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Elastin-derived extracellular matrix 
fragments drive aging through innate 
immune activation
 

Junzhi Yi1,2,7, Yixuan Wang1,2,7, Hairu Sui1,2,7, Zhichu Chen1,2,7, Tianning Ye1,2, 
Yuliang Zhong1,2, Jingyi Qian1,2, Bingbing Wu    3, Jiayun Huang1,2, Tian Tian1,2, 
Fangyuan Bao1,2, Xuri Chen1,2, Xiao Xiao1,2, Jiasheng Wang1,2, Jiajie Hu1,2, 
Yujuan Xie1,2, Hui Zhang1,2, Pan Jin3, Xiaoping Xia3, Xudong Yao    3, Yishan Chen4, 
Zi Yin    2,5, Weiliang Shen    1,2,5, Jing Zhou1,2,5, Xiaohui Zou    6, Hua Liu    1,2,4,5 & 
Hongwei Ouyang    1,2,4,5 

The roles of cells in systemic aging have been systematically investigated, 
while the roles of the extracellular matrix (ECM) and its degradation 
have been largely overlooked. Herein, we show that the serum contents 
of elastin-, hyaluronic acid- and fibronectin-derived fragments are all 
positively correlated with age. Elastin-derived fragments exhibited the most 
potent lifespan-shortening effects in mice and a positive correlation with 
various aging indicators in a human cohort (n = 1,068). Mechanistically, 
the VGVAPG oligopeptide (E-motif) in elastin-derived fragments activated 
monocytes and macrophages through NEU1, a component of the elastin 
receptor complex, which consequently caused an inflammatory response. 
Therapeutically, a NEU1 inhibitor extended lifespan by up to 17% in wild-type 
naturally aged mice and alleviated aging-related phenotypes in wild-type 
mice, immune-humanized mice and pigs. This study uncovers that 
degraded ECM acts as a circulating driver of aging, providing an anti-aging 
intervention strategy focused on particular elastin fragment signals.

Human tissues are composed of cells and extracellular matrix (ECM), 
both of which undergo degenerative changes during aging1. While 
current research on aging primarily focuses on cellular aging and asso-
ciated events, such as cell senescence, stem cell exhaustion, genomic 
instability, telomere attrition and epigenetic alterations2, ECM altera-
tions and their impacts during aging remain underexplored. In instances 
of tissue damage or degenerative changes, there is abnormal remod-
eling and excessive degradation of the ECM, leading to an increase in 

free ECM fragments in urine and bodily fluids, including serum and 
synovial fluid. Aging-associated diseases, such as atherosclerosis3,4 and 
chronic obstructive pulmonary disease (COPD)5, are associated with 
elevated levels of elastin (ELN) fragments in serum. Similarly, cartilage 
degeneration causes the release of various types of collagen (COL) 
fragments and fibronectin (FN) fragments into the synovial fluid and/or 
serum6,7. Breast cancer and bladder cancer increase the levels of hyalu-
ronic acid (HA) fragments in serum and the tumor microenvironment, 
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of all these matrikines and age in both species (Fig. 1a,b). To assess 
causality, we administered these fragments by tail vein injection in mice 
(Fig. 1c). Survival curve analysis demonstrated a reduction in lifespan 
in the ELN, HA and FN groups compared to the vehicle group, with ELN 
fragments showing the most substantial effect (Fig. 1d).

For healthspan examination (Fig. 1c), all treated mice showed a 
gradual increase in body weight compared to the vehicle group, with 
ELN fragments exerting the most pronounced effect (Fig. 1e). Moreo-
ver, the ratio of fat tissue to body weight was markedly increased in 
the ELN group and slightly increased in the HA group at the endpoint 
of the experiments (36 weeks of age) (Fig. 1f). The ratio of lean tissue 
to body weight was significantly decreased in the ELN and FN groups, 
while it was slightly decreased in the HA and COL groups (Fig. 1f). 
These results indicate that long-term treatment with ELN fragments 
promotes obesity. Running and hanging tests showed that ELN frag-
ments and, to a lesser degree, HA fragments reduced the sport ability 
and muscle strength of mice (Fig. 1g and Supplementary Fig. 1a). Blood 
biochemistry analysis revealed significant impairment of liver function 
in the ELN group and moderate impairment in the HA and FN groups, as 
evidenced by the levels of aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) in serum (Fig. 1h). All inflammatory markers, 
including IL-1, tumor necrosis factor (TNF) and IL-6, were upregulated 
in the ELN group, indicating systemic chronic inflammation (Fig. 1i 
and Supplementary Fig. 1b). Upregulation of some of these inflam-
matory markers was also observed in the HA and FN groups (Fig. 1i 
and Supplementary Fig. 1b). Furthermore, qPCR analysis of aging- and 
inflammation-related genes, including P16INK4A, P21, P53, Il1b, Il6 and Tnf, 
across various organs (liver, heart, kidney, spleen, white adipose tissue 
(WAT), muscle and lung) revealed that most of the genes in these tissues 
were upregulated in the ELN group but not in the other groups (Fig. 1j).

Collectively, these findings suggest that circulating matrikine 
levels increase with age. ELN fragments, at the physiological concentra-
tion that mimics the aging process (Supplementary Fig. 2), appear to 
be the most potent accelerators of aging, while HA and FN fragments 
promote aging to a lesser degree.

ELN fragments and their VGVAPG oligopeptide (E-motif) 
reduce healthspan and lifespan
To validate the pro-aging effects of endogenous ELN fragments, we 
collected serum-derived ELN fragments from old mice (age 20 months; 
ECO) or young mice (age 12 weeks; ECY) and injected them into young 
recipient mice (Extended Data Fig. 1a). ECO, but not ECY, significantly 
increased body weight (Extended Data Fig. 1b) and impaired the fat 
and lean tissue percentages (Extended Data Fig. 1c) compared to the 
vehicle group. ECO also upregulated serological markers of hepatic 
impairment (AST and ALT; Extended Data Fig. 1d,e) and systemic inflam-
mation (IL-1 and MCP-1; Extended Data Fig. 1g) and reduced locomotor 

respectively8,9. These findings suggest that free ECM fragments in bodily 
fluids may correlate with systemic aging.

In recent years, the concept of ‘matrikines’ has been introduced, 
referring to ECM fragments that act as cytokines and can exert multiple 
biological effects, including tissue impairment and/or degeneration10. 
For example, HA fragments released from skin and cancer tissue cause 
inflammatory bowel disease and cancer-related inflammation and angio-
genesis, respectively9,11. FN fragments accelerate osteoarthritis and 
periodontitis7,12. In terms of mechanisms, our previous study and other 
research have found that matrikines can activate the immune system, 
leading to an inflammatory state and immune dysfunction. We have 
shown that type II COL fragments released from cartilage into the periph-
eral blood activate CD4+ T cells, promoting their differentiation into T 
helper 17 (TH17) cells and the secretion of interleukin-17 (IL-17), which 
results in liver damage13. ELN fragments activate T cells to secrete IL-17 
and stimulate oxidative stress and monocyte migration, contributing 
to the progression of COPD and atherosclerosis, respectively14,15. There-
fore, abnormal immune activation and the secretion of inflammatory 
factors are important mechanisms by which matrikines lead to tissue 
impairment. However, the long-term effects of matrikines on systemic 
tissue alterations and the corresponding mechanisms remain unclear.

Immune degeneration and chronic inflammation have been widely 
related to aging. Age-related dysfunction of immune cells has been 
reported to cause skeletal aging16, brown adipose tissue aging17 and 
age-related changes in gut microbiota18. Specific induction of aging 
in the entire immune system or only T cells causes systemic chronic 
inflammation and aging of solid organs19,20. Chronic inflammation is 
generally accompanied by, and forms a positive feedback loop with, 
immune degeneration19–21. The reasons for age-related dysfunction of 
the immune system and inflammation are complex, with previous stud-
ies attributing these conditions mainly to the senescence-associated 
secretory phenotype and gut microbiota18,22. Although matrikines have 
been reported to cause immune activation and inflammation in cer-
tain diseases, it remains unknown whether long-term upregulation of 
matrikines contributes to age-related immune dysfunction and chronic 
inflammation. Therefore, we hypothesized that an age-related increase 
in particular matrikines induces systemic aging through immune dys-
function, representing a new target for anti-aging interventions.

Results
ECM fragments (matrikines) are differentially associated  
with aging
To comprehensively explore the relationship between matrikines and 
aging at a systemic level, we quantified the serum levels of ELN, HA, 
FN and COL fragments, the major ECM components in the body23, in 
humans and mice across different ages. Linear regression analysis indi-
cated a significantly positive correlation between the concentrations 

Fig. 1 | Matrikines are differentially associated with aging. a, Correlation 
between the serum levels of different matrikines (ELN, HA, FN and COL 
fragments; measured by ELISA) and age in humans of varying ages. The red 
dashed line represents the linear regression line (n = 100 per group; P < 0.0001 
for each group). b, Positive correlation between the serum levels of different 
matrikines (ELN, HA, FN and COL fragments; measured by ELISA) and age in mice 
across five different age points (3, 9, 15, 21 and 27 months). The red dashed line 
represents the linear regression line (ELN, COL: n = 32, HA, FN: n = 31; P < 0.0001 
for each group). c, Schematic diagram illustrating the experimental design of 
injecting matrikines into mice through the tail vein to study their effects on 
healthspan and lifespan. w, weeks; Kill, time point of animal killing. Illustration 
was created using FigDraw. d, Survival curves of mice injected with vehicle or 
matrikines (n = 4 per group; ELN versus vehicle P = 0.0266 by log-rank test and 
P = 0.0328 by Gehan–Breslow–Wilcoxon test). e, Body weight changes in mice 
injected with vehicle (PBS) or matrikines (n = 4 per group over time; ELN versus 
vehicle: at 28 weeks P = 0.0105, at 32 weeks P = 0.0011, at 36 weeks P = 0.0003). 
f, Percentage of fat tissue and lean tissue relative to body weight in mice treated 
with vehicle or ELN, HA, FN and COL fragments twice a week for 24 weeks  

(n = 4 per group; fat tissue: ELN versus vehicle P = 0.0170; lean tissue: ELN versus 
vehicle P = 0.0198, FN versus vehicle P = 0.0469). g, Schematic representation 
of the treadmill test (left) and analysis of the number of electric shocks 
administered (right) (n = 4 per group; ELN versus vehicle P = 0.0291, HA versus 
vehicle P = 0.0247). h, Serum levels of the hepatic markers AST and ALT (n = 4 per 
group; AST: ELN versus vehicle P = 0.0329, HA versus vehicle P = 0.0451; ALT: ELN 
versus vehicle P = 0.0076). i, Serum levels of the inflammatory cytokines IL-1 and 
TNF (n = 4 per group; IL-1: ELN versus vehicle P = 0.0130; TNF: ELN versus vehicle 
P = 0.0017, HA versus vehicle P = 0.0129). j, qPCR analysis showing the expression 
of P16INK4A, P21, P53, Il1b, Il6 and Tnf in various organs (liver, heart, kidney, spleen, 
WAT, muscle and lung) of mice. The heatmap illustrates the fold changes relative 
to the mean values of the vehicle group (n = 4 per group). *P < 0.05, **P < 0.01, 
***P < 0.001 compared to the vehicle group. Statistical tests: Pearson correlation 
coefficients with a two-tailed 95% confidence interval (a, b); log-rank test and 
Gehan–Breslow–Wilcoxon test (d); two-way ANOVA (e); unpaired two-tailed 
Student’s t test (equal variance) or unpaired two-tailed t test with Welch’s 
correction (unequal variance) with a 95% confidence interval (f–j). Data are 
presented as mean values ± s.d. (e–i).
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activity (Extended Data Fig. 1f). Histological analyses revealed adipo-
cyte hypertrophy in WAT and exacerbated hepatic steatosis compared 
to the vehicle group (Extended Data Fig. 1h). To further confirm that ELN 
fragments, not other impurities, induce the above phenomenon, we 
injected ECO with IgG or an anti-ELN antibody (Extended Data Fig. 1j). 
The anti-ELN antibody alleviated the ECO-induced aging phenotype 
(Extended Data Fig. 1k–o). To investigate the reason behind the 
age-related ELN fragment accumulation, we treated old mice with 
senolytics (dasatinib and quercetin (D + Q)) (Extended Data Fig. 1p), 
as cellular senescence is a recognized hallmark of aging24. Treatment 
with D + Q significantly reduced the serum content of ELN fragments in 
old mice (Extended Data Fig. 1q). Previous studies have identified two 
main elastases: macrophage elastase (ME; also known as MMP12) and 

neutrophil elastase (NE)25. Neutrophils and macrophages were sepa-
rated after D + Q treatment. D + Q decreased the expression of P16INK4A 
in both neutrophils and macrophages (Extended Data Fig. 1r). D + Q also 
decreased the NE and ME contents in the supernatants of separated 
neutrophils and macrophages, respectively (Extended Data Fig. 1s). 
Treatment with an NE inhibitor and an ME inhibitor decreased the 
amount of ELN fragments in old mice (Extended Data Fig. 1t). These 
results indicate that elastases derived from aged myeloid cells can 
increase the serum levels of ELN fragments during aging.

After identifying the significant pro-aging effects of ELN frag-
ments, we next sought to determine the specific sequence within ELN 
that is responsible for these detrimental effects. ELN predominantly 
comprises two conserved motifs: a glycine (G)–valine (V)-rich motif 
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and an alanine (A)–lysine (K)-rich motif (AAH51649.1). To determine 
their respective roles, we intravenously injected mice with either a 
VGVAPG-containing motif (referred to as the E-motif) or an A–K-rich 
motif (poly(A/K)) (Fig. 2a). Remarkably, E-motif treatment signifi-
cantly decreased lifespan, while poly(A/K) had minimal impact on 
lifespan compared to the vehicle group (Fig. 2b). Previous studies have 
reported that a heterotrimeric receptor complex, the ELN receptor 
complex (ERC), is responsible for the recognition of ELN fragments26. 
ELN-binding protein, positioned on the outermost part of the ERC, 
serves as the direct binding site only for the GxxPG motif (especially 
E-motif) but not for poly(A/K)27,28. These findings prompted us to fur-
ther investigate the effects of E-motif on various aspects of healthspan 
and aging, considering ERC as a mediator of this phenomenon (in this 
study, ELN fragments generally refer to degraded ELN, while E-motif 
specifically indicates the VGVAPG-containing sequence).

We then explored the aging-related effects induced by long-term 
E-motif treatment (Fig. 2a and Supplementary Fig. 3). Mice in the 
E-motif group exhibited an increase in body weight (Fig. 2c), an 
increased percentage of fat tissue and greater abdominal fat weight, 
accompanied by a decreased percentage of lean tissue relative to body 
weight (Fig. 2d,e and Extended Data Fig. 2a), indicating that E-motif 
promotes obesity. The animals also exhibited impaired motor ability 
in the treadmill test and open field assay (Fig. 2f,g), while the latency 
to fall in the wire hang test was decreased (Extended Data Fig. 2b). 
qPCR analysis across multiple tissues revealed that the majority 
of aging- and inflammation-related genes were upregulated in the 
E-motif group (Supplementary Fig. 4), which corresponded with 
P16-3MR mice29 showing a significantly higher P16 signal in the 
E-motif group (Fig. 2h). X-ray imaging revealed that the kyphosis 
index was significantly reduced in the E-motif group (Fig. 2i), indi-
cating a hunchback deformity. E-motif treatment also induced sig-
nificant blood biochemical alterations (Fig. 2j), including elevated 
levels of AST and ALT (Fig. 2k), which are indicative of liver degenera-
tion. Furthermore, increased levels of triglyceride (TG), low-density 
lipoprotein (LDL) and glucose (GLU) (Extended Data Fig. 2c) were 
observed, suggesting metabolic disturbances and obesity. The levels 
of inflammatory markers, including IL-1, IL-6, MCP-1, TNF and IFNγ, 
were significantly higher in the E-motif group, indicating a heightened 
inflammatory state (Fig. 2l and Extended Data Fig. 2d,e), which is a 
hallmark of aging30. Histomorphological analysis revealed several 
degenerative changes in the E-motif group, including an enlarged 
area of adipocytes in WAT (Fig. 2m), which corresponds with obe-
sity and metabolic dysfunction31; thinner epidermis and looser der-
mis in the skin (Fig. 2n); a reduced cross-sectional area of muscle 
fibers (Extended Data Fig. 2f); and increased liver lipid vacuoles 
and TG content (Fig. 2o). Micro-computed tomography (micro-CT) 
analysis revealed osteoporosis-related changes in the E-motif group 
(Extended Data Fig. 2g). To further demonstrate that it is the E-motif 
rather than an arbitrary oligopeptide that can induce the above phe-
nomenon, we also administered a scrambled oligopeptide of E-motif 
to the mice. The scrambled oligopeptide failed to induce obesity, 
changes in fat and lean tissue, reduced locomotor activity, and degen-
eration of the liver and WAT (Extended Data Fig. 2h–m).

