.J., Wu, S.L., Zhang, L.X., Chen, M., and Zhao, M.H. (2020). Associations of urinary epidermal growth factor and monocyte 



chemotactic protein-1 with kidney involvement in patients with diabetic kidney disease. Nephrol Dial Transplant 35, 291-297. 

Wu, M., Ye, H., Shao, C., Zheng, X., Li, Q., Wang, L., Zhao, M., Lu, G., Chen, B., Zhang, J., et al. (2017). Metabolomics-Proteomics Combined Approach Identifies Differential 

Metabolism-Associated Molecular Events between Senescence and Apoptosis. J Proteome Res 16, 2250-2261. 

Wu, Y., Yang, L., Su, T., Wang, C., Liu, G., and Li, X.M. (2010). Pathological significance of a panel of urinary biomarkers in patients with drug-induced tubulointerstitial 

nephritis. Clin J Am Soc Nephrol 5, 1954-1959. 

Wynne, H.A., Cope, L.H., Mutch, E., Rawlins, M.D., Woodhouse, K.W., and James, O.F. (1989). The effect of age upon liver volume and apparent liver blood flow in healthy 

man. Hepatology 9, 297-301. 

Xia, X., Chen, X., Wu, G., Li, F., Wang, Y., Chen, Y., Chen, M., Wang, X., Chen, W., Xian, B., et al. (2020). Three-dimensional facial-image analysis to predict heterogeneity 

of the human ageing rate and the impact of lifestyle. Nat Metab 2, 946-957. 

Xiao, J., Weng, J., Ji, L., Jia, W., Lu, J., Shan, Z., Liu, J., Tian, H., Ji, Q., Yang, Z., et al. (2014). Worse pancreatic beta-cell function and better insulin sensitivity in older 

Chinese without diabetes. J Gerontol A Biol Sci Med Sci 69, 463-470. 

Xie, T., Qiao, X., Sun, C., Chu, B., Meng, J., and Chen, C. (2022). GAPDH S-nitrosation contributes to age-related sarcopenia through mediating apoptosis. Nitric oxide : 

biology and chemistry 120, 1-8. 

Xin, A., Mizukami, H., Inaba, W., Yoshida, T., Takeuchi, Y.-K., and Yagihashi, S. (2017). Pancreas Atrophy and Islet Amyloid Deposition in Patients With Elderly-Onset Type 

2 Diabetes. The Journal of Clinical Endocrinology and Metabolism 102, 3162-3171. 

Xiong, F., and Frasch, W.D. (2021). OmegaqPCR measures telomere length from single-cells in base pair units. Nucleic Acids Res 49, e120. 

Xu, D., Zhao, H., Jin, M., Zhu, H., Shan, B., Geng, J., Dziedzic, S.A., Amin, P., Mifflin, L., Naito, M.G., et al. (2020). Modulating TRADD to restore cellular homeostasis and 

inhibit apoptosis. Nature 587, 133-138. 

Xu, H., Beasley, M.D., Warren, W.D., van der Horst, G.T., and McKay, M.J. (2005). Absence of mouse REC8 cohesin promotes synapsis of sister chromatids in meiosis. Dev 

Cell 8, 949-961. 

Xu, K., Chen, Z., Hou, J., Dong, C., Shi, C., Gao, L., Huang, Z., Shen, G., Wang, T., and Zhou, Y. (2022). Praeruptorin B inhibits osteoclastogenesis by targeting GSTP1 and 

impacting on the S-glutathionylation of IKKβ. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie 154, 113529. 

Xu, X., Hueckstaedt, L.K., and Ren, J. (2013). Deficiency of insulin-like growth factor 1 attenuates aging-induced changes in hepatic function: role of autophagy. J Hepatol 59, 

308-317. 

Yalcin, A., Silay, K., Balik, A.R., Avcioglu, G., and Aydin, A.S. (2018). The relationship between plasma interleukin-15 levels and sarcopenia in outpatient older people. Aging 

Clin Exp Res 30, 783-790. 



Yan, F., Zhao, Q., Li, Y., Zheng, Z., Kong, X., Shu, C., Liu, Y., and Shi, Y. (2022). The role of oxidative stress in ovarian aging: a review. J Ovarian Res 15, 100. 

