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1 #M#ERFZE

11 X&R. RS0
L11 SERXR S

VR Bl AT 2 40 Bt W-38 IS [ v iR
AV ARG BRA ], BIHACECH P3. FI LR
(77 IR R AMBEIA BN I (A ARSI
% (population doubling, PD) >354%) JFJ& 40y
SEE ;B4R RN, 2 AR RN M SRR U R B K
FFTE OPS0 43K F fa I AE R A BRA F .
1.1.2 SEERH] 5AS

4P K £ ) HE B bR {X (Thermo, Varioskan

Flas %), #¢67&E f#& PCR {¥ (ABI, 7900HT %),
MM B FEA (Thermo Scientific, HERA cell 150i),
RAER:F:46 (DWS, A207), 24fL# (Corning,
3524), fa4-1MiiE (NEWZERUM, ce-500), MEM
SEA R IR (GIBCO, C12571500BT), 7S+LAR
(LABSELECT, 11110), 96 fL#t (LABSELECT,
11510) , SA-B-gal 40 i 5= & K i i 71 & (No.
C0602, Beyotime, ¥, H[E), EdU-5554fijfid
FE A & (No.C0075S, Beyotime, [, H
B, s AR R Ik R & (No. S00338,
Beyotime, i, "), GAPDH, pl6Hiikly H
proteintech, p21 HiARM A FE4E/R, 5198 179
k1,

Table 1 Sequences of primers used for the amplification of qPCR

Gene Forward Reverse
p-Actin CCTTCCCTCCTCAGATCATTGC ATACTCCTGCTTGCTGATCCAC
IL-6 TGAGGAGACTTGCCTGGTGAA CAGCTCTGGCTTGTTCCTCAC
IL-8 TCCTGATTTCTGCAGCTCTGT AAATTTGGGGTGGAAAGGTT
P21 CCCGCCTTTTTCTTCTTAGC TTCTCATGCCATTCCTTTCC
MMP1 GGGGCTTTGATGTACCCTAGC TGTCACACGCTTTTGGGGTTT

1.2 4HpEsEIE
121 40 M ik Bk 55 & -8 (cell counting kit-8,
CCK-8) KAt i A aett

PO A KN AnM, $EF T 96 fLAR . 37°C.
5% CO, i FEf h i 97 24 ho SIS 20 % 8 X IR
M. SHA (UERFREL) KRR YR 259 4b 3
H, B NEf. AYHEEEHRE, A
10 pl/fL CCK-8 X7 . 37°CHFH 2 h, MI5E 4,50 40
MBI R AT B A= (L0 4 (6 -25 4
ATH)/ A B A(H-25 A AMH) 1%x100%.
1.2.2 FAM AR (lactate dehydrogenase, LDH)
ARG 1) 20 i 2

OB A R I A M4 R0 T 96 LAk, 37°C. 5%
CO AT AR 24 he L/ 34 : LI .
B HE LA BAPE XS R ZH . PR X BB 2 TS i 4 o
I 60 min fIT A 20 LR, For 240 . 259
AhEREEHE , K 96 FLAR B0 5 min, WCHR L YE
50 plo JNA 50 pl/AL LDH RN IRAW, 2 k6T
H 30 min, MG, A SO W/ALL kW, ff
FHEEBR G E 490 nm ARG
123 = % M B2l FL W 1 B (senescence-
associated B-galactosidase, SA-B-gal) 4ef%

SR 9], HeHRUIIBHERE, Jenlis e

AR B FUME A e A FIMEAnN, 2H ] i A 4
NG, BALTTE 200 A GH T B o F LB A
R o

1.2.4 5VESE 2 (reactive oxygen species, ROS ) il

UL RS, a4~ =L, H
PN R HHEULER , i ] Image J AR/ 45 41
IR
125 5- & B 3t -2 A R 1 (S-ethynyl-2'-
deoxyuridine, EdU) J:f%

P IRULIT A, AR T 8 fLtk |, 3
F248 hJF A EdU, 37°CEE 2 h)A, H4% 2 H
FA S %2 L [F 52 15 min. 0.1% Triton X-100 PBS %57
A 10 min J5 , SR EdU 8GR & AT g 5. 2
MBS T WL, ] Image) H 1%k BAU B 40
Mgk, THEIGEAEE= (EJU 4 M4/DAPL S 20 il
H0) x100%.

1.2.6  SCF 5O E A B HE I N (real-time
quantitative polymerase chain reaction, RT-qPCR)

L RNA K] TRIzolIR 7|52 H, RNA £ DNase I
Ak, FH PrimeScript RT reagent Kit (Takara) &
i ¢cDNA, qPCR J2 i & H] SYBR Green % (TB
Green Premix Ex Taq II, Takara). >R 224047
BEPIARRT R IA
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1.2.7 et 5 W Bff 43 1 (enzyme-linked
immunosorbent assay, ELISA) il 25 [ i %1k

20 3 o BRI Ak e W L 3l S B R
A, 4°C. 12 000g #5.0> 15 min, BBV, HH
Jo e JE SR F MMk R (bicinchoninic acid, BCA)
PAE, BESS SN B S AR A BRA R A
p16 8 1 ELISA K3 7] & (RX106982) Fi1A p21
A ELISA K5 £ (RX106309) i 25 1 J5t
i,
1.3 ZZHIE
1.3.1  ZedimylaE Ak

W 5 O £ HUFH M9 28 i i A O S 0 AR
K BifiJ5 il F 24 /% % (NaOH (1 mol/L) : NaClO
(5%) : MOMAFRLL L - 1:8) AT, TG
SERIIA MO 25 i 2 1k R, 42 2 R ES DR
I 2K ARAT I HUBE B FIE B WA AR KRG IR AL
(nematode growth medium, NGM) A H i % %
fbo WCER LT B4 i, R & KRB FFE
OP50 B NGM A I, 7 20°C T 53R 2 r iy
AU A S 225056
1.3.2 £k Hi i