In this section, we present compelling evidence that ELN fragments 
and the E-motif within ELN are potent inducers of reduced lifespan and 
unhealthy aging, from the whole body to the molecular level.

E-motif promotes aging partly through adaptive immune 
activation
To investigate the mechanisms underlying E-motif-induced aging 
phenotypes, we first performed transcriptomic profiling across 
multiple organs and tissues 24 h after a single E-motif injection 
(Extended Data Fig. 3a). Peripheral blood mononuclear cells (PBMCs) 
exhibited the most pronounced changes according to the number 
of differentially expressed genes (DEGs) and volcano plot analysis 

(Extended Data Fig. 3b–d). Further Gene Ontology (GO) analysis and 
gene set enrichment analysis (GSEA) revealed an upregulation of terms 
related to immune responses, inflammation, proliferation and meta-
bolic disease in the PBMCs of the E-motif group compared to the control 
group (Extended Data Fig. 3e,f). To delve deeper into the immuno-
logical effects of E-motif, we performed cytometry by time-of-flight 
(CyTOF) analysis on CD45+ PBMCs from mice that received E-motif injec-
tions twice a week for 24 weeks (Fig. 3a). The t-distributed stochastic 
neighbor embedding (t-SNE) analysis revealed obvious upregulation 
of marker expression in CD4+ T cells (CD3E, CD4), CD8+ T cells (CD3E, 
CD8) and B cells (CD19, B220), as well as an increase in the proportion of 
the corresponding cell clusters, in the E-motif group compared to the 
control group (Fig. 3b and Extended Data Fig. 3i). SPADE (spanning-tree 
progression analysis of density-normalized events) and flow cytom-
etry analyses confirmed the increased proportions of T cells (both 
CD4+ and CD8+ T cells) and B cells in the E-motif group (Fig. 3c,d and 
Extended Data Fig. 3j).

To ascertain the specific roles of T and B (T/B) cells in 
E-motif-induced aging, we used T/B cell-deficient Rag1−/− mice (Rag) 
and Rag mice reconstituted with T/B cells (Rag + T/B) for healthspan 
and lifespan examinations (Fig. 3e and Extended Data Fig. 4a). E-motif 
injection significantly shortened lifespan in Rag + T/B mice but not in 
Rag mice (Fig. 3f). Similarly, E-motif induced weight gain, increased fat 
mass (including abdominal fat) and reduced lean mass only in Rag + T/B 
mice compared to the corresponding vehicle control (Fig. 3g,h and 
Extended Data Fig. 4b). Unlike Rag + T/B mice, Rag mice did not show 
significant elevations in serological markers of liver function (AST 
and ALT) and inflammation (MCP-1, IL-1, TNF, IL-6 and IFNγ) between 
E-motif and vehicle treatments (Fig. 3i–k and Extended Data Fig. 4c). 
Histological examination (bone, WAT, skin, liver and muscle) and gene 
expression analysis (P16INK4A, P21, P53, Il1b, Il6 and Tnf) of various tissues 
revealed only slight changes between the E-motif and vehicle groups in 
Rag mice (Extended Data Fig. 4d–h and Supplementary Fig. 5).

To dissect the changes in T/B cells after 24 weeks of E-motif 
treatment, we performed single-cell RNA sequencing (RNA-seq) on 
sorted T/B cells from the spleen, the weight of which was significantly 
increased in the E-motif group (Extended Data Fig. 5a,b). Uniform mani-
fold approximation and projection (UMAP) analysis showed a clear sep-
aration between the T/B cell populations (Extended Data Fig. 5c). DEG 
analysis demonstrated that T cells, but not B cells, showed remarkable 
differential gene expression, with an upregulation of proinflammatory 
genes (Ccl5, Cxcr3, etc.) in the E-motif group (Extended Data Fig. 5d). 
Violin plots and UMAP feature plots consistently demonstrated ele-
vated expression of Cd8a, P53, Ifng and Gzmk in T cells from the E-motif 
group (Fig. 3l and Extended Data Fig. 5e). GO analysis of the DEGs 
in T cells revealed prominent enrichment in pathways related to 
cell–cell adhesion, leukocyte proliferation and T cell activation 
(Extended Data Fig. 5f). Further clustering identified multiple T cell 
subpopulations. E-motif treatment increased the proportions of the 
CD4+IFNγ+ TH1, CD4+EOMES+GZMK+ cytotoxic T (Tc), KLRG1+FOXP3+ 
regulatory T (Treg) and CD8+TBX21+ type 1 Tc (Tc1) cell subsets while 
reducing naive T cells (Fig. 3m,n). The genes and subpopulations 
that were upregulated in the E-motif group are closely related to 
inflammaging19,32,33. GO enriched pathway and DEG analyses indicated 
that most T cell subpopulations in the E-motif group showed a similar 
state shift (Extended Data Fig. 5g,h). Specifically, CD4+EOMES+GZMK+ 
Tc cells were enriched in pathways related to the inflammatory response 
and chemokine-mediated signaling, while CD4+IFNγ+ TH1 cells showed 
upregulation of chemotaxis-related programs. KLRG1+FOXP3+ Treg cells 
were enriched in pathways related to T cell activation and proliferation 
(Extended Data Fig. 5g,h).

Collectively, these results demonstrate that abnormal activation 
of T/B cells, especially a shift in T cells toward a proinflammatory and 
aging-associated state, has a crucial role in the systemic pro-aging 
effects of E-motif.

http://www.nature.com/nataging
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Fig. 2 | E-motif induces an unhealthy and shorter lifespan. a, Schematic 
diagram illustrating the experimental design of injecting E-motif or poly(A/K) 
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Illustration was created using FigDraw. b, Survival curves of mice injected with 
vehicle, E-motif or poly(A/K) (vehicle: n = 21, E-motif: n = 22, poly(A/K): n = 25; 
E-motif versus vehicle: P < 0.0001 by log-rank test and P < 0.0001 by Gehan–
Breslow–Wilcoxon test, poly(A/K) versus vehicle: P = 0.4473 by log-rank test and 
P = 0.7417 by Gehan–Breslow–Wilcoxon test). c, Body weight changes in mice 
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P < 0.0001). d,e, Percentages of fat tissue (d) and lean tissue (e) relative to body 
weight at the experimental endpoint (n = 11 per group; fat tissue: E-motif versus 
vehicle P < 0.0001, lean tissue: E-motif versus vehicle P = 0.0009). f, Schematic 
representation of the treadmill test (left) and analysis of the number of electric 
shocks administered (right) (n = 7 per group; E-motif versus vehicle P = 0.0025). 
 g, Open field test, including movement trajectories (left), total movement 
distance (center) and mean speed (right) (n = 6 per group; total movement 
distance: E-motif versus vehicle P = 0.0054, mean speed: E-motif versus vehicle 
P = 0.0058). h, P16 gene expression pattern in P16-3MR mice, which carry the 
luciferase gene expressed under the control of the P16 regulatory region, 
allowing spatial visualization of P16-positive senescent cells in vivo through 
bioluminescence imaging. Left, imaging of mice; right, quantification at the 

experimental endpoint (vehicle: n = 4, E-motif: n = 3; E-motif versus vehicle 
P = 0.0348). i, Left, representative X-ray images of mice, with black lines 
indicating how the kyphosis index was measured; right, quantitative analysis 
of the kyphosis index (n = 6 per group; E-motif versus vehicle P = 0.0450). j, 
Schematic representation of serum extraction from the peripheral blood of mice. 
k, Blood biochemical tests for AST and ALT levels (n = 6 per group; AST: E-motif 
versus vehicle P = 0.0065, ALT: E- motif versus vehicle P = 0.0076). l, Serum levels 
of the inflammatory markers MCP-1, IL-1 and TNF (MCP-1: n = 9 per group, IL-1 and 
TNF: n = 8 per group; MCP-1: E-motif versus vehicle P = 0.0006, IL-1: E-motif versus 
vehicle P = 0.0003, TNF: E-motif versus vehicle P = 0.0024). m, Representative 
images of H&E staining of WAT (left) with quantification of the adipocyte area 
(right) (n = 8 per group; E-motif versus vehicle P = 0.0008). n, Representative 
images of H&E staining of skin tissue (left) with quantification of epidermal 
thickness (right) (vehicle: n = 8, E-motif: n = 7; E-motif versus vehicle P = 0.0001). 
o, Representative images of H&E staining of liver tissue (left) with quantification 
of TG content (right) (n = 7 per group; E-motif versus vehicle P = 0.0001). 
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interval (d–i, k–o). Data are presented as mean values ± s.d. (d–i, k–o).

http://www.nature.com/nataging


Nature Aging | Volume 5 | December 2025 | 2380–2398 2385

Article https://doi.org/10.1038/s43587-025-00961-8

25

75

Ve
hi

cl
e

VehicleVehicleE-motif

E-
m

ot
if

B cellsT cells

%
 s

ur
vi

va
l

SP
AD

E 
an

al
ys

is

g
Body weight

W
ei

gh
t (

g)

Rag + vehicle

Rag + T/B + vehicle
Rag + T/B + E-motif

Rag + E-motif

i j

T cells and 
B cells

0

5

10

15

20

25 ***

NS

h
Fat tissue ALT AST IL-1 TNF MCP-1

Vehicle

E-m
otif

Vehicle

E-m
otif

E-motif

Age (weeks) Age (weeks)

0

100

200

300

***

NS

0

50

100

150

200

250 **
NS

0

20

40

60

80

100 **
NS

0

50

100

150

**

NS

0

50

100

150

200

NS

***

CD4+T
CD8+T
γδT
NK
B cell
Monocyte
DC
Neutrophil
Eosinophil
Basophil
Other myeloid
Other

100

0
(%)

Serum
collection

Detection

50

%
 o

f b
od

y 
w

ei
gh

t

Survival curve

CyTOF (25 wk after)
a b c

d e f

t-S
N

E2

t-SNE1
CD45+ PBMCs

Rag1–/– mice

Rag
 + 

ve
hicle

Rag
 + 

E-m
otif

Rag
 + 

T/B
 + 

ve
hicle

Rag
 + 

T/B
 + 

E-m
otif

Rag
 + 

ve
hicle

Rag
 + 

E-m
otif

Rag
 + 

T/B
 + 

ve
hicle

Rag
 + 

T/B
 + 

E-m
otif

Rag
 + 

ve
hicle

Rag
 + 

E-m
otif

Rag
 + 

T/B
 + 

ve
hicle

Rag
 + 

T/B
 + 

E-m
otif

Rag
 + 

ve
hicle

Rag
 + 

E-m
otif

Rag
 + 

T/B
 + 

ve
hicle

Rag
 + 

T/B
 + 

E-m
otif

Rag
 + 

ve
hicle

Rag
 + 

E-m
otif

Rag
 + 

T/B
 + 

ve
hicle

Rag
 + 

T/B
 + 

E-m
otif

Rag
 + 

ve
hicle

Rag
 + 

E-m
otif

Rag
 + 

T/B
 + 

ve
hicle

Rag
 + 

T/B
 + 

E-m
otif

Se
ru

m
 le

ve
l (

U
 l−1

)

Se
ru

m
 le

ve
l (

pg
 m

l−1
)

E-motif

8w 31w32w

Kill

9w

E-motif

30w

Stop
Lifespan:

Healthspan:

50%
death31w

l

E-motif
Vehiclelo

g-
no

rm
al

iz
ed

 e
xp

re
ss

io
n

E-m
otif

Vehicle

E-m
otif

Vehicle

CD8+ naive T 

CD4+TBX21+ TH1

FOXP3+ Treg

FO
XP

3+  T
re

g

CD4+  naive T 

CD4+EOMES+GZMK+ Tc
KLRG1+FOXP3+ Treg

CD4+IFNγ+ TH1

CD4+CCR6+IL-17a+ TH17

CD8+TBX21+ Tc1
CD4+IL-4+ TFH

C
D

4+ IL
-4

+  T
FH

CD8+CD69+ Tc9

Ifng Gzmk

Cd8a Trp53

0

1

2

3

0
1
2
3
4

0

1

2

3

4

0

1

2

3

UMAP_1

U
M

AP
_2

Vehicle E-motif

C
D

8+  n
ai

ve
 T

C
D

4+ TB
X2

1+  T
H
1

KL
RG

1+ FO
XP

3+  T
re

g

C
D

4+ E
O

M
ES

+ G
ZM

K+  T
c

C
D

4+ IF
N
γ+  T

H
1

C
D

4+ C
C

R6
+ IL

-1
7a

+  T
H
17

C
D

8+ TB
X2

1+  T
c1

C
D

8+ C
D

69
+  T

c9

C
el

l r
at

io

1.00

0.75

0.25

C
D

4+  n
ai

ve
 T

0

0.50

nm

k

Rag + vehicle

Rag + T/B + vehicle
Rag + T/B + E-motif**

Rag + E-motif

0

5

10

15

20

25

%
 o

f C
D

45
+  c

el
ls **

0

40
40

50

60

70

80

%
 o

f C
D

45
+  c

el
ls **

30 40 50 60 70 80 90 100 110
0

25

50

75

100

C
D

4

C
D

8

B2
20

CD8+ T

CD8+ T

CD4+ T

CD4+ T

B cells

B cells

101 102 103 1040 101 102 103 1040 101 102 103 1040

101

102

103

104

26.91%

0

101

102

103

104

0

CD3E CD3E CD3E

8.02%

7.73%

2.85%

10.54%

3.25%

**
**

********
45

35

25

40

30

20
20

0
8 12 16 20 24 28 32

t-SNE1

t-S
N

E2

Fig. 3 | E-motif promotes aging partly through adaptive immune activation. 
a, Schematic representation of CyTOF analysis performed after 24 weeks of 
continuous E-motif treatment. b, Left, different cell clusters based on t-SNE 
dimensionality reduction, with arrows indicating clusters with obviously 
changed proportions; right, quantification of cell proportions, with red boxes 
indicating obviously changed clusters (n = 5 per group). NK, natural killer; DC, 
dendritic cell. c, SPADE analysis and scatter plot illustrating the proportions 
of cell clusters (n = 5 per group). d, Flow cytometry validation of the T/B cell 
proportions (T cells: n = 8, B cells: n = 7; T cells: E-motif versus vehicle P = 0.0056, 
B cells: E-motif versus vehicle P = 0.0022). e, Illustrative representation of the 
tail vein injection of E-motif in Rag or Rag + T/B mice for healthspan and lifespan 
examinations. f, Survival curves of Rag and Rag + T/B mice treated with or 
without E-motif (Rag + vehicle: n = 8, Rag + E-motif: n = 8, Rag + T/B + vehicle: 
n = 6, Rag + T/B + E-motif: n = 7; Rag + T/B + E-motif versus Rag + T/B + vehicle: 
P = 0.0021 by log-rank test and P = 0.0032 by Gehan–Breslow–Wilcoxon test, 
Rag + E-motif versus Rag + vehicle: P = 0.2437 by log-rank test and P = 0.2671 
by Gehan–Breslow–Wilcoxon test). g, Body weight changes in mice over time 
(n = 6 per group over time; Rag + T/B + E-motif versus Rag + T/B + vehicle: at 
20 weeks P = 0.0074, at 24 weeks P = 0.0016, at 28 weeks and after P < 0.0001). 
h, Proportion of fat tissue relative to body weight in mice at the experimental 
endpoint (age 32 weeks) (n = 7 per group; Rag + T/B + E-motif versus 
Rag + T/B + vehicle P = 0.0008, Rag + E-motif versus Rag + vehicle P = 0.2992). 