Yan, S., Zheng, C., Cui, B., Qi, Z., Zhao, Z., An, Y., Qiao, L., Han, Y., Zhou, Y., and Lu, J. (2020). Multiparametric imaging hippocampal neurodegeneration and functional 

connectivity with simultaneous PET/MRI in Alzheimer’s disease. European journal of nuclear medicine and molecular imaging 47, 2440-2452. 

Yang, D., McCrann, D.J., Nguyen, H., St Hilaire, C., DePinho, R.A., Jones, M.R., and Ravid, K. (2007). Increased polyploidy in aortic vascular smooth muscle cells during 

aging is marked by cellular senescence. Aging Cell 6, 257-260. 

Yang, H., Chryssikos, T., Houseni, M., Alzeair, S., Sansovini, M., Iruvuri, S., Torigian, D.A., Zhuang, H., Dadparvar, S., Basu, S., et al. (2011). The effects of aging on testicular 

volume and glucose metabolism: an investigation with ultrasonography and FDG-PET. Mol Imaging Biol 13, 391-398. 

Yang, L., Lin, X., Tang, H., Fan, Y., Zeng, S., Jia, L., Li, Y., Shi, Y., He, S., Wang, H., et al. (2020). Mitochondrial DNA mutation exacerbates female reproductive aging via 

impairment of the NADH/NAD(+) redox. Aging Cell 19, e13206. 

Yang, X., Wang, W., Zhang, Y., Wang, J., and Huang, F. (2019). Moxibustion improves ovary function by suppressing apoptosis events and upregulating antioxidant defenses 

in natural aging ovary. Life Sci 229, 166-172. 

Yang, Y.C., Lu, F.H., Wu, J.S., and Chang, C.J. (1997). Age and sex effects on HbA1c. A study in a healthy Chinese population. Diabetes care 20, 988-991. 

Yarasheski, K.E., Bhasin, S., Sinha-Hikim, I., Pak-Loduca, J., and Gonzalez-Cadavid, N.F. (2002). <MSTN-2002-SERUM MYOSTATIN-IMMUNOREACTIVE PROTEIN 

IS INCREASED.pdf>. J Nutr Health Aging 2002;6(5):343-8. 

Ye, Z., Li, G., Kim, C., Hu, B., Jadhav, R.R., Weyand, C.M., and Goronzy, J.J. (2018). Regulation of miR-181a expression in T cell aging. Nat Commun 9, 3060. 

Yeh, S.H., Lin, C.H., Yang, Y.J., Lin, L.W., Tseng, C.W., and Yang, K.D. (2021). Higher senescence associated secretory phenotype and lower defense mediator in urinary 

extracellular vesicles of elders with and without Parkinson disease. Sci Rep 11, 15783. 

Yin, C., Imms, P., Cheng, M., Amgalan, A., Chowdhury, N.F., Massett, R.J., Chaudhari, N.N., Chen, X., Thompson, P.M., Bogdan, P., et al. (2023). Anatomically interpretable 

deep learning of brain age captures domain-specific cognitive impairment. Proc Natl Acad Sci U S A 120, e2214634120. 

Yokoyama, K., Fukumoto, K., Murakami, T., Harada, S., Hosono, R., Wadhwa, R., Mitsui, Y., and Ohkuma, S. (2002). Extended longevity of Caenorhabditis elegans by 

knocking in extra copies of hsp70F, a homolog of mot-2 (mortalin)/mthsp70/Grp75. FEBS Lett 516, 53-57. 

Yoneyama, K., Venkatesh, B.A., Bluemke, D.A., McClelland, R.L., and Lima, J.A.C. (2017). Cardiovascular magnetic resonance in an adult human population: serial 

observations from the multi-ethnic study of atherosclerosis. J Cardiovasc Magn Reson 19, 52. 

Yoon, J., Kim, K.G., Kim, Y.J., Lim, S., Park, Y.H., Kim, D., Kang, H.T., and Lee, D.H. (2020). Distribution and Characteristics of Pancreatic Volume Using Computed 

Tomography Volumetry. Healthc Inform Res 26, 321-327. 

Yoshida, Y., Nakanishi, K., Daimon, M., Ishiwata, J., Sawada, N., Hirokawa, M., Kaneko, H., Nakao, T., Mizuno, Y., Morita, H., et al. (2019). Alteration of Cardiac Performance 



and Serum B-Type Natriuretic Peptide Level in Healthy Aging. J Am Coll Cardiol 74, 1789-1800. 