i, Schematic representation of serum extraction from the peripheral blood 
of mice. j,k, Serum concentrations of markers of liver function (AST and ALT) 
(j) and inflammatory factors (IL-1, TNF and MCP-1) (k) (n = 6 per group; ALT: 
Rag + T/B + E-motif versus Rag + T/B + vehicle P = 0.0044, Rag + E-motif versus 
Rag + vehicle P = 0.3191; AST: Rag + T/B + E-motif versus Rag + T/B + vehicle 
P = 0.0007, Rag + E-motif versus Rag + vehicle P = 0.3888; IL-1: Rag + T/B + E-motif 
versus Rag + T/B + vehicle P = 0.0008, Rag + E-motif versus Rag + vehicle 
P = 0.4325; TNF: Rag + T/B + E-motif versus Rag + T/B + vehicle P = 0.0034, 
Rag + E-motif versus Rag + vehicle P = 0.3478; MCP-1: Rag + T/B + E-motif versus 
Rag + T/B + vehicle P = 0.0011, Rag + E-motif versus Rag + vehicle P = 0.5740). l, 
Violin plots demonstrating elevated expression of inflammaging-related genes 
(Cd8a, Trp53, Ifng and Gzmk) in the E-motif group (n = 6 per group). m, UMAP 
plot showing the clustering and distribution of all T cell subsets after vehicle or 
E-motif treatment for 24 weeks (left), with pie charts displaying the proportions 
of T cell subsets in the vehicle and E-motif groups (right) (n = 6 per group). TFH, T 
follicular helper. n, Bar plot of the relative abundance of T cell subsets between 
the vehicle and E-motif groups (n = 6 per group). NS, no significance; **P < 0.01, 
***P < 0.001, ****P < 0.0001. Statistical tests: log-rank test and Gehan–Breslow–
Wilcoxon test (f); two-way ANOVA (g); unpaired two-tailed Student’s t test (equal 
variance) or unpaired two-tailed t test with Welch’s correction (unequal variance) 
with a 95% confidence interval (d, h, j–k). Data are presented as mean values ± s.d. 
(d, g–h, j–k). Illustrations in panels a and e were created using FigDraw.
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Monocytes and macrophages partly mediate the activation of 
adaptive immunity by E-motif in a NEU1-dependent manner
To further confirm E-motif-induced inflammaging, we focused on 
inflammatory factors and detected 22 inflammatory factors after 
the injection of a dose of E-motif. The time point chosen was 5 weeks 
after continuous E-motif treatment because lymphocytes began to 
be upregulated at this time (Supplementary Fig. 6). Among the 22 
factors, IL-1β, IL-6, RANTES and MIP-1α showed consistent or obvi-
ous upregulation (Supplementary Fig. 7a). As the upregulation of T/B 
cells has been confirmed, we first investigated whether blocking one 
factor or several factors could alleviate the upregulation of lympho-
cytes. Interestingly, blocking two factors mildly prevented the eleva-
tion of lymphocytes (Supplementary Fig. 7b), while the synergistic 
blockade of IL-1β, IL-6 and MIP-1α remarkably alleviated this elevation 
(Supplementary Fig. 7c). Therefore, we explored whether the syner-
gistic blockade of these three factors using antibodies could alleviate 
E-motif-induced aging phenotypes. The E-motif + anti group showed 
significant restoration of obesity (Supplementary Fig. 7d–f), as well 
as reduced locomotor activity and morphological degeneration of 
the liver and WAT (Supplementary Fig. 7g–k).

The adaptive immune system, primarily consisting of T/B cells, 
and inflammaging are often initiated by innate immune activation. At 
24 h after a single E-motif treatment, GSEA of PBMC transcriptomic 
data revealed enrichment of neutrophil chemotaxis and Toll-like 
receptor (TLR) pathways, indicating activation of innate immunity34 
(Extended Data Fig. 3h), as well as increased chemotaxis or activation 
of myeloid cells in several solid organs (Extended Data Fig. 3g). To 
further characterize the myeloid cell clusters affected by E-motif at 
this time point, we performed CyTOF on CD45+ PBMCs. t-SNE analysis 
and histograms revealed obvious upregulation of marker expres-
sion in monocytes and neutrophils, including CD11B, LY6C and LY6G, 
as well as increased proportions of the corresponding cell clusters 
(Fig. 4a and Extended Data Fig. 6a). SPADE and flow cytometry analyses 
confirmed the increased proportions of monocytes and neutrophils 
(Fig. 4b,c and Extended Data Fig. 6b). To determine which myeloid 
subset drives the expansion of T/B cells, we transferred neutrophils 
or monocytes and macrophages (monocytes/macrophages) from 
E-motif-treated mice into untreated recipient mice (Fig. 4d). Inter-
estingly, only the transfer of monocytes/macrophages induced a 
significant increase in T/B cells (Fig. 4e). Injection of ECO (ELN frag-
ments collected from old mice) or transfer of monocytes/macrophages 
from ECO-treated mice also increased the proportion of lympho-
cytes (Extended Data Fig. 1i). Furthermore, depletion of monocytes/
macrophages (Supplementary Fig. 8) in chimeric LysM/iDTR mice 
abrogated the increase in T/B cells (Fig. 4f,g). Therefore, monocytes/
macrophages have a crucial role in mediating the E-motif-induced 
changes in T/B cells. Interestingly, at this time point (5 weeks of E-motif 
treatment), no degenerative changes were observed in the liver and 
WAT, indicating that immune activation preceded tissue degeneration 
(Supplementary Fig. 9).

To identify the molecular target in monocytes/macrophages 
that is responsible for mediating the effects of E-motif, we performed 
transcriptomic sequencing on monocytes/macrophages isolated 
from mice treated with E-motif or vehicle (Extended Data Fig. 7a,b). 
GO analysis demonstrated that upregulated genes were mainly 
enriched in processes related to immune activation and inflam-
mation (Extended Data Fig. 7c). GSEA revealed activation of innate 
immunity, as well as antigen processing and presentation processes 
(Extended Data Fig. 7d), further supporting the role of monocytes/
macrophages in mediating E-motif-induced aging. GSEA also revealed 
the upregulation of TLR-related pathways (Extended Data Fig. 7e), 
inflammatory factor-related processes (Extended Data Fig. 7f) and 
proliferation-related processes (Extended Data Fig. 7g). As a core 
component of the ERC, neuraminidase 1 (NEU1) has shown potential 
as a therapeutic target for local tissue dysfunction35,36. NEU1 does not 

bind the E-motif directly; rather, it acts as a transmembrane signal 
transducer within the ERC26, leading to inflammatory states in mono-
cytes/macrophages37 and upregulating TLR and nuclear factor-κB 
pathways38,39, consistent with our GSEA findings. Examination of Neu1 
expression in the transcriptome sequencing data of monocytes/mac-
rophages revealed a significant upregulation in the E-motif group 
compared to controls, which was confirmed at the protein level by 
western blot analysis (Fig. 4h,i and Extended Data Fig. 7h).

In vitro, knockdown of Neu1 blocked the upregulation 
of IL-1 and IL-6 induced by E-motif in mouse macrophages 
(Extended Data Fig. 7i,j). We also confirmed the roles of other 
membrane receptors enriched in RNA-seq data and found that 
the double knockdown of Tlr2 and Tlr4 showed similar effects, 
although to a lesser extent (Extended Data Fig. 7i,j). We then deleted 
Neu1 specifically in the myeloid cells of mice (Neu1−/−) (Fig. 4j and 
Extended Data Fig. 7k). E-motif failed to upregulate the inflam-
matory cytokines in macrophages derived from Neu1−/− mice 
in vitro (Extended Data Fig. 7l,m). We then used 2,3-dehydro-2-d
eoxy-N-acetylneuraminic acid (DANA), a NEU1 inhibitor that binds to 
its active site through structural complementarity40, which also signifi-
cantly attenuated the E-motif-induced increases in cytokines in mac-
rophages in vitro (Extended Data Fig. 7n). For the in vivo experiment, 
we injected E-motif into control mice (Neu1f/f) or Neu1−/− mice twice a 
week for 16 weeks (Fig. 4j). The weight of mice in the Neu1−/− + E-motif 
group was similar to that of the vehicle group and significantly lower 
than that of the Neu1f/f + E-motif group (Fig. 4k). The serological markers 
of liver dysfunction and inflammatory factors, as well as the degenera-
tive changes in the liver and WAT, were significantly alleviated in the 
Neu1−/− + E-motif group compared to the Neu1f/f + E-motif group (Fig. 4l–
n). To confirm whether myeloid-specific NEU1 controls E-motif-induced 
T/B cell dysfunction, we analyzed the proportions of these cells and 
found a significant decrease in the Neu1−/− + E-motif group compared 
to the Neu1f/f + E-motif group (Fig. 4o). Transplantation of T/B cells from 
Neu1−/− mice treated with E-motif or vehicle into recipient Rag mice 
did not result in any difference in lifespan (Extended Data Fig. 8a,b).

Together, these findings identify monocyte/macrophage- 
specific NEU1 as a key mediator of the E-motif-induced changes in the 
frequencies and functions of T/B cells, which consequently promote 
systemic aging.

NEU1 inhibitor extends healthspan and lifespan and possesses 
potential translational value
Given the crucial role of NEU1 in E-motif-induced immune dysfunction and 
the aging process, we investigated the potential role of the NEU1 inhibitor 
DANA in counteracting the effects of E-motif and delaying natural aging 
(Extended Data Fig. 8c). DANA attenuated the E-motif-induced increases 
in body weight (Extended Data Fig. 8d), T/B cells (Extended Data Fig. 8e), 
serological hepatic markers (Extended Data Fig. 8f) and proinflam-
matory cytokines (Extended Data Fig. 8g) in mice. Also, DANA effec-
tively mitigated the pro-aging effects of T/B cells transferred from 
E-motif-treated mice to Rag mice (Extended Data Fig. 8h). Interest-
ingly, DANA did not immediately decrease the serum levels of ELN 
fragments, although long-term treatment led to a gradual decline 
(Extended Data Fig. 8i), further confirming that DANA blocks the 
downstream signals of ELN fragments.

Considering the positive correlation between ELN fragments 
and age, we evaluated the effects of DANA in wild-type (WT) naturally 
aged mice without E-motif treatment (Fig. 5a). DANA administration 
significantly increased the lifespan of both male (by 17.4% for median 
lifespan) and female (by 12.2% for median lifespan) mice (Fig. 5b and 
Extended Data Fig. 9a,b). To assess healthspan, body weight was 
continuously monitored, and other indicators were measured after 
24 weeks of DANA treatment (at 84 weeks of age). DANA significantly 
decreased body weight, fat tissue percentage and abdominal fat 
weight while increasing the lean tissue percentage (Fig. 5c,d and 
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Fig. 4 | Monocytes/macrophages partly mediate the activation of adaptive 
immunity by E-motif in a NEU1-dependent manner. a, t-SNE plot showing 
cell clusters (left) and quantification of the cell clusters (right), with arrows 
(left) and the red box (right) highlighting clusters that apparently differ in 
proportion between the two groups (n = 5 per group). DNT, double-negative  
T cell. b, Scatter plot of SPADE analysis illustrating the proportions of cell 
clusters (n = 5 per group). c, Flow cytometry analysis of the proportions 
of monocytes (left) and neutrophils (right) (monocytes: n = 7 per group, 
neutrophils: n = 8 per group; monocytes: E-motif versus vehicle P = 0.0007, 
neutrophils: E-motif versus vehicle P = 0.0067). d, Diagram of cell 
transplantation using E-motif-injected mice as donors. At 24 h after the 
injection, different myeloid cells were sorted from donors and transplanted 
into recipient mice. After five transplantations, recipient mice were killed. 
e, Proportions of T/B cells in the peripheral blood of recipient mice after cell 
transplantation (n = 6 per group; T cells: E-mono versus vehicle P = 0.0089, 
B cells: E-mono versus vehicle P = 0.0044). Mono, monocytes; Neutro, 
neutrophils; E-mono, monocytes from E-motif-treated mice; E-neutro, 
neutrophils from E-motif-treated mice. f, Genotype diagram for LysM/iDTR 
mice (left) and schematic diagram of chimeric mouse construction (right). 
g, Flow cytometry analysis of the proportions of T/B cells in LysM/iDTR mice 
(n = 6 per group; T cells: E-motif versus vehicle P = 0.0062, E-motif versus 
DT + E-motif P = 0.0050; B cells: E-motif versus vehicle P = 0.0021, E-motif 
versus DT + E-motif P = 0.0047). h,i, Neu1 expression in transcriptomic 
sequencing data (h; n = 3 per group; E-motif versus vehicle P = 0.0104) and 
western blot analysis (i; n = 4 per group). TPM, transcripts per million. j, 
Genotype diagram of mice for the conditional knockout of the Neu1 gene 

in myeloid cells and the process of E-motif treatment. k, Body weight 
changes in mice over time (n = 6 per group over time; Neu1f/f + E-motif versus 
Neu1f/f P = 0.0159, Neu1f/f + E-motif versus Neu1−/− + E-motif P = 0.0061). 
l,m, Serum levels of the inflammatory markers IL-1 and MCP-1 (l) (n = 6 
per group; IL-1: Neu1f/f + E-motif versus Neu1f/f P = 0.0007, Neu1f/f + E-motif 
versus Neu1−/− + E-motif P = 0.0242; MCP-1: Neu1f/f + E-motif versus Neu1f/f 
P = 0.0011, Neu1f/f + E-motif versus Neu1−/− + E-motif P = 0.0095) and the liver 
function markers ALT and AST (m) (n = 6 per group; ALT: Neu1f/f + E-motif 
versus Neu1f/f P = 0.0065, Neu1f/f + E-motif versus Neu1−/− + E-motif P = 0.0385; 
AST: Neu1f/f + E-motif versus Neu1f/f P = 0.0081, Neu1f/f + E-motif versus 
Neu1−/− + E-motif P = 0.0397). n, Representative images of H&E staining of 
WAT (left top) and liver tissue (left bottom) with quantification of TG content 
and adipocyte areas (right) (n = 6 per group; TG content: Neu1f/f + E-motif 
versus Neu1f/f P = 0.0006, Neu1f/f + E-motif versus Neu1−/− + E-motif P = 0.0023; 
adipocyte area: Neu1f/f + E-motif versus Neu1f/f P = 0.0011, Neu1f/f + E-motif versus 
Neu1−/− + E-motif P = 0.0085). o, Flow cytometry analysis of the proportions 
of T/B cells in the peripheral blood (n = 6 per group; T cells: Neu1f/f + E-motif 
versus Neu1f/f P = 0.0040, Neu1f/f + E-motif versus Neu1−/− + E-motif P = 0.0096; 
B cells: Neu1f/f + E-motif versus Neu1f/f P = 0.0025, Neu1f/f + E-motif versus 
Neu1−/− + E-motif P = 0.0056). *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 50 μm 
for n. Statistical tests: unpaired two-tailed Student’s t test (equal variance) or 
unpaired two-tailed t test with Welch’s correction (unequal variance) with a 95% 
confidence interval (c, e, g–h, l–o); two-way ANOVA (k). Data are presented as 
mean values ± s.d. (c, e, g–h, k–o). Illustrations in panels f and j were created 
using FigDraw.
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Extended Data Fig. 9c). The DANA group exhibited reduced spinal 
curvature (Fig. 5e), reduced P16 signal (Fig. 5f), enhanced sponta-
neous locomotor activity (Fig. 5g,h), improved motor endurance 
(Fig. 5i) and enhanced grasping ability (Extended Data Fig. 9d) com-
pared to the vehicle group. Blood biochemistry assays showed that  
DANA significantly alleviated the age-related increases in mark-
ers of liver impairment (AST and ALT), hyperglycemia (GLU) and 
dyslipidemia (LDL and TG) (Fig. 5j,k and Extended Data Fig. 9e,f). 
DANA treatment also reduced the age-related expression of multi-
ple inflammatory cytokines, indicating its ability to suppress sys-
temic inflammaging (Fig. 5l). The age-related increase in adipocyte 
area, decrease in epidermal thickness, decrease in muscle fiber area, 
and fatty degeneration of the liver were all significantly delayed by 
DANA (Fig. 5m–o and Extended Data Fig. 9g). However, the effects of 
DANA on bone tissue were modest (Extended Data Fig. 9h). Similarly, 
DANA did not decrease the serum content of ELN fragments immedi-
ately but did decrease the content during the slowed aging process 
(Extended Data Fig. 9i).

Next, the synergistic effects of combining DANA with other 
anti-aging interventions were investigated. We administered DANA 
and the well-established anti-aging drug rapamycin (Fig. 5p). Notably, 
the coadministration of DANA and rapamycin (DANA + R) exhibited 
superior efficacy compared to either monotherapy. This was remark-
ably demonstrated in lifespan extension (Fig. 5q), body weight decrease 
(Fig. 5r), fat/lean tissue preservation (Extended Data Fig. 9j,k), decreased 
concentration of hepatic markers (AST and ALT) (Extended Data Fig. 9l), 
reduced systemic inflammation (IL-1 and MCP-1 levels) (Fig. 5s) and 
enhanced locomotor activity (Extended Data Fig. 9m). Tissue-level 
improvements were also more pronounced, with greater muscle 
fiber increase, more significant WAT adipocyte shrinkage and fur-
ther hepatic TG reduction (Fig. 5t,u and Extended Data Fig. 9n). Both 
monotherapies showed similar effects, but each to a lesser extent 
(Fig. 5p–u and Extended Data Fig. 9j–n). These results demonstrate 
the enhanced anti-aging benefits of combined administration of DANA 
and rapamycin.

To further validate the effects of DANA, we conducted a study in 
a large animal model (Yorkshire pigs) (Fig. 6a). The pigs were treated 
with PBS (vehicle), E-motif, or a combination of E-motif and DANA 
(E-motif + DANA) twice a week for 16 weeks. Blood biochemistry analy-
sis showed that, compared to the E-motif group, the E-motif + DANA 
group exhibited significant improvements in markers of liver function, 
including AST, alkaline phosphatase (ALP) and albumin (ALB) levels. 
DANA also improved metabolic indicators, including GLU, TG and LDL, 
as well as markers of kidney function, such as blood urea nitrogen (BUN) 
and creatinine (CREA) levels (Fig. 6b). Similar results were observed in 
immune-humanized mice injected with vehicle, human ELN fragments 
(ELN group) or ELN + DANA (Fig. 6c). At the end of the experiment, the 
ELN + DANA group showed normalized levels of AST, ALP, ALB, GLU, TG, 
LDL, BUN and CREA (Fig. 6d). Together, these results suggest that DANA 
effectively mitigates E-motif- or ELN fragment-induced physiological 
dysfunctions across species, including in a large mammal model and 
humanized mice.

We finally analyzed 1,068 human serum samples to investi-
gate the relationship between ELN fragment content and various  
health indicators in the same cohort shown in Fig. 1a. Linear regres-
sion analysis demonstrated a strong correlation between ELN frag-
ment content and age (Fig. 6e). Data from the total cohort and specific 
age groups indicated that the concentrations of ELN fragments 
were notably positively correlated with markers of obesity (body 
mass index (BMI)), hypertension (systolic blood pressure (SBP) and 
diastolic blood pressure (DBP)), liver function abnormalities (AST, 
gamma-glutamyl transferase, ALP, total protein and bilirubin), dys-
lipidemia (TG, LDL, high-density lipoprotein and total cholesterol) 
and renal dysfunction (estimated glomerular filtration rate, urea 
and CREA). The concentrations of ELN fragments were also positively 
correlated with chronic inflammation, hyperglycemia, hyperuricemia 
and thyroid hyperfunction (Fig. 6f ). In a comparison between the 
normal and high ELN groups, the high ELN group exhibited signifi-
cantly impaired BMI, SBP, DBP, AST, ALP, ALB, TG, LDL, urea, CREA and  
GLU levels (Fig. 6g,h), confirming that high serum levels of ELN 

Fig. 5 | DANA, as a NEU1 inhibitor, extends healthspan and lifespan.  
a, Schematic diagram illustrating the experimental design of intraperitoneally 
(i.p.) injecting DANA into mice to study its effects on healthspan and lifespan. b, 
Survival curves of male mice (vehicle: n = 25, DANA: n = 24; DANA versus vehicle: 
P < 0.0001 by log-rank test and P < 0.0001 by Gehan–Breslow–Wilcoxon 
test). c, Time-series analysis of body weight (n = 11 per group over time, but 
n = 10 for the vehicle group at 80 and 84 weeks; DANA versus vehicle: at 80 
weeks P = 0.0133, at 84 weeks P = 0.0087). d, Analysis of the percentages of fat 
tissue (left) and lean tissue (right) relative to body weight at the experimental 
endpoint (84 weeks of age) (n = 10 per group; fat tissue: DANA versus vehicle 
P = 0.0010, lean tissue: DANA versus vehicle P = 0.0378). e, Representative 
X-ray images of mice, with black lines indicating the basis for kyphosis index 
calculation (left), and quantification of the kyphosis index (right) (n = 6 per 
group; DANA versus vehicle P = 0.0274). f, P16 gene expression pattern in 
P16-3MR mice (top), along with in vivo bioluminescence imaging (bottom 
left) and quantification (bottom right) (n = 4 per group; DANA versus vehicle 
P = 0.0445). g, Movement trajectories of mice in the open field test. h, Total 
movement distance (left) and average speed (right) (n = 6 per group; total 
movement distance: DANA versus vehicle P = 0.0025, average speed: DANA 
versus vehicle P = 0.0026). i, Treadmill test schematic (left) and analysis of the 
number of electric shocks administered (right) (n = 9 per group; DANA versus 
vehicle P = 0.0084). j, Schematic representation of serum extraction from 
peripheral blood samples. k, Serum levels of AST and ALT (n = 7 per group; 
AST: DANA versus vehicle P = 0.0044, ALT: DANA versus vehicle P = 0.0347). 
l, Heatmap depicting the levels of serum inflammatory markers, with fold 
changes relative to the mean values of the vehicle group (n = 5 per group). 
m, Representative images of H&E staining of WAT (left) and quantification 
of the adipocyte area (right) (vehicle: n = 6, DANA: n = 7; DANA versus vehicle 
P = 0.0005). n, Representative images of H&E staining of skin tissue (left) and 
quantification of epidermal thickness (right) (n = 7 per group; DANA versus 

vehicle P < 0.0001). o, Representative images of H&E staining of liver tissue 
(left) and quantification of TG content (right) (n = 7 per group; DANA versus 
vehicle P < 0.0001). p, Schematic diagram illustrating the experimental design 
of the study investigating the synergistic effects of DANA with rapamycin (R). 
q, Survival curves of mice injected with vehicle, DANA, R and DANA + R (vehicle: 
n = 12; DANA, R, DANA + R: n = 13; DANA + R versus vehicle: P < 0.0001 by log-
rank test and P = 0.0003 by Gehan–Breslow–Wilcoxon test, DANA + R versus 
DANA: P = 0.0205 by log-rank test and P = 0.0225 by Gehan–Breslow–Wilcoxon 
test, DANA + R versus R: P = 0.0406 by log-rank test and P = 0.0546 by Gehan–
Breslow–Wilcoxon test). r, Body weight changes in mice over time (n = 6 per 
group; DANA + R versus vehicle: at 76 weeks P = 0.0015, at 80 weeks P = 0.0008, 
at 84 weeks P < 0.0001). s, Serum levels of the inflammatory markers IL-1 and 
MCP-1 (n = 6 per group; IL-1: DANA + R versus vehicle P = 0.0002, DANA + R 
versus R P = 0.0062, DANA + R versus DANA P = 0.0386; MCP-1: DANA + R versus 
vehicle P = 0.0007, DANA + R versus R P = 0.0073, DANA + R versus DANA 
P = 0.0035). t, Representative images of H&E staining of liver tissue (left) with 
quantification of TG content (right) (n = 6 per group; DANA + R versus vehicle 
P = 0.0005, DANA + R versus R P = 0.0022, DANA + R versus DANA P = 0.2455). 
u, Representative images of H&E staining of WAT (left) with quantification 
of the adipocyte area (right) (n = 6 per group; DANA + R versus vehicle 
P = 0.0003, DANA + R versus R P = 0.0485, DANA + R versus DANA P = 0.0055). 
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bar, 50 μm for m, n, o, 
t and u. Statistical tests: log-rank test and Gehan–Breslow–Wilcoxon test (b); 
two-way ANOVA (c, r); unpaired two-tailed Student’s t test (equal variance) or 
unpaired two-tailed t test with Welch’s correction (unequal variance) with a 95% 
confidence interval (d–f, h–k, m–o); one-way ANOVA with Bonferroni post hoc 
test (s–u). The dashed line in bar plots represents the average values for middle-
aged mice (36 weeks old). Data are presented as mean values ± s.d. (c–f, h–k, 
m–o, r–u). Illustrations in panels a and p were created using FigDraw.

http://www.nature.com/nataging


Nature Aging | Volume 5 | December 2025 | 2380–2398 2389

Article https://doi.org/10.1038/s43587-025-00961-8

fragments are a risk factor for aging-related disorders. In human 
macrophages in vitro, DANA could alleviate the upregulation of 
inflammatory factors induced by human serum with high ELN frag-
ment content (Extended Data Fig. 10).

Therefore, DANA extends healthspan and lifespan in WT mice and 
mitigates the pro-aging effects of E-motif in both WT mice and pigs, 
as well as the effects of human ELN fragments in humanized mice. 
Moreover, ELN fragments are correlated with numerous aging markers 
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Fig. 6 | Potential clinical values of ELN fragments and DANA. a, Schematic 
diagram illustrating the experimental design of the study investigating the 
effects of DANA on E-motif-induced aging in Yorkshire pigs. b, Serum levels of 
AST, ALP, ALB, TG, LDL, BUN, CREA and GLU in the pig model (n = 4 per group; 
AST: E-motif versus vehicle P = 0.0053, E-motif + DANA versus E-motif P = 0.0113; 
ALP: E-motif versus vehicle P = 0.0169, E-motif + DANA versus E-motif P = 0.0078; 
ALB: E-motif versus vehicle P = 0.0071, E-motif + DANA versus E-motif P = 0.0279; 
TG: E-motif versus vehicle P < 0.0001, E-motif + DANA versus E-motif P = 0.0188; 
LDL: E-motif versus vehicle P = 0.0035, E-motif + DANA versus E-motif P = 0.0078; 
BUN: E-motif versus vehicle P = 0.0086; CREA: E-motif versus vehicle P = 0.0195, 
E-motif + DANA versus E-motif P = 0.0167; GLU: E-motif versus vehicle P = 0.0277, 
E-motif + DANA versus E-motif P = 0.0385). c, Illustration of the construction 
of an immune-humanized mouse model and experimental design of the 
study investigating the effects of DANA on E-motif-induced aging in immune-
humanized mice. HSCs, hematopoietic stem cells. d, Serum levels of AST, ALP, 
ALB, TG, LDL, BUN, CREA and GLU in the immune-humanized mouse model 
(hmice) (n = 4 per group; AST: ELN versus vehicle P = 0.0067, ELN + DANA versus 
ELN P = 0.0073; ALP: ELN versus vehicle P = 0.0091, ELN + DANA versus ELN 
P = 0.0162; ALB: ELN versus vehicle P = 0.0161, ELN + DANA versus ELN P = 0.0057; 
TG: ELN versus vehicle P = 0.0143, ELN + DANA versus ELN P = 0.0156; LDL: ELN 
versus vehicle P = 0.0056, ELN + DANA versus ELN P = 0.0104; CREA: ELN versus 
vehicle P = 0.0101, ELN + DANA versus ELN P = 0.0295; GLU: ELN + DANA versus 
ELN P = 0.0454). e, Relationship between the serum content of ELN fragments 
and age in a human cohort. The red dashed line represents the linear regression 
line (n = 1,068; P < 0.0001). f, Heatmap showing the correlation between the 
serum levels of ELN fragments and various aging markers or negative health 
indicators across different age groups in the human population, based on β 
coefficients from a regression analysis. hs-CRP, high-sensitivity C-reactive 

protein; GGT, gamma-glutamyl transferase; TP, total protein; DBiL, direct 
bilirubin; IBiL, indirect bilirubin; TBiL, total bilirubin; FBG, fasting blood glucose; 
e-GFR, estimated glomerular filtration rate; URIC, uric acid; HDL, high-density 
lipoprotein; TCH, total cholesterol; T3, triiodothyronine; hs-TSH, high-sensitivity 
thyroid-stimulating hormone; T4, thyroxine. Red blocks represent a positive 
correlation (total, n = 1,068; age 20–30 years, n = 197; 31–40 years, n = 233; 
41–50 years, n = 187; 51–60 years, n = 187; 61–70 years, n = 201; >70 years, n = 63). 
g, Statistical analysis of SBP and DBP in the high ELN and normal ELN groups 
(normal group: n = 375, high group: n = 186; SBP: normal versus high P < 0.0001, 
DBP: normal versus high P < 0.0001). h, Statistical analysis of BMI and the serum 
levels of AST, ALP, ALB, TG, LDL, urea, CREA and GLU in the high ELN and normal 
ELN groups (BMI: normal group n = 370, high group n = 183, normal versus high 
P < 0.0001; AST: normal group n = 401, high group n = 187, normal versus high 
P = 0.0061; ALP: normal group n = 401, high group n = 187, normal versus high 
P < 0.0001; ALB: normal group n = 401, high group n = 187, normal versus high 
P < 0.0001; TG: normal group n = 367, high group n = 176, normal versus high 
P < 0.0001; LDL: normal group n = 367, high group n = 176, normal versus high 
P = 0.0004; urea: normal group n = 400, high group n = 187, normal versus high 
P < 0.0001; CREA: normal group n = 400, high group n = 187, normal versus 
high P < 0.0001; GLU: normal group n = 401, high group n = 187, normal versus 
high P < 0.0001). In the box plots, the center line denotes the median, the box 
range indicates the 25th–75th percentile range, and whiskers denote minimum–
maximum values (g, h). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical 
tests: Pearson correlation coefficients with a two-tailed 95% confidence interval 
(e, f); unpaired two-tailed Student’s t test (equal variance) or unpaired two-tailed 
t test with Welch’s correction (unequal variance) with a 95% confidence interval 
(b, d, g, h). Data are presented as mean values ± s.d. (b, d, g, h).
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or negative health indicators in humans, highlighting the potential 
clinical value of targeting NEU1 with inhibitors such as DANA to combat 
aging and age-related diseases.

Discussion
Previous studies have mainly focused on the cellular events during 
aging, while the role of ECM events has been largely overlooked. 
Our study investigated the impact of degraded ECM components, 
known as matrikines, on the aging process. First, we discovered that 
several matrikines are not only positively correlated with aging in 
both mice and humans, but they also actively promote aging. Nota-
bly, the E-motif of ELN fragments remarkably reduces healthspan 
and lifespan. Second, we found that E-motif activates monocytes/
macrophages, which in turn induce a pro-aging lymphocyte phe-
notype, thereby accelerating metabolic dysfunctions, leading to 
unhealthy aging and a shortened lifespan. Third, we identified that 
NEU1 in monocytes/macrophages partly mediates E-motif-induced 
immune activation. Remarkably, the NEU1 inhibitor DANA extends 
healthspan and lifespan in WT naturally aged mice. DANA mitigates 
the aging indicators induced by E-motif and human ELN fragments in 
pig and humanized mouse models, respectively. Our study opens up 
a new area of research focusing on the role of the degradative ECM in 
aging and provides a new anti-aging intervention strategy targeting 
matrikine signaling.

First, we revealed a ‘self-propelled vicious circle’ involving sev-
eral matrikines during systemic aging, with a particular emphasis on  
ELN fragments. Previous studies have reported that the serum  
levels of ELN fragments are increased during several degenera-
tive diseases and correlate with negative health markers, includ-
ing atherosclerosis, hypertension3,4,41, COPD5, fatty liver disease42, 
and elevated levels of BMI as well as the serological markers TG, 
C-reactive protein, GLU and insulin41,42. Our analysis of a large cohort 
comprising 1,068 individuals, which is substantially larger than the 
sample size in previous studies (typically ≤200), confirmed simi-
lar results regarding hypertension, BMI, and serum levels of TG, 
high-sensitivity C-reactive protein and GLU. Additionally, our study 
demonstrates that the ELN fragment content correlates with sev-
eral serological markers of liver and kidney degeneration, as well as 
with other markers of dyslipidemia (LDL, high-density lipoprotein 
and total cholesterol) and mild thyroid dysfunction. Previous stud-
ies on the effects of ELN fragments in mice primarily focused on  
COPD14, metabolic dysfunction-associated steatohepatitis42, hyper-
glycemia43 and vascular disease44. Our findings align with these 
studies, revealing significant hepatic steatosis, hyperglycemia and  
other metabolic disturbances after treatment with ELN fragments. 
However, in contrast to previous studies that used relatively high 
doses of ELN fragments for a short duration (for example, 10 mg kg−1 
weekly for 8 weeks)42, we administered E-motif at a lower dose 
(150 μg kg−1)—based on our detection of physiological concentra-
tions—for an extended period (twice a week for 24 weeks) to mimic the 
aging process. Notably, even collected endogenous ELN fragments 
led to aging-related immunological and metabolic dysfunction. Our 
study reveals that ELN fragments, particularly the E-motif, shorten 
lifespan and induce several indicators of aging. As fragments of other 
ECM components (such as HA and FN) also reduce healthspan and 
lifespan, although to a lesser extent, matrikines could be crucial 
drivers and/or markers of aging. These findings supplement previous 
aging-related knowledge2.