Young, K., Eudy, E., Bell, R., Loberg, M.A., Stearns, T., Sharma, D., Velten, L., Haas, S., Filippi, M.-D., and Trowbridge, J.J. (2021). Decline in IGF1 in the bone marrow 

microenvironment initiates hematopoietic stem cell aging. Cell Stem Cell 28. 

Yousefzadeh, M.J., Flores, R.R., Zhu, Y., Schmiechen, Z.C., Brooks, R.W., Trussoni, C.E., Cui, Y., Angelini, L., Lee, K.A., McGowan, S.J., et al. (2021). An aged immune 

system drives senescence and ageing of solid organs. Nature 594, 100-105. 

Yu, B., Zheng, Y., Nettleton, J.A., Alexander, D., Coresh, J., and Boerwinkle, E. (2014). Serum metabolomic profiling and incident CKD among African Americans. Clin J Am 

Soc Nephrol 9, 1410-1417. 

Yu, M., Du, H., Wang, B., Chen, J., Lu, F., Peng, S., Sun, Y., Liu, N., Sun, X., Shiyun, D., et al. (2020). Exogenous H(2)S Induces Hrd1 S-sulfhydration and Prevents CD36 

Translocation via VAMP3 Ubiquitylation in Diabetic Hearts. Aging and disease 11, 286-300. 

Yu, P., Ning, J., Xu, B., Liu, J., Dang, H., Lin, M., Feng, X., Grimm, R., and Tian, J. (2019). Histogram analysis of 11C-methionine integrated PET/MRI may facilitate to 

determine the O6-methylguanylmethyltransferase methylation status in gliomas. Nuclear medicine communications 40, 850-856. 

Yukata, K., Xie, C., Li, T.F., Takahata, M., Hoak, D., Kondabolu, S., Zhang, X., Awad, H.A., Schwarz, E.M., Beck, C.A. , et al. (2014). Aging periosteal progenitor cells have 

reduced regenerative responsiveness to bone injury and to the anabolic actions of PTH 1-34 treatment. Bone 62, 79-89. 

Yureneva, S., Averkova, V., Silachev, D., Donnikov, A., Gavisova, A., Serov, V., and Sukhikh, G. (2021). Searching for female reproductive aging and longevity biomarkers. 

Aging (Albany NY) 13, 16873-16894. 

Zhang, C., and Tao, J. (2018). Expert consensus on clinical assessment and intervention of vascular aging in China (2018). Aging Medicine (Milton (NSW)) 1, 228-237. 

Zhang, C., Xie, Y., Chen, H., Lv, L., Yao, J., Zhang, M., Xia, K., Feng, X., Li, Y., Liang, X., et al. (2020). FOXO4-DRI alleviates age-related testosterone secretion insufficiency 

by targeting senescent Leydig cells in aged mice. Aging (Albany NY) 12, 1272-1284. 

Zhang, D., Lv, J., Tang, R., Feng, Y., Zhao, Y., Fei, X., Chian, R., and Xie, Q. (2021a). Association of exosomal microRNAs in human ovarian follicular fluid with oocyte 

quality. Biochem Biophys Res Commun 534, 468-473. 

Zhang, H., Ryu, D., Wu, Y., Gariani, K., Wang, X., Luan, P., D'Amico, D., Ropelle, E.R., Lutolf, M.P., Aebersold, R., et al. (2016). NAD⁺ repletion improves mitochondrial and 

stem cell function and enhances life span in mice. Science 352, 1436-1443. 

Zhang, H., Weyand, C.M., and Goronzy, J.J. (2021b). Hallmarks of the aging T-cell system. FEBS J 288, 7123-7142. 

Zhang, J., Ren, P., Wang, Y., Feng, S., Wang, C., Shen, X., Weng, C., Lang, X., Chen, Z., Jiang, H., et al. (2017). Serum Matrix Metalloproteinase-7 Level is Associated with 

Fibrosis and Renal Survival in Patients with IgA Nephropathy. Kidney Blood Press Res 42, 541-552. 

Zhang, X., and Gao, F. (2021). Exercise improves vascular health: Role of mitochondria. Free Radic Biol Med 177, 347-359. 



Zhang, Y., Ye, Y., Tang, X., Wang, H., Tanaka, T., Tian, R., Yang, X., Wang, L., Xiao, Y., Hu, X., et al. (2022a). CCL17 acts as a novel therapeutic target in pathological cardiac 

hypertrophy and heart failure. J Exp Med 219, e20200418. 