Our study also elucidated the immunological mechanisms under-
lying E-motif-induced metabolic dysfunction and systemic aging, 
providing a new explanation for age-related immune dysfunction 
and inflammation caused by matrikines. The T/B cell deletion and 
transplantation model demonstrated that T/B cells partly mediate 
the E-motif-induced shortening of healthspan and lifespan. The 
degeneration of the entire immune system or T cells alone can induce 

systemic chronic inflammation, aging and a shorter lifespan19,20. Spe-
cifically, CD8+GZMK+ Tc and CD4+IFNγ+ TH1 cells have been reported 
to be directly related to inflammaging33,45,46. After long-term E-motif 
treatment, the T cells in our model could promote aging by skewing 
similar subclusters and causing molecular changes. Our study further 
found that the effects of E-motif on T/B cells are partly mediated by 
monocytes/macrophages. Although the frequency of neutrophils is 
increased, they do not participate in the activation of lymphocytes. 
A previous study revealed that neutrophils show a lesser response to 
ELN fragments than monocytes47, partially explaining why neutrophils 
are not the main cells involved. More importantly, a previous study 
reported that MHC-II and antigen-processing cells are indispensable 
for the activation of lymphocytes by ELN fragments in individuals with 
smoking-induced emphysema and smokers with thoracic aortic aneu-
rysm and dissection48,49. Our RNA-seq data in monocytes/macrophages 
revealed the upregulation of pathways related to antigen-processing 
and inflammation. Monocytes/macrophages may, at least in part, have 
a role in antigen processing. In addition, the inflammatory factors 
induced by monocytes/macrophages could contribute to the activa-
tion of lymphocytes, as the presence of antigen-processing cells alone 
is insufficient48,49.

Finally, we revealed that NEU1 inhibition extends healthspan and 
lifespan in several models. Previous studies reported that the NEU1 
inhibitor DANA blocks ELN fragment-induced reactive oxygen species 
production and migration in monocytes15 and the uptake of LDL (a trig-
ger of inflammatory responses and atherosclerosis) in macrophages50. 
Similarly, we revealed that the knockdown, knockout or inhibition of 
NEU1 by DANA in macrophages blocks the secretion of inflammatory 
factors induced by ELN fragments. Previous studies reported that 
DANA blocks hyperglycemia and metabolic dysfunction-associated 
steatohepatitis induced by ELN fragments42,43. In a mouse model of 
E-motif-induced aging, we extended previous knowledge by reveal-
ing the effects of NEU1 knockout and DANA on reversing abnormal 
immunological activation, metabolic dysfunction and consequent 
lifespan shortening. Using a naturally aging model, we clarified that 
DANA improves lifespan, motor ability, kyphosis index, and obesity- 
and skin-related indicators, demonstrating synergistic effects with 
rapamycin. We further confirmed the beneficial effects of DANA in 
pigs, humanized mice and human cells, indicating that the role of DANA 
and the interaction between NEU1 and ELN fragments are conserved. 
Notably, DANA shares the parent scaffold of several Food and Drug 
Administration-approved drugs, including zanamivir and oseltamivir51, 
highlighting its promising translational value for interventions target-
ing aging and age-related diseases.

There are some limitations to this study that may serve as future 
avenues for research. First, our results indicate that HA fragments 
moderately accelerate aging, while FN fragments have a slight effect 
and COL fragments do not accelerate aging. The FN and COL fragments 
used in this study are only some of their degraded products, which 
increase with age according to our findings. Further investigation is 
needed to determine whether other domains (motifs) of FN and COL 
fragments can induce systemic aging. Second, we clarified that immune 
dysfunction and NEU1 in monocytes/macrophages have important 
roles in E-motif-induced systemic aging. However, Neu1 is expressed 
not only in immune cells but also in other tissues, such as the kidneys 
and heart, and its upregulation can mediate the development of fibrotic 
kidneys and cardiac hypertrophy35,36. Therefore, it is possible that 
immune dysfunction has a partial role, and other Neu1-expressing cells 
may contribute to the pro-aging effects of E-motif. Third, metabolic 
dysfunction, increased body weight and WAT-related changes were 
widely observed in animal models of E-motif treatment and in a human 
cohort with high ELN content. As chronic inflammation, WAT changes 
and metabolic dysfunction show widely reciprocal regulation during 
aging31,52,53, further studies could focus on the roles of these factors in 
E-motif-induced aging.
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Methods
Ethical approval
The detection and analysis of clinical samples in this study were con-
ducted under the ethical approval of the Fourth Affiliated Hospital 
Zhejiang University School of Medicine (K2022171). The cohort was 
established in Yiwu, Zhejiang Province, China. Registration was per-
formed, and written informed consent was obtained. Animal experi-
ments were conducted with the approval of the Zhejiang University 
Experimental Animal Welfare and Ethics Committee in accordance with 
Institutional Animal Care and Use Committee guidelines (ZJU20230096 
for mouse experiments, ZJU20240053 for pig experiments).

Animal strains
Male animals were used unless otherwise stated. WT C57BL/6J mice 
(GemPharmatech and SLAC Laboratory Animal) were used in the major-
ity of the experiments in this study. P16-3MR mice, which have a lucif-
erase gene knocked in under the control of the P16 regulatory region29, 
were generously donated by J. Campisi (Buck Institute for Research on 
Aging, USA). LysM-Cre mice and ROSA26-STOP-iDTR mice were gener-
ously donated by W. Shen (Zhejiang University, China) and W.B. Gan 
(Peking University, Shenzhen Graduate School, China), respectively. 
Homozygous LysM-Cre mice and homozygous ROSA26-STOP-iDTR mice 
were crossed to obtain LysM/iDTR mice, which express the diphtheria 
toxin (DT) receptor (DTR) in myeloid cells54. LysM-Cre mice were crossed 
with Neu1-flox mice (NM-CKO-2100114, Shanghai Model Organisms) 
to obtain LysM-Cre/Neu1-flox mice. The mice used in this study were 
LysM-Cre heterozygous and Neu1-flox homozygous for the conditional 
knockout of the Neu1 gene. Immune-humanized mice were purchased 
from Biomice (112478). Briefly, B-NDG hIL15 mice were adoptively 
transferred with human CD34+ cells. These mice exhibited humanized 
cells including lymphocytes, natural killer cells and monocytes55,56. 
Rag1-knockout mice, which lack mature T/B cells, were obtained from 
GemPharmatech (T004753). Mice were housed with no more than five 
per cage under a 12-h light–dark cycle at a temperature of 21–25 °C 
and a humidity of 45–55% and were fed a standard chow diet (Xietong 
Shengwu, XTI01FZ). Mice had access to food and water ad libitum.

ECM fragments
ELN fragments were purchased from Elastin Products Company 
(MLP45). They were prepared by enzymatic hydrolysis of mouse lung 
ELN using mouse pancreatic elastase and then purified. HA fragments 
were obtained from Bloomage Biotechnology (20071451). They were 
derived from low-molecular-weight HA and produced by microbial 
fermentation. FN fragments were purchased from Novoprotein (CH38). 
These are recombinant human FN fragments containing the sequences 
Pro1270–Ser1546 and Ala1721–Thr2016, a central cell-binding domain, 
a high-affinity heparin-binding domain II and a CS1 site within the 
alternatively spliced III CS region57. They were produced by micro-
bial fermentation. COL fragments were purchased from Scierbio, 
produced by solid-phase peptide synthesis. The sequence is EKAH-
DGGR, a carboxyl-terminal peptide of type Ⅰ COL that is a marker of 
degenerative musculoskeletal diseases in mice and humans58–60. ELN 
is a conserved protein between mice and humans. E-motif (sequence: 
VGVAPGVGVAPG), the corresponding scrambled peptide (sequence: 
VVGPGAVVGPGA) and poly(A/K) (sequence: AAAAAAKAAAKAAK) were 
obtained from Scierbio, produced by solid-phase peptide synthesis. 
This information is also listed in Supplementary Table 1.

Animal experiments
Supplementary Table 2 lists the animal strains, the exact sample size 
(n) of each group, the cohort, the starting age and the experimen-
tal period for the animal experiments. Detailed information is also 
described below.

For exploring which kind of matrikine (ECM-derived fragments) 
showed the most potent pro-aging effects, all matrikines were delivered 

to mice through tail vein injection, twice a week on the first and 
fourth days of each week due to the generally short half-life of drugs 
administered through this route61–63 (Supplementary Fig. 2). At each 
injection, according to their physiological concentration in serum, 
matrikines were dissolved in sterile 50 μl DPBS (14190250, Thermo 
Fisher Scientific), with the injection doses as follows: ELN fragments, 
500 μg kg−1; HA fragments (low-molecular-weight HA), 100 mg kg−1; 
FN fragments, 5 mg kg−1; COL fragments, 10 μg kg−1. To investigate the 
effect of matrikines on lifespan, we started the injections at 40 weeks 
postnatally and stopped when 50% of the mice in the shortest-lifespan 
group had died. To explore the effects of matrikines on healthspan (that 
is, other aging indicators), we treated the mice from the 12th week to 
the 36th week, for a total of 48 injections.

To explore whether endogenous ELN fragments have a role in 
promoting aging, we collected ELN fragments from the serum of aged 
mice (older than 84 weeks) and young mice (12 weeks old) using an 
anti-ELN antibody64 (Sigma, E4013, BA-4, 5 mg kg−1) and injected the 
ELN fragments into young mice (12 weeks old). Briefly, the complex of 
protein A/G magnetic beads and anti-ELN antibody (Sigma, E4013, BA-4, 
5 mg kg−1) was added to mouse serum and incubated overnight at 4 °C. 
The beads were then washed three times with 500 μl of 1× TBS, and the 
antigen–antibody complexes were retained using a magnetic rack. ELN 
fragments were eluted with 0.1 mol l−1 glycine–HCl (incubated at room 
temperature for 5 min). The eluate was separated using a magnetic 
rack, and 0.5 mol l−1 Tris–HCl was added to neutralize the solution. ELN 
fragments were collected from the serum of either >20-month-old (old) 
or 3-month-old (young) mice. We injected 150 μg kg−1 ELN fragments 
collected from old mice (ECO group) and an equal volume (an equal 
amount was obtained from young mice, but with a lower concentration 
because ELN fragments increase with age) of ELN fragments collected 
from young mice (ECY group) as a control through tail vein injection. 
This was administered twice a week from the 12th to the 28th week, 
totaling 32 injections. Mice were divided into three groups: (1) vehicle 
group (receiving the eluate without serum incubation), (2) ECY group 
and (3) ECO group. To further demonstrate that it is the collected ELN 
fragments and not other potential impurities that induce aging, we 
administered ECO intravenously, combined with the intraperitoneal 
administration of either 5 mg kg−1 BA-4 anti-ELN antibody or IgG con-
trol, twice a week from the 12th to the 28th week. Mice were divided 
into two groups: (1) ECO + IgG and (2) ECO + anti.

To investigate the impact of cellular senescence on the generation 
of ELN fragments, we treated mice with the senolytic agents dasatinib 
(5 mg kg−1 per day) and quercetin (50 mg kg−1 per day) (D + Q) in vehi-
cle (60% PBS, 10% ethanol, 40% PEG-400) through oral gavage. The 
senolytic cocktail was administered daily for three consecutive days 
every 2 weeks, with this cyclic treatment protocol starting from the 
70th week and maintained over a 14-week experimental period. The 
mice were divided into three groups: young (12 weeks old), old and 
old D + Q. The old group received vehicle alone following identical 
protocols. After treatment, the ELN fragments in serum were detected 
by ELISA, as described in ‘ELISA and blood biochemical testing’ in the 
Methods. Neutrophils and macrophages were separated to quantify 
P16INK4A expression and measure the NE and ME contents, respectively, 
using ELISA, as described in ‘ELISA and blood biochemical testing’ in 
the Methods. To determine whether the inhibition of NE and ME could 
reduce ELN fragments in the serum of old mice (84 weeks old), the mice 
were treated with 5 mg kg−1 of an NE inhibitor (S7198, Sigma-Aldrich) 
intraperitoneally for seven consecutive days or 5 mg kg−1 of an ME 
inhibitor (444291, Sigma-Aldrich) orally for seven consecutive days.

To explore whether specific motifs enriched in ELN fragments, 
such as E-motif and poly(A/K), shorten lifespan, we dissolved 150 μg kg−1 
oligopeptides in sterile 50 μl DPBS and delivered them to mice by tail 
vein injection twice a week, on the first and fourth days of each week. 
The injection was started at 40 weeks postnatally and stopped when 
50% of the mice in the shortest-lifespan group had died. In experiments 
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assessing healthspan, only E-motif was used because poly(A/K) was 
not observed to cause lifespan shortening. E-motif was injected at the 
same frequency and dose as used in the lifespan tests, starting from 
the 12th week to the 36th week, for a total of 48 injections. For the 
evaluation of E-motif-induced P16 bioluminescence, P16-3MR mice 
were administered the treatment at the same frequency and dose. We 
also used a scrambled oligopeptide to investigate its pro-aging effects 
as a control for the E-motif. The treatment protocol for the scrambled 
oligopeptide was identical to that for the E-motif.

To explore long-term immunological changes induced by E-motif, 
we analyzed immune cells, tissues and organs after treating mice with 
150 μg kg−1 E-motif through tail vein injection twice a week from the 12th 
week to the 36th week, totaling 48 injections. PBMCs were extracted for 
CyTOF (described in ‘Cytometry by time-of-flight’ in the Methods) and 
flow cytometry (described in ‘Flow cytometry’ in the Methods) analy-
ses, and splenocytes were extracted for single-cell RNA-seq (described 
in ‘RNA extraction, sequencing and analysis’ in the Methods).

To explore the roles of lymphocytes in E-motif-induced lifes-
pan shortening in Rag1−/− mice (Rag mice), we injected the mice 
with 150 μg kg−1 E-motif through the tail vein twice a week from the 
30th week. The injections were stopped when 50% of the mice in 
the shortest-lifespan group had died. Lymphocyte transplantation 
(described in ‘Fluorescence-activated cell sorting and cell transplan-
tation’ in the Methods) was performed twice, at 29 and 50 weeks. To 
explore the roles of lymphocytes in E-motif-induced healthspan short-
ening in Rag mice, we injected the mice with 150 μg kg−1 E-motif twice 
a week from the 8th week to the 24th week, for a total of 48 injections. 
Lymphocyte transplantation was performed once on the 7th week.

To explore short-term immunological changes induced by E-motif, 
we injected 150 μg kg−1 E-motif only once into 12-week-old mice through 
the tail vein. At 24 h after the injection, multiple organs and peripheral 
blood samples were collected for further analysis.

To explore the roles of myeloid cells in E-motif-induced 
changes in lymphocytes, we used two mouse models. First, we 
transplanted myeloid cells (monocytes/macrophages or neutro-
phils) from E-motif-treated mice to receptor WT mice (described in 
‘Fluorescence-activated cell sorting and cell transplantation’ in the 
Methods). Donor mice (12 weeks old) were injected with 300 μg kg−1 
E-motif once. At 24 h after the injection, the donor mice were killed. 
Monocytes/macrophages or neutrophils were sorted from the spleen 
and PBMCs and injected into 12-week-old recipient mice once a week for 
five weeks. Five weeks after the first cell injection, recipient mice were 
killed, and the lymphocytes in PBMCs were detected. The experiments 
were divided into five groups (vehicle, mono, E-mono, neutro and 
E-neutro) based on whether the donor mice were treated with E-motif 
and the type of cells transplanted. Second, we used chimeric LysM/iDTR 
mice to delete monocytes/macrophages (described in ‘Conditional 
gene knockout and cell deletion’ in the Methods). E-motif was injected 
at a dose of 150 μg kg−1 through the tail vein of 24-week-old mice, twice 
a week for a total of ten times. Mice were killed 5 weeks after the first 
injection, and the lymphocytes in PBMCs were detected.

To demonstrate that blocking the inflammatory processes induced 
by E-motif directly influences the aging process, we first revealed in 
Supplementary Fig. 7a that IL-1β, IL-6, RANTES (also known as CCL5) and 
MIP-1α (also known as CCL3) were consistently or obviously upregulated 
by E-motif. We then screened which of these factors had an important 
role in the upregulation of lymphocytes. In this experiment, 150 μg kg−1 
E-motif was injected through the tail vein of 12-week-old mice, twice 
a week for a total of ten times. Mice were killed 5 weeks after the first 
injection, and the percentages of lymphocytes in white blood cells were 
measured by the Safety Assessment Center of Zhejiang University using a 
Mindray BC-5800 automated hematology analyzer (Mindray Bio-Medical 
Electronics Equipment). After confirming that IL-1β, IL-6 and MIP-1α have 
important roles in the upregulation of lymphocytes, we investigated 
whether blocking these factors could alleviate E-motif-induced aging 

by using a combination of antibodies to IL-1β (R&D Systems, MAB401, 
5 mg kg−1), IL-6 (R&D Systems, MAB406, 2 mg kg−1) and MIP-1α (R&D 
Systems, AF-450, 2 mg kg−1). In this experiment, 12-week-old mice were 
injected with 150 μg kg−1 E-motif through the tail vein, twice a week for 
16 weeks. The combination of the three antibodies or control IgG was 
intraperitoneally injected simultaneously with the E-motif injection.

To determine the roles of Neu1 in myeloid cells in E-motif-induced 
aging, we used LysM-Cre/Neu1-flox mice, in which Neu1 was deleted 
in myeloid cells (described in ‘Conditional gene knockout and cell 
deletion’ in the Methods). The 12-week-old mice were injected with 
150 μg kg−1 E-motif through the tail vein, twice a week for 16 weeks.

For the investigation of the roles of the NEU1 inhibitor DANA 
(GC44298, GlpBio) in alleviating natural aging in mice, DANA was dis-
solved in DPBS and intraperitoneally injected at a dose of 2.5 mg kg−1 once 
a week. In the lifespan evaluation, DANA was injected from week 65 until 
the mice died. In the healthspan evaluation, DANA was intraperitoneally 
injected once a week starting from week 60, for a total of 24 injections. 
To explore P16 bioluminescence after DANA treatment, we injected 
naturally aged P16-3MR mice with the same frequency and dose.

To investigate the synergistic anti-aging effects of DANA and rapa-
mycin (HY-10219, MCE), we designed four experimental groups: DANA, 
rapamycin (R), DANA + R and vehicle. DANA was dissolved in DPBS and 
intraperitoneally injected at a dose of 2.5 mg kg−1 once a week. Rapamy-
cin was reconstituted in ethanol at a concentration of 10 mg ml−1 and 
subsequently diluted in 5% Tween-80 (P4780, Sigma) and 5% PEG-400 
(P103737, Aladdin). It was administered intraperitoneally at a dose of 
6 mg kg−1 once a week. In the DANA + R group, both 2.5 mg kg−1 DANA 
and 6 mg kg−1 rapamycin were injected intraperitoneally. The vehicle 
group received intraperitoneal injections of DPBS at the same dose as 
the DANA group and the same solvent dose as the rapamycin group. 
For healthspan examination, the experiment commenced at 68 weeks 
of age, with samples collected at 84 weeks. For lifespan examination, 
mice were treated from age 70 weeks until death.

We also investigated whether DANA could counteract the side 
effects of E-motif in WT mice and those of human ELN fragments in 
immune-humanized mice. DANA (2.5 mg kg−1) was intraperitoneally 
administered 10 min before each injection of 150 μg kg−1 E-motif or 
500 μg kg−1 human ELN fragments through the tail vein (twice a week, 
16-week treatment period, 32 total treatments). The treatment started 
at age 12 weeks in WT mice and 24 weeks in immune-humanized mice.

To investigate the roles of NEU1 in the E-motif-induced pro-aging 
effects of lymphocytes, we used two lymphocyte transplantation mod-
els. First, 12-week-old Neu1−/− donor mice were injected with or without 
150 μg kg−1 E-motif through the tail vein (twice a week for 16 weeks, 
totaling 32 times). The two groups were named Neu1−/−vehicle–T/B and 
Neu1−/−E-motif–T/B. Sixteen weeks after the first injection, lymphocytes 
from donor mice were transplanted into Rag1−/− recipient mice, and 
the lifespan of the recipient mice was measured. The transplantation 
was performed twice at ages 30 and 50 weeks in Rag1−/− recipient mice. 
Second, 12-week-old WT donor mice were injected with or without 
150 μg kg−1 E-motif through the tail vein and with or without 2.5 mg kg−1 
DANA intraperitoneally 10 min before each E-motif application (twice 
a week for 16 weeks, totaling 32 times). The three groups were named 
T/B, E-motif–T/B and E-motif–DANA–T/B. Sixteen weeks after the first 
injection, lymphocytes from donor mice were transplanted into Rag1−/− 
recipient mice (described in ‘Fluorescence-activated cell sorting and 
cell transplantation’ in the Methods), and the lifespan of the recipient 
mice was measured. The transplantation was performed twice at ages 
30 and 50 weeks in Rag1−/− recipient mice.

We also investigated whether DANA could counteract the side 
effects of E-motif in Yorkshire pigs ( Jiagan Biotech). Following a concur-
rent quarantine and acclimatization period, pigs were maintained in a 
facility at 20–25 °C with a light–dark cycle and free access to food and 
water. DANA (2.5 mg kg−1) was administered through the auricular vein 
10 min before each injection of 150 μg kg−1 E-motif, also through the 
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auricular vein (twice a week over a 16-week treatment period, totaling 
32 treatments). Sixteen weeks after the first injection, blood samples 
were collected from the pigs and analyzed. The experiments in pigs 
were started at age 24 weeks.

During all the above experiments, humane killing was performed 
by an experienced investigator or technician when the animals exhib-
ited critical deterioration in mobility or developed severe pathological 
conditions associated with terminal morbidity, according to a previous 
study65. An animal was classified as severely moribund upon exhibiting 
more than one of the following clinical manifestations: (1) inability to 
eat or drink; (2) severe lethargy, as indicated by a lack of response, such 
as a reluctance to move when gently prodded with a pair of forceps; (3) 
severe balance or gait disturbance; (4) rapid weight loss over a period 
of 1 week or more; or (5) a severely ulcerated or bleeding tumor.

ELISA and blood biochemical testing
In Fig. 5l and Supplementary Fig. 7a, cytokines in mouse serum were 
assayed using a Luminex platform (Lx-MultiDTM-23, Shanghai Labex 
Biotech). In other experiments, cytokines and matrikines in mouse or 
human serum were analyzed using ELISA kits according to the manu-
facturer’s instructions. The ELISA kits used for detecting matrikines 
were as follows: human ELN fragments (ml025439, Mlbio), mouse 
ELN fragments (ml057862, Mlbio), human COL fragments (type I COL, 
ml057441, Mlbio), mouse COL fragments (type I COL, ml002251, Mlbio), 
HA fragments (both human and mouse, DY3614, R&D Systems), human 
FN fragments (MK115, Takara) and mouse FN fragments (E04552m, 
Cusabio). During the detection of these matrikines in mice, we used 
the matrikines that were to be injected as standards. The ELISA kits 
used for detecting inflammatory factors and elastases included the 
following: IL-1 ELISA kit ( JL20241, Shanghai Jianglai), MCP-1 ELISA 
kit ( JL20304, Shanghai Jianglai), TNF ELISA kit ( JL10484, Shanghai 
Jianglai), IL-6 ELISA kit ( JL20268, Shanghai Jianglai), IFNγ ELISA kit 
( JL10967, Shanghai Jianglai), ME ELISA kit (EK0996, Boster) and NE 
ELISA kit (E-EL-M3025, Elabscience). The serum biochemical markers 
were detected by the Safety Assessment Center of Zhejiang University 
using an automatic biomedical analyzer (BS-240vet, Mindray).

Motor function and grasping ability measurements in mice
For treadmill running performance, mice were acclimated over 3 days 
at 5 m min−1 for 5 min, and mice that could not adapt were excluded 
from the analysis. A treadmill that delivers electric foot shocks (SA101C, 
Jiangsu Science Biological Technology) was used to stimulate the mice to 
run. On the test day, the initial speed was set at 1 m min−1, with the accel-
eration set at 2 m min−2. The number of electric shocks was recorded 
after 10 min or when the maximum number of 400 was reached.

Open field testing was performed in a 40 cm × 40 cm × 40.5 cm white 
box. Mice were allowed to familiarize themselves with the environment 
for 45 min before the experiment, and residual odors were removed with 
75% alcohol. The mice were allowed to move spontaneously in a quiet 
environment, and parameters such as motion trajectory, total distance 
and mean speed were analyzed using ANY-maze software (Stoelting).

The hang wire test was conducted to assess forelimb muscle 
strength and grasping ability in mice. The apparatus consisted of a 
5-mm-diameter metal rod suspended between two posts, 45 cm above 
a foam pillow. Before testing, each mouse underwent a 3-day acclima-
tion period to familiarize itself with the apparatus. On the test day, each 
mouse was gently placed on the metal rod, allowing it to grasp the rod 
with its forelimbs. The time (in seconds) from placement on the rod 
until the mouse fell was recorded, with 120 s being the longest. Each 
mouse underwent three trials, with a 5-min rest period between trials. 
The average of the three trials was calculated.

Hematoxylin and eosin staining
Tissue specimens isolated from mice were fixed in 4% paraformalde-
hyde, washed overnight, dehydrated in graded ethanol, vitrified with 

dimethylbenzene, embedded in paraffin and cut into 5- to 7-µm sec-
tions. Paraffin sections hydrated with dimethylbenzene and graded 
ethanol were subjected to hematoxylin (03971, Sigma-Aldrich) and 
eosin (G1100, Solarbio) staining (H&E staining) for 5 min and 15 s, 
respectively. The sections were scanned using a digital scanner 
(VS200, Olympus), and images were analyzed using the correspond-
ing xvViewer software for indicators including adipocyte area, muscle 
fiber cross-sectional area and epidermal thickness.

Determination of TG in liver tissue
Liver tissue was frozen in liquid nitrogen and ground in NP-40 lysate 
(P0013F, Beyotime). The homogenate was then heated to 80 °C to dis-
solve TG and centrifuged at 13,000g for 10 min. The supernatant was 
collected, and TG content was determined using a TG test kit (ab65336, 
Abcam) according to the manufacturer’s instructions. The TG content 
was standardized by tissue weight.

Radiology assay
For micro-CT analysis, femur samples were scanned using a 
micro-CT scanner (U-CT-XUHR, MILabs) at a resolution of 4 μm. 
Three-dimensional structures were reconstructed with MILabs-Rec 
software. The analysis was performed on the 7-mm region starting from 
the distal femur using IMALYTICS Preclinical 2.1. software.

For the determination of the kyphosis index, X-ray images of the 
spinal column of mice were acquired using a mobile X-ray camera 
(XD56-5, Nanjing Perlove) at the Animal Hospital of Zhejiang University. 
The kyphosis index was calculated as described in a previous study66. 
Briefly, the kyphosis index was calculated as the distance from the 
caudal margin of the last cervical vertebra to the caudal margin of the 
sixth lumbar vertebra (usually corresponding to the cranial border of 
the wing of the ilium) divided by a perpendicular line running from the 
dorsal edge of the vertebra at the point of greatest curvature. Care was 
taken to avoid overextension or flexion of the limbs.

RNA extraction, sequencing and analysis
Tissues were ground, and total RNA was extracted using TRIzol rea-
gent (9109, Invitrogen) according to the manufacturer’s instruc-
tions. Then, 25–100 μl of DEPC-treated water was added to dissolve 
the RNA. Total RNA was qualified and quantified using a NanoDrop 
spectrophotometer and an Agilent 2100 bioanalyzer (NanoDrop One, 
Thermo Fisher Scientific).

For bulk RNA-seq, sequencing and library preparation were com-
pleted at the Beijing Genomics Institute (BGI). Briefly, purified mRNA was 
fragmented, followed by first-strand and second-strand cDNA synthesis. 
The cDNA fragments were amplified by PCR, and the PCR products were 
purified using AMPure XP beads to create DNA nanoballs, which had 
more than 300 copies of one molecule. The DNA nanoballs were loaded 
into the patterned nanoarray, and single-end 50 base reads were gener-
ated on the BGISEQ-500 platform (BGI-Shenzhen). Quality filtration was 
performed using SOAPnuke (v1.6.5)67. HISAT (v2.2.1) was used to map the 
reference genome68. The expression of each transcript was quantified 
using RSEM (v1.3.1)69 and compared between groups using DESeq2, 
with a fold change of ≥2 and an adjusted P value (Q value) of ≤0.05. GO 
enrichment analysis was conducted using the TermFinder package, and 
KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis 
was conducted using the phyper function in R software (Q ≤ 0.05). GSEA 
was performed using GSEA 3.0 software, and normalized enrichment 
scores were used for plotting the GSEA-related heatmap.

For single-cell RNA-seq, sequencing was performed on the Illumina 
HiSeq X platform using the Singleron GEXSCOPE protocol for mRNA 
library construction. Raw data were processed by filtering read 1 for 
poly-T tails and extracting barcodes and unique molecular identi-
fiers, along with trimming read 2 for adaptors and poly-A tails using 
fastp (v1.0)70. Reads were aligned to the Singleron Biotechnologies 
genome using STAR (v2.5.3a)71, and gene expression was quantified 
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with featureCounts (v1.6.2)72, yielding a matrix.tar archive containing 
barcodes.tsv, matrix.mtx and genes.tsv files. Downstream analysis 
was conducted in Seurat (v5.2.1)73. The expression matrix was loaded 
using Read10X, and cells with 200–6,000 RNA counts (nCount_RNA), 
500–3,000 detected genes (nFeature_RNA) or >8% mitochondrial 
content (percent.mt), as well as genes present in fewer than three cells, 
were filtered. Data were normalized using SCTransform to identify 
variable genes74. The top 10 principal components from principal 
component analysis were used for clustering at a 0.5 resolution with the 
FindNeighbors and FindClusters functions. Clusters were annotated 
based on marker gene expression. Differential expression was analyzed 
using FindMarkers, and UMAP plots were generated with RunUMAP.

Quantitative real-time PCR
qPCR was conducted to evaluate the mRNA levels of genes. At the end-
point of each experiment, tissues were washed two times in PBS, added 
to TRIzol reagent and ground for RNA extraction. Reverse transcription 
was conducted using a commercial kit (R323, Vazyme) according to the 
manufacturer’s instructions. The primers used for the qPCR analysis 
in this study are listed in Supplementary Table 3. qPCR reactions were 
performed using the TB Green PCR kit (Q711, Vazyme) according to the 
manufacturer’s instructions.

Body composition analysis in mice
The mice were weighed, and the percentages of fat and lean tissues 
relative to body weight were measured using a low-field nuclear mag-
netic resonance body composition analyzer (QMR06-090H, Niumag).

Detection of luciferase activity
P16-3MR mice were treated with coelenterazine h (40906ES10, Yeasen 
Biotech) at a total dose of 20 mg kg−1 (10 mg kg−1 by tail vein injection 
and 10 mg kg−1 by dorsal subcutaneous injection) 10 min before imag-
ing with an in vivo imaging system (IVIS Spectrum, Caliper).

Cytometry by time-of-flight
Blood was collected, and red blood cells were lysed using a lysis reagent 
(R1010, Solarbio). Antibody staining (Supplementary Table 4) and mass 
spectrometry were performed by PLT TECH in China. Data were pre-
processed using FlowJo software, and cells were distinguished based 
on different markers using the PhenoGraph clustering algorithm75. The 
t-SNE dimensionality reduction algorithm was used to visualize cell 
clustering76. SPADE analysis was performed using Cytobank77.

Markers of cell clusters were as follows: CD4+ T cells (B220−, Gr1−, 
CD3E+, TCRβ+, CD4+, CD8−), CD8+ T cells (B220−, Gr1−, CD3E+, TCRβ+, 
CD4−, CD8+), γδT cells (B220−, Gr1−, CD3E+, TCRβ−, TCRγδ+), natural 
killer cells (NK1.1+, CD3E−, B220−, CD19−), B cells (CD3E−, B220+, CD19+), 
monocytes (CD11B+, LY6C+, NK1.1−, CD3E−, CD19−, B220−, FcεRIα−, 
SiglecF−, LY6G−), dendritic cells (CD3E−, B220+, CD19−, CD317+), neu-
trophils (CD11B+, LY6G+), eosinophilic granulocytes (CD11B+, SiglecF+) 
and basophilic granulocytes (CD11B+, FcεRIα+, SiglecF−, LY6G−).