Zhang, Y., Zheng, Y., Wang, S., Fan, Y., Ye, Y., Jing, Y., Liu, Z., Yang, S., Xiong, M., Yang, K., et al. (2022b). Single-nucleus transcriptomics reveals a gatekeeper role for 

FOXP1 in primate cardiac aging. Protein Cell pwac038. 

Zhang, Z., He, C., Gao, Y., Zhang, L., Song, Y., Zhu, T., Zhu, K., Lv, D., Wang, J., Tian, X., et al. (2021c). alpha-ketoglutarate delays age-related fertility decline in mammals. 

Aging Cell 20, e13291. 

Zhao, J., Lin, X., Sun, H., Zhao, D., Ma, Q., Lau, W.B., Cheng, Z., Li, F., Liu, J., and Fan, Q. (2021). lncRNA NONHSAT069381 and NONHSAT140844 Increase in Aging 

Human Blood, Regulating Cardiomyocyte Apoptosis. Oxid Med Cell Longev 2021, 9465300. 

Zhao, J., Xu, H., Li, Y., Gong, L., Zheng, G., Wang, X., Luan, W., Li, S., Ma, F., Ni, L., et al. (2019). NAFLD Induction Delays Postoperative Liver Regeneration of ALPPS in 

Rats. Digestive diseases and sciences 64, 456-468. 

Zhao, Y., Shao, Q., and Peng, G. (2020). Exhaustion and senescence: two crucial dysfunctional states of T cells in the tumor microenvironment. Cell Mol Immunol 17, 27-35. 

Zhavoronkov, A., Kochetov, K., Diamandis, P., and Mitina, M. (2020). PsychoAge and SubjAge: development of deep markers of psychological and subjective age using 

artificial intelligence. Aging (Albany NY) 12, 23548-23577. 

Zheng, L., Wang, Z., Zhang, X., Zhou, Y., Ji, A., Lou, H., Liu, X., Chen, H., and Cheng, Z. (2022). Development of Mitochondria-Targeted Small-Molecule Dyes for Myocardial 

PET and Fluorescence Bimodal Imaging. Journal of medicinal chemistry 65, 497-506. 

Zheng, S.X., Vrindts, Y., Lopez, M., De Groote, D., Zangerle, P.F., Collette, J., Franchimont, N., Geenen, V., Albert, A., and Reginster, J.Y. (1997). Increase in cytokine 

production (IL-1 beta, IL-6, TNF-alpha but not IFN-gamma, GM-CSF or LIF) by stimulated whole blood cells in postmenopausal osteoporosis. Maturitas 26, 63-71. 

Zheng, W.Q., Zhang, Y., Yao, Q., Chen, Y., Qiao, X., Wang, E.D., Chen, C., and Zhou, X.L. (2020). Nitrosative stress inhibits aminoacylation and editing activities of 

mitochondrial threonyl-tRNA synthetase by S-nitrosation. Nucleic acids research 48, 6799-6810. 

Zhou, D., Tian, Y., Sun, L., Zhou, L., Xiao, L., Tan, R.J., Tian, J., Fu, H., Hou, F.F., and Liu, Y. (2017). Matrix Metalloproteinase-7 Is a Urinary Biomarker and Pathogenic 

Mediator of Kidney Fibrosis. J Am Soc Nephrol 28, 598-611. 

Zhou, Y., Tinaz, S., and Tagare, H.D. (2021). Robust Bayesian Analysis of Early-Stage Parkinson’s Disease Progression Using DaTscan Images. IEEE Transactions on Medical 

Imaging 40, 549-561. 

Zoico, E., Rossi, A., Di Francesco, V., Sepe, A., Olioso, D., Pizzini, F., Fantin, F., Bosello, O., Cominacini, L., Harris, T.B., et al. (2010). Adipose tissue infiltration in skeletal 

muscle of healthy elderly men: relationships with body composition, insulin resistance, and inflammation at the systemic and tissue level. J Gerontol A Biol Sci Med Sci 65, 

295-299. 



Zwetsloot, K.A., Childs, T.E., Gilpin, L.T., and Booth, F.W. (2013). Non-passaged muscle precursor cells from 32-month old rat skeletal muscle have delayed proliferation and 

differentiation. Cell proliferation 46, 45-57. 

 