Flow cytometry
Blood or spleen samples were collected, and red blood cells were lysed. 
Cells were resuspended and stained with antibodies for 60 min on ice in 
the dark. Cells were washed and resuspended in PBS for flow cytometry 
analysis (CytoFLEX, Beckman). Cells were stained as follows: B cells 
(CD45+, CD19+), T cells (CD45+, CD3E+), neutrophils (CD45+, CD11B+, 
LY6G+) and monocytes/macrophages (CD45+, CD11B+, LY6G−, CD3E−, 
CD19−, NK1.1−, SiglecF−). Antibodies to the following proteins were 
used: CD45 (CD45-APC, eBioscience, 17-0454-811, 104, 1:50 dilution; 
CD45-FITC, BioLegend, 103107, 30-F11, 1:50 dilution), CD19 (CD19-APC/
Cy7, BioLegend, 115529, 6D5, 1:50 dilution; CD19-PE, BioLegend, 115507, 
6D5, 1:50 dilution), CD3E (CD3E-FITC, Invitrogen, 11-0031-82, 145-2C11, 
1:50 dilution; CD3E-APC/Cy7, BioLegend, 100221, 17A2, 1:50 dilution), 
CD11B (CD11B-FITC, BioLegend, 101205, M1/70, 1:50 dilution), LY6G 

(LY6G-APC/Cy7, BioLegend, 127623, 1A8, 1:50 dilution; LY6G-APC, 
BioLegend, 127613, 1A8, 1:50 dilution), NK1.1 (NK1.1-APC, BioLegend, 
156505, S17016D, 1:50 dilution; NK1.1-APC/Cy7, BioLegend, 108723, 
PK136, 1:50 dilution) and SiglecF (CD170-APC/Cy7, BioLegend, 155531, 
S17007L, 1:50 dilution).

Fluorescence-activated cell sorting and cell transplantation
Spleen lymphocytes (CD45+, CD3E+, CD19+, NK1.1−, LY6G−, LY6C−, 
CD11B−), monocytes/macrophages (CD45+, CD11B+, LY6G−, CD3E−, 
CD19−, NK1.1−, SiglecF−) and neutrophils (CD45+, CD11B+, LY6G+) were 
sorted using a cell sorter (MoFlo Astrios EQ, Beckman). The antibodies 
used were the same as those in flow cytometry. Cells were washed and 
resuspended in DPBS for transplantation. Lymphocytes (2.5 × 106) or 
monocytes/macrophages (2.5 × 105) in 100 μl DPBS were transplanted 
into mice through tail vein injection.

To explore whether neutrophils and monocytes/macrophages 
mediate the E-motif-induced increases in the proportions of T/B cells, 
we administered 300 μg kg−1 E-motif to the donor mice. After 24 h, 
neutrophils or monocytes/macrophages were extracted, sorted and 
injected into the recipient mice. The injection was administered once 
a week for a total of five times. Samples were collected for analysis 1 
week after the last injection.

Separation and treatment of mouse macrophages and 
neutrophils
Neutrophils were isolated from peripheral blood samples and col-
lected in EDTA anticoagulant tubes using the EasySep mouse neutro-
phil enrichment kit (19762, STEMCELL Technologies). The isolated 
neutrophils were resuspended and cultured in RPMI 1640 medium 
(11875093, Gibco) containing 10% FBS. After 4 h of culture, the super-
natant was collected, and the NE concentration was measured. The 
femurs and tibias were dissected from WT or LysM-Cre/Neu1-flox 
mice, and bone marrow was flushed with culture medium using a 
1-ml syringe to acquire bone marrow-derived macrophages. Then, 
bone marrow-derived macrophages were cultured and purified in 
low-GLU DMEM (L-DMEM, C11885500BT, Gibco) containing 10% FBS 
and M-CSF (CB34, Novoprotein). After 24 h of culture, the superna-
tant was collected, and the ME concentration was measured. siRNA 
(5′ to 3′: Neu1 sense, CAGGGAUAGUGUUCCUUAUTT; Neu1 antisense, 
AUAAGGAACACUAUCCCUGTT; Tlr4 sense, UUCUCCGAACGUGU-
CACGUTT; Tlr4 antisense, ACGUGACACGUUCGGAGAATT; Tlr2 sense, 
GGAACAGAGUGGCAACAGUTT; Tlr2 antisense, ACUGUUGCCACUCU-
GUUCCTT) transfections were performed using Lipofectamine 2000 
(11668019, Invitrogen) following the manufacturer’s protocol. For the 
detection of the E-motif-induced inflammatory phenotype, the cells 
were treated with 2 μg ml−1 E-motif 36 h after transfections and left for 
24 h. To determine whether DANA (GC44298, GlpBio) could alleviate 
the E-motif-induced secretion of inflammatory factors by macrophages 
in vitro, macrophages were isolated from WT mice. The cells were 
treated with 2 μg ml−1 E-motif alone or E-motif and 400 μmol l−1 DANA 
for 24 h. The culture supernatant was collected for ELISA.

Conditional gene knockout and cell deletion
LysM/iDTR mice express DTR mainly on myeloid cells54,78. To avoid the 
deletion of other important cells, we performed bone marrow trans-
plantation as follows. WT mice were irradiated at a total dose of 10 Gy 
(two doses of 5 Gy each) using an X-ray bioirradiator (RS2000pro, 
Rad Source). After 3 h, 5 × 106 bone marrow cells from LysM/iDTR 
mice were transplanted into WT mice by tail vein administration to 
construct chimeric mice. After 3 months, E-motif and DT (15047A1, 
List Labs) were injected. DT was dissolved in PBS and administered 
intraperitoneally to chimeric mice. DT was administered 72, 48 and 
24 h before the first E-motif injection at 20 μg kg−1 and 16 h before each 
subsequent E-motif injection at 5 μg kg−1. To knock out the Neu1 gene 
in LysM-Cre/Neu1-flox mice, tamoxifen (T5648, Sigma) was dissolved 
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in corn oil (C116023, Aladdin) and intraperitoneally injected at a dose 
of 100 mg kg−1 for five consecutive days before the E-motif treatment. 
E-motif administration began after the knockout of the gene was 
confirmed by western blot.

Western blot
RIPA lysis buffer (P0013B, Beyotime) containing protease and phos-
phatase inhibitors (78442, Thermo Fisher Scientific) was used for cell 
lysis, while the BCA assay (P0012S, Beyotime) was used for the quan-
tification of protein concentrations. A 25 μg amount of total protein 
was loaded, and the gels were run for 1.5 h. The separated proteins 
were subsequently transferred to PVDF membranes (IPVH00010, 
Millipore). The membranes were blocked for 1 h and incubated with 
primary antibodies (NEU1, Santa Cruz, sc-166824, F-8, 1:1,000 dilution; 
tubulin, CST, 2144, 1:3,000 dilution) at 4 °C overnight. After incubating 
with secondary antibodies (anti-mouse HRP, Jackson ImmunoResearch, 
115-035-003, 1:5,000 dilution; anti-rabbit HRP, ABclonal, AS014, 1:5,000 
dilution) at room temperature for 1 h, the blot was imaged.

Clinical cohort study
Chronological age, sex, BMI, blood pressure, routine blood test results 
and blood biochemistry values were recorded. The following individu-
als were excluded: (1) pregnant women; (2) individuals with congenital 
or hereditary anemia, HIV, end-stage kidney disease, cirrhosis, blood 
cancer, bone marrow transplant and splenectomy, or other severe 
motor and/or mental disturbances; and (3) individuals whose pre-
dicted lifespan was less than 1 year. The superfluous blood samples 
were kept in a portable, insulated cool box with ice packs for up to a few 
hours before being taken to the local study laboratory for immediate 
processing. For serum acquisition, coagulated blood in ordinary tubes 
was centrifuged at 4 °C (1,500g for 5 min), and the supernatant was 
collected and stored at −80 °C for long-term preservation. This cohort 
included 1,068 eligible participants aged 20–96 years (male-to-female 
ratio, 553:515). The number of individuals in the different age groups 
was as follows: 20–30 years old, n = 197; 31–40 years old, n = 233; 41–50 
years old, n = 187; 51–60 years old, n = 187; 61–70 years old, n = 201; 
>70 years old, n = 63.

To analyze the correlation between the serum content of ELN 
fragments and the physical examination index, ELN fragment con-
tents were measured using ELISA (ml025439, Mlbio) in all samples. 
Linear regression was performed on ELN contents and various physi-
cal examination indices. The standardized β coefficient was used 
for plotting the heatmap. To explore whether there was a significant 
difference between the high ELN population and the normal ELN 
population, we defined the population with a serum content of ELN 
fragments of ≥1,500 pg ml−1 as the high ELN group (17.6%) and the 
population with 250 pg ml−1 ≤ ELN fragment content ≤ 680 pg ml−1 as 
the normal ELN group (37.5%). The physical examination indices of the 
two groups were compared. Figures 1a and 6e–h provide the results 
of the cohort studies.

Human monocytic THP-1 cells from ATCC were cultured with 
RPMI 1640 (11875093, Gibco) containing 10% FBS. THP-1 monocytes 
were differentiated into macrophages through a 24-h incubation with 
150 nmol l−1 phorbol 12-myristate 13-acetate (P8139, Sigma). Age- and 
sex-matched human serum samples (from six male and six female 
participants in each group) from the high ELN group or the normal ELN 
group were added (10%, v/v) to the medium of human macrophages 
with or without 400 μmol l−1 DANA. When calculating the levels of 
inflammatory cytokines in the culture supernatant of treated mac-
rophages, the amounts of the cytokines in the added human serum 
were subtracted.

Statistics and reproducibility
No statistical method was used to predetermine the sample size, but 
our sample sizes are similar to those reported in previous publications. 

The experiments were randomized, and the investigators were blinded 
to the group allocation during data collection, experimental proce-
dures and analysis. Outliers were excluded from the analyses. Illustra-
tions were created using FigDraw (https://www.figdraw.com) or are 
our original work.

All experimental groups included at least three biological rep-
licates. Data are presented as mean ± s.d. (error bars represent s.d.). 
Measurements were obtained from independent samples collected 
from distinct mice. Statistical analyses and graph generation were per-
formed using GraphPad Prism 8.0. Continuous variables were assumed 
to follow a normal distribution, although formal normality testing was 
not conducted. Pearson correlation coefficients with two-tailed 95% 
confidence intervals were used to assess correlations (n ≥ 30). Survival 
analysis was performed using the log-rank (Mantel–Cox) test and the 
Gehan–Breslow–Wilcoxon test.

Two-way analysis of variance (ANOVA) was applied to analyze 
changes in body weight across multiple time points. For comparisons 
between two groups, either an unpaired two-tailed Student’s t test 
(equal variance) or Welch’s corrected unpaired t test (unequal variance) 
with a 95% confidence interval was used. One-way ANOVA followed 
by Tukey’s post hoc test (for all pairwise comparisons) or Dunnett’s 
test (for comparisons against a single control group) was used for 
multigroup analyses. Statistically significant P values were indicated 
as follows: no significance, P ≥ 0.05; *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The raw data from CyTOF in this study have been deposited in OMIX, 
China National Center for Bioinformation/Beijing Institute of Genom-
ics, Chinese Academy of Sciences (accession no. OMIX006334). The 
raw RNA-seq data reported in this paper have been deposited in the 
Genome Sequence Archive of the National Genomics Data Center, 
China National Center for Bioinformation/Beijing Institute of Genom-
ics, Chinese Academy of Sciences (GSA: CRA016019) and are pub-
licly accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRA016019. 
The raw data from single-cell RNA-seq have been deposited in the 
Genome Sequence Archive of the National Genomics Data Center, 
China National Center for Bioinformation/Beijing Institute of Genom-
ics, Chinese Academy of Sciences (GSA: CRA025173) and are publicly 
accessible at https://ngdc.cncb.ac.cn/gsa/browse/CRA025173. All data 
in this article are provided in the source data files or available from 
the corresponding author upon reasonable request. Source data are 
provided with this paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Endogenous ELN fragments induce systemic aging in 
a positive feedback loop. a, Diagram illustrating the ELN fragments collected 
from old (ECO) or young (ECY) mice being injected into receptor young mice. b, 
Body weight changes of mice treated with ECO/ECY or vehicle over time (n = 6 
per group, ECO versus vehicle at 24 weeks P = 0.0003, at 28 weeks P < 0.0001). c, 
The proportion of fat tissue (left) or lean tissue (right) to the total body weight 
in mice at the experimental endpoint (n = 6 per group, Fat tissue: ECO versus 
vehicle P = 0.0016, ECO versus ECY P = 0.0044; Lean tissue: ECO versus vehicle 
P = 0.0066, ECO versus ECY P = 0.0443). d,e, Serum levels of ALT and AST (n = 6 
per group, ALT: ECO versus vehicle P = 0.0091; AST tissue: ECO versus vehicle 
P = 0.0014, ECO versus ECY P = 0.0194). f, Open field test, including movement 
trajectories (left) and average speed (right) (n = 6 per group, ECO versus vehicle 
P = 0.0020, ECO versus ECY P = 0.0151). g, Serum levels of MCP-1 and IL-1 (n = 6 per 
group, MCP-1: ECO versus vehicle P = 0.0022; IL-1: ECO versus vehicle P = 0.0147). 
h, Representative H&E-stained images of liver and white adipose tissue (WAT), 
with corresponding quantification of hepatic triglyceride content and adipocyte 
area. (n = 6 per group, Liver triglyceride: ECO versus vehicle P = 0.0018, ECO 
versus ECY P = 0.0243; Adipocyte area: ECO versus vehicle P = 0.0007, ECO versus 
ECY P = 0.0030). Scale bar = 50 μm. i, The proportion of lymphocyte in WBC after 
direct injection of ECO/ECY (left) or injection with monocytes/macrophages 
sorted from ECO/ECY-treated mice (n = 6 per group, Lymphocytes: ECO versus 
vehicle P = 0.0025, ECO versus ECY P = 0.0166; Lymphocytes: ECO-mono 
versus Mono P = 0.0045, ECO-mono versus ECY-mono P = 0.0312). j, Diagram 
illustrating ECO treatment in combination with IgG or anti-elastin antibody. k, 
Body weight changes of mice treated with ECO+IgG or ECO+antibody over time 
(n = 6 per group, ECO+antibody versus ECO+IgG P = 0.0137 at 28 weeks). l, The 
proportion of fat tissue (left) or lean tissue (right) to the total body weight in 

mice at the experimental endpoint (n = 6 per group, Fat tissue: ECO+anti versus 
ECO+IgG P = 0.0094; Lean tissue: ECO+anti versus ECO+IgG P = 0.0224). m, 
Serum levels of AST and ALT (n = 6 per group, AST: ECO+anti versus ECO+IgG 
P = 0.0081; ALT: ECO+anti versus ECO+IgG P = 0.0319). n, Serum levels of MCP-1 
and IL-1 (n = 6 per group, MCP-1: ECO+anti versus ECO+IgG P = 0.0060; IL-1: 
ECO+anti versus ECO+IgG P = 0.0012). o, Open field test, including movement 
trajectories and average speed (n = 6 per group, ECO+anti versus ECO+IgG 
P = 0.0024). p, Diagram illustrating senolytic cocktail treatment regimen and 
subsequent examination. q, Serum levels of ELN fragments (Young group: 
n = 6, Old and Old D + Q groups: n = 7; Old versus Young P < 0.0001, Old D + Q 
versus Old P = 0.0048). r, qPCR analysis of P16INK4A in neutrophils (left) and 
macrophages (right) (Young group: n = 6, Old and Old+Q groups: n = 7; P16 in 
neutrophil: Old versus Young P = 0.0002, Old D + Q versus Old P = 0.0038; P16 
in macrophage: Old versus Young P < 0.0001, Old D + Q versus Old P = 0.0008). 
s, Levels of neutrophil elastase (NE) (left) and macrophage elastase (ME) (right) 
in the supernatant of cultured neutrophils and macrophages, respectively 
(Young group: n = 6, Old and Old+Q groups: n = 7; NE content: Old versus Young 
P = 0.0003, Old D + Q versus Old P = 0.0039; ME content: Old versus Young 
P < 0.0001, Old D + Q versus Old P = 0.0010). t, Diagram illustrating NE inhibitor 
or ME inhibitor treatment regimen and subsequent examination (left). Serum 
levels of ELN fragments (right) (Young group: n = 6, Old and Old+Q groups: n = 7; 
Old versus Old+MEi P = 0.0117, Old+MEi versus Old+NEi P = 0.0019). * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001, #P < 0.05. Scale bar = 50 μm for h. Two-way 
ANOVA (b,k). Unpaired two-tailed Student’s t-test (equal variance) or unpaired 
two-tailed with Welch’s correction (unequal variance) with a 95% confidence 
interval (c-i,l-o,q-t). Data are presented as mean values ± SD. Illustrations in 
panels a, j, p, t were created using FigDraw.
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Extended Data Fig. 2 | E-motif induces systemic aging. a, The weight of 
abdominal fat of mice at the experimental endpoint aged 36 weeks) (n = 10 per 
group, E-motif versus vehicle P = 0.0002). b, Hang wire test and corresponding 
quantification of hanging time (n = 7 per group, E-motif versus vehicle 
P = 0.0029). Illustration was created using FigDraw. c, Serum biochemistry 
analysis (TG, LDL, and GLU levels) in mice (n = 6 per group, TG: E-motif versus 
vehicle P = 0.0086; LDL: E-motif versus vehicle P = 0.0049; GLU: E-motif versus 
vehicle P = 0.0024). d,e, Levels of serum inflammatory markers (IFN-γ and IL-6) 
in mice (n = 8 per group, IFN-γ: E-motif versus vehicle P = 0.0053; IL-6: E-motif 
versus vehicle P = 0.0415). f, Representative H&E-stained images of muscle fibers 
(left) and quantification of cross-sectional areas (right) (n = 10 per group, scale 
bar = 50 μm, E-motif versus vehicle P = 0.0021). g, Representative micro-CT 
images of bone tissue and the quantification of bone volume/tissue volume (BV/
TV) and trabecular thickness (Tb.Th) (n = 10 per group, scale bar = 1 mm, BV/

TV: E-motif versus vehicle P = 0.0183; Tb.Th: E-motif versus vehicle P = 0.0059). 
h, Body weight changes of mice treatment with scramble peptide or vehicle 
over time (n = 6 per group). i,j, The proportion of fat tissue (i) or lean tissue (j) 
to the total body weight in mice at the experimental endpoint (n = 6 per group). 
k, Serum levels of ALT and AST (n = 6 per group). l, Open field test, including 
movement trajectories and average speed (n = 6 per group). m, Representative 
H&E-stained images of liver tissue and WAT and the quantification of triglyceride 
content and adipocyte areas (n = 6 per group). All the comparison between 
Scramble and vehicle group did not show statistical significance. * P < 0.05, ** 
P < 0.01, *** P < 0.001, **** P < 0.0001. Scale bar = 1 mm for g and scale bar = 50 μm 
for f,m. Two-way ANOVA (h). Unpaired two-tailed Student’s t-test (equal variance) 
or unpaired two-tailed with Welch’s correction (unequal variance) with a 95% 
confidence interval (a-g,i-m). Data are presented as mean values ± SD.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Multi-omic analysis of E-motif treated mice. a,b, 
Schematic representation of RNAseq of multi-tissue including heart, liver, 
muscle, lung, kidney, WAT, PBMCs and brain (a) and quantification of differential 
expressed genes (DEGs) (b) (n = 3 per group). Red bar showed the number of 
upregulated DEGs in E-motif group. Illustration in panel a was created using 
FigDraw. c, Volcano plots displaying DEGs across heart, liver, muscle, lung, 
kidney, WAT and brain tissues (n = 3 per group). d, Volcano plot displaying 
DEGs in PBMCs between the E-motif and the vehicle group (n = 3 per group). e, 
Top10 terms upregulated in the E-motif group based on GO enrichment analysis 

of PBMCs transcriptomic data (n = 3 per group). f, GSEA analysis identifying 
pathways upregulated in the E-motif group in PBMCs (n = 3 per group). g, GSEA 
analysis across multiple solid organs with normalized enrichment score (NES) 
values represented in a heatmap. Red block means upregulation in the E-motif 
group (n = 3 per group). h, GSEA analysis identifying pathways upregulated in the 
E-motif group in PBMCs (n = 3 per group). i, T-SNE dimensionality reduction plot 
(left) and histogram plot (right) showing relative expression of protein markers 
(n = 5 per group). j, SPADE tree derived from CyTOF data illustrating relationships 
between cell clusters and relative expression of protein markers (n = 5 per group).
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Extended Data Fig. 4 | Lymphocyte activation mediated E-motif induced 
systemic aging. a, Flow cytometry analysis of Rag mice (left) and Rag mice 
adoptively transferred with T/B cells (right). b, The proportion of lean tissue 
to total body weight (left) and the weight of abdominal fat in mice at the 
experimental endpoint (n = 7 per group, Lean tissue: Rag+T/B + E-motif versus 
Rag+T/B+vehicle P = 0.0010; Abdominal fat: Rag+T/B + E-motif versus Rag+T/
B+vehicle P = 0.0003). c, Serum levels of IL-6 and IFN-γ (n = 6 per group, IL-6: 
Rag+T/B + E-motif versus Rag+T/B+vehicle P = 0.0047; IFN-γ: Rag+T/B + E-motif 
versus Rag+T/B+vehicle P = 0.0095). d, Representative H&E-stained images 

of liver tissue (left) and the quantification of triglyceride content (right) 
(n = 6 per group). e, Representative H&E-stained images of WAT (left) and the 
quantification of adipocyte areas (right) (n = 6 per group). f, Representative H&E-
stained images of skin tissue (left) and the quantification of epidermal thickness 
(right). g, Representative H&E-stained images of muscle fibers (left) and the 
quantification of cross-sectional areas (right) (n = 6 per group). h, Representative 
micro-CT images of bone tissue and the quantification of BV/TV and Tb.Th (n = 6 
per group). ** P < 0.01, *** P < 0.001. Scale bar = 1 mm for h, scale bar = 50 μm for 
d-g. Unpaired two-tailed Student’s t-test with a 95% confidence interval (b-h).
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Extended Data Fig. 5 | Single-cell transcriptomic analysis of splenic 
lymphocyte after long-term E-motif treatment. a,b, Plot of spleen (a) and 
the quantification of spleen weight (b) (n = 8 per group, Spleen weight: E-motif 
versus vehicle P = 0.0032). c, UMAP plots of all the cells colored by cell type 
(T cells vs. B cells, left) and by treatment group (E-motif vs. vehicle, right). d, 
Volcano plots showing differentially expressed genes (DEGs) between vehicle 
and E-motif groups for T cells and B cells, respectively. e, UMAP feature plots 
showing increased expression of aging-associated genes (Cd8a, P53, Ifn-γ 

and Gzmk) in E-motif-treated cells. f, Top20 terms of GO enrichment analysis 
(Biological Process) of DEGs upregulated in E-motif group. g, Cluster-specific 
gene expression profiles of T cell subtypes, highlighting distinct transcriptional 
signatures across subsets. h, GO enrichment analysis (Biological Process) of 
individual T cell subclusters upregulated by E-motif treatment. **P < 0.01. In 
each group of single-cell RNAseq, 6 mice were pooled together for detection. 
Unpaired two-tailed Student’s t-test with a 95% confidence interval (b).
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Extended Data Fig. 6 | Cytof analysis of PBMCs after 24-hour E-motif treatment. a, T-SNE dimensionality reduction plot and histogram plot illustrating relative 
expression of protein markers (n = 5 per group). b, SPADE tree derived from CyTOF data, illustrating relationships between cell clusters and relative expression of 
protein markers (n = 5 per group).
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Extended Data Fig. 7 | E-motif induces inflammation in myeloid cells 
through NEU1. a, Schematic representation of spleen and blood extraction 
and monocytes/macrophages sorting after E-motif injection. b, Volcano plot 
illustrating differential gene expression between the E-motif and vehicle groups 
(n = 3 per group). c, GO enrichment analysis depicting the top12 upregulated 
terms in monocytes/macrophages in the E-motif group (n = 3 per group). d - g 
GSEA analysis of genes upregulated by E-motif in the “GO Biological Process” 
and “KEGG pathway” dataset (n = 3 per group). h, Quantitative analysis of 
western blot in Fig. 4i (n = 4 per group, E-motif versus vehicle P = 0.0202). i, 
qPCR analysis of Neu1, Tlr-2 and Tlr-4 gene expression to verify the knockdown 
efficiency of siRNA (n = 4 per group, P < 0.0001 for all groups). The red dashed 
line indicates relative gene expression in the vehicle group. j, IL-1 and IL-6 levels 
in cultural supernatant of bone marrow-derived macrophages from wild-type 
mice (n = 4 per group, IL-1: E-motif versus vehicle P = 0.0007, E-motif versus 
E-motif+siTLR2/4 P = 0.0092, E-motif versus E-motif+siNEU1 P = 0.0039; IL-6: 

E-motif versus vehicle P = 0.0040, E-motif versus E-motif+siTLR2/4 P = 0.0342, 
E-motif versus E-motif+siNEU1 P = 0.0031). k, Western blot analysis of NEU1 
protein level in Neu1f/f (without tamoxifen treatment) and Neu1−/− mice. l, 
Illustrative representation of the process of obtaining macrophages from the 
bone marrow of Neu1−/− mice. m, IL-1 and IL-6 levels in cultural supernatant of 
bone marrow-derived macrophages from Neu1−/− mice after E-motif treatment. n, 
IL-1 and IL-6 levels in cultural supernatant of bone marrow-derived macrophages 
from wild-type mice after E-motif or E-motif+DANA treatment (n = 4 per group, 
IL-1: E-motif versus vehicle P = 0.0039, E-motif+DANA versus E-motif P = 0.0305; 
IL-6: E-motif versus vehicle P = 0.0019, E-motif+DANA versus E-motif P = 0.0093). 
* P < 0.05, ** P < 0.01, *** P < 0.001. Unpaired two-tailed Student’s t-test (equal 
variance) or unpaired two-tailed with Welch’s correction (unequal variance) with 
a 95% confidence interval (h-j,m,n). Illustrations in panels a and l were created 
using FigDraw.
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Extended Data Fig. 8 | DANA counteract E-motif-induced systemic aging. 
a, Diagram illustrating cell transplantation using mice injected with E-motif 
or E-motif+DANA as donors. b, Survival curves for Rag mice after adoptively 
transferred with T/B cells from Neu1−/− mice treated with or without E-motif 
(Rag+Neu1−/−vehicle-T/B: n = 9, Rag+Neu1−/−E-motif-T/B: n = 10, no significant 
difference between Rag+Neu1−/−E-motif-T/B and Rag+Neu1−/−vehicle-T/B). c, 
Illustrative representation of three groups of different treatment (vehicle, 
E-motif, and E-motif combined with DANA) over a 16-week period to verify the 
roles of DANA. Illustration was created using FigDraw. d, Body weight changes of 
mice treatment with E-motif, E-motif+DANA or vehicle over time (n = 6 per group; 
E-motif versus vehicle P = 0.0079, E-motif+DANA versus E-motif P = 0.0297). e, 
The ratio of T/B cells in peripheral blood (n = 6 per group, B cells: E-motif versus 
vehicle P = 0.0218, E-motif+DANA versus E-motif P = 0.0097; T cells: E-motif 
versus vehicle P = 0.0069, E-motif+DANA versus E-motif P = 0.0173). f,g, Serum 

levels of ALT, AST, IL-1 and MCP-1 (n = 6 per group, ALT: E-motif versus vehicle 
P = 0.0028, E-motif+DANA versus E-motif P = 0.0092; AST: E-motif versus 
vehicle P = 0.0040, E-motif+DANA versus E-motif P = 0.0170; IL-1: E-motif versus 
vehicle P = 0.0005, E-motif+DANA versus E-motif P = 0.0013; MCP-1: E-motif 
versus vehicle P = 0.0022, E-motif+DANA versus E-motif P = 0.0072). h, Survival 
curves for mice after cell transplantation using mice injected with E-motif or 
E-motif+DANA as donors (Rag-T/B and Rag+E-motif-DANA-T/B: n = 9 per group, 
Rag+E-motif-T/B: n = 8; Rag+E-motif-T/B versus Rag-T/B P = 0.0061 by log-rank 
test and P = 0.0025 by Gehan–Breslow–Wilcoxon test, Rag+E-motif-T/B versus 
Rag+E-motif-DANA-T/B P = 0.0279 by log-rank test and P = 0.0172 by Gehan–
Breslow–Wilcoxon test). i, Serum levels of ELN fragments (n = 6, E-motif+DANA 
versus E-motif P = 0.0364). * P < 0.05, ** P < 0.01, *** P < 0.001. Unpaired two-tailed 
Student’s t-test with a two-tailed 95% confidence interval (e-g). Log-rank test and 
Gehan–Breslow–Wilcoxon test (b,h). Two-way ANOVA (d,i).
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Extended Data Fig. 9 | DANA monotherapy or combined with Rapamycin 
alleviates aging in naturally-aged mice. a, Illustrative representation of DANA 
treatment regimen. Illustration was created using FigDraw. b, Survival curves 
for mice treated with DANA or vehicle (vehicle: n = 25, DANA: n = 24; DANA versus 
vehicle P < 0.0001 by log-rank test and P = 0.0003 by Gehan–Breslow–Wilcoxon 
test). c, Abdominal fat weight of mice (vehicle: n = 7, DANA: n = 8, DANA versus 
vehicle P = 0.0012) at the experimental endpoint (84 weeks of age). d, Statistical 
hanging time of hang wire test (n = 6 per group, DANA versus vehicle P = 0.0015). 
e,f, Levels of serum biochemistry markers (TG, LDL, and GLU) in mice (n = 7 
per group, GLU: DANA versus vehicle P = 0.0376; LDL: DANA versus vehicle 
P = 0.0061; TG: DANA versus vehicle P = 0.0034). g, Representative H&E-stained 
images of muscle fiber (left) and the quantification of cross-sectional areas 
(right) (n = 7 per group, scale bar = 50 μm, DANA versus vehicle P = 0.0134). h, 
Representative micro-CT images of bone tissue and the quantification of BV/TV 
and Tb.Th (n = 7 per group, scale bar = 1 mm). i, Serum levels of ELN fragments 
(n = 8 per group, DANA versus vehicle P = 0.0035). *p < 0.05, **p < 0.01. The 
black dashed line in bar plots indicates the average value for middle-aged 

mice (36 weeks of age). j,k, The proportion of lean tissue (j) or fat tissue (k) to 
the total body weight in mice at the experimental endpoint, 84 weeks (n = 6 
per group, Lean tissue: DANA + R versus vehicle P = 0.0040, DANA + R versus 
DANA P = 0.0263, DANA + R versus R P = 0.0395; Fat tissue: DANA + R versus 
vehicle P = 0.0005, DANA + R versus DANA P = 0.0069). l, Serum levels of AST 
(left) and ALT (right) (n = 6 per group, AST: DANA + R versus vehicle P = 0.0009, 
DANA + R versus DANA P = 0.0456, DANA + R versus R P = 0.0014; ALT: DANA + R 
versus vehicle P = 0.0002, DANA + R versus DANA P = 0.0059, DANA + R versus 
R P = 0.0163). m, Open field test, including movement trajectories (left) and 
average speed (right) (n = 6 per group, DANA + R versus vehicle P = 0.0007, 
DANA + R versus R P = 0.0379). n, Representative H&E-stained images of muscle 
fibers (left) and quantification of cross-sectional areas (right) (n = 6 per group, 
DANA + R versus vehicle P < 0.0001, DANA + R versus DANA P = 0.0035, DANA + R 
versus R P = 0.0319). * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Scale bar 
= 1 mm for h, scale bar = 50 μm for g,n. Unpaired two-tailed Student’s t-test with 
a two-tailed 95% confidence interval (c-h). Log-rank test and Gehan–Breslow–
Wilcoxon test (b). Two-way ANOVA (i-n).
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Extended Data Fig. 10 | DANA alleviates the inflammatory response of human 
macrophages induced by human serum with high content of ELN fragments. 
a, Age statistics of serum samples from high ELN fragments (High) and normal 
ELN fragments (Normal) population (n = 12 per group). b, Statistics of serological 
ELN contents in each group (n = 12 per group, High versus Normal p < 0.0001). 
c,d, Inflammatory cytokines including IL-1 and IL-6 in cultural supernatant of 

macrophages derived from THP-1 cells among Normal, High+DANA and High 
group (n = 12 per group, IL-1: High versus Normal P < 0.0001, High+DANA versus 
High P = 0.0086; IL-6: High versus Normal P < 0.0001, High+DANA versus High 
P = 0.0109). * P < 0.05, ** P < 0.01, **** P < 0.0001. Unpaired two-tailed Student’s 
t-test (equal variance) or unpaired two-tailed with Welch’s correction (unequal 
variance) (a-d).
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