B R B (2 R 7 BARRR Y, %%
BRI NGM A bR 7E5 d, BiERBESS
FINGM P-4, 3115 F 35°CH 3 5 h, FifEA
20°CHRIZ 12 he $&FFta s Wibn eSS S04k
B, RN R; BAADT 60 KL H, LK
HE 3,
1.3.3 2GR

W2 L AE 20°C F IEH B 72 AC, &R fe3k
LIS, R TS TE I OPS0 I NGM Al
P 20°CH 7% 2 LAARRR A ] Bl S 2 i e &
SR RIECK I OP50) FINGM Edit, T
20°CHEFR, FFAE H B DR DL R 2R 5 &
PIHEZ . G 10 KA H G138 T4 i o
HERTIET. . FETHE bR IR S5 1E SO0 2 fik
TN, HERRPEIR . B AR . NI 24
. R Z DI 60 44k,
134 ZLABPIU TRt

FEHLECES 5 K2k b, M 4E Senescence-Tracker™
WML OO Y AR & (SA-Green) #4E
fem, WEEZ R HIRSS, JIA 1 ml 1xEndogenous
B-gal Inhibitor TA/E, W& 1 h, ek, ZEMA
500 pl SA-Green et T/EWR, W& 1 him, VE&KE
e, PETUOEAM ., BAEER OR DT 30 4

1.3.5 2R igE s A R
FEALICES 5 KL, M9 Ze Pk )n, M
1 mmol/L 77 Jig WK A7 [5 a , FI) 5 I S
&t (405~488 nm) AT 2 BUAR . fH
Image J Ao i gt = BB KK . R TH4K
LHADLT 3045
1.3.6 ZHROSHEM

BRI TS 2 s 35 AR AU, 4355
B2 AP NGM F-hi b A #E . b BEZE
He, 7EFAR I ATRA H2DCF-DA #8411 OP50
W, Jefd 1 ho BfJE 2R R 2005 OPS0 1Y
NGM A b, BN 1 UG i, B4 3L
PR RS . Fa PO iR A,
AT 3045, i ad Image J #4458 Bt
SR EE
1.3.7 JMZLOGL AL du ik BT

R E B R B AR R U R 2 AUk R 22 1%
R NGM FEfrh, B535 10 d el degk by, fif
FI M9 28 s Ve, 48 4% 22 5 W I [ 22 10 min,
P2 -80°C I B kRl 4 IR IR LT gt . Bl
PAMO Z2 i e 3 U, A 60% iMAT O e % i
et 45 min, B 0.01% ik 59 MO ZZ il e 2
ZRU, TR B 2 2% B e e L
T, B T30 5520, ff ] Image J A
XTI O Y o5 B A 7 AT o
14 EMERFESH
1.4.1 DMGHEHIHE s Bt

fifi FH PharmMapper (https://www.lilab-ecust.cn/
pharmmapper/index.html) X} DMG 4 /F F 8 5 1647
i, fdi A STRING (https://cn. string-db.org/)
A7 45 M A B AE A (protein-protein interaction,
PPI) [ & 73 BT F1 5 R L A 5 BE 20 A B4 15
(Kyoto Encyclopedia of Genes and Genomes,
KEGG) % & %o
142 Xz

M Pub Chem (https://pubchem. ncbi. nlm. nih.
gov) FRHUNG+ DMG 11 sdf X4, ML RCSB PDB
ARICYP2CY HE H 4% 5 (PDB 1R90), FIH]
pymol B {4 Xt B A R gk My e AT A B fE L B
Swissdock (https://www.swissdock.ch/) #E17 X} 4%,
F f# F Protein-Ligand Interaction Profile (https:/
plip-tool.biotec.tu-dresden.de/plip-web/plip/index) X
/N5 8 B A EAE T T
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Fig.1 DMG shows no cytotoxic effect on WI-38 cells undergoing replicative senescence
WI-38 cells were treated with DMG for 3 d (a), 4 d (b), or 5 d (c), the cell viability was measured by CCK-8 assay and expressed as percentage of
control. After 50 and 70 pmol/L DMG treatment for 5 d, the cell viability (d) and LDH release (e) were measured by CCK-8 assay and LDH release
assay, respectively. All experiments were performed at least 3 times independently. Comparisons were performed by two-sided ¢ tests or one-way

ANOVA analysis. All data are expressed as mean=SEM. ns, not significant.

2.1.2 DMGREFHEL il = & WI-3841 M =&
M REE b

SA-B-Gal &L A3 1R W], DMG 3] i
H AR A ], ELIZSON S R AR
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Gal PHPE AR B R A0 2 B 28 R %, B Seitere

53 70 pmol/L 41 [AIAF WL 31 BV 4 i R B AR, [H
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B, LA AT ANM TG R S RS R, ek
JE 50 pmol/L DMG AR FAA A 5 d 1k J7 B2 55 55 (A
RS

FERE B 2544, DMG JEHLH 8 35 13t



+1052- EMUEEEYIEER

Prog. Biochem. Biophys. 2026; 53 (4

AALTfE. diHE A ROS KA 7%, DMG Ab B
2 1) 2 ' 5 ot REZH B sk 55, 6B DMIG RERS
ARCE R M A B B A L, AR
N, SRR AA LR RAS (K 2e) .
AL, EdU 4 fu b 56 52 560 0E 55 DMG BA fig i
LN TE R T HE . DMG 434 (1 BEAU FH 40

(@

R—
SEETeTTT

100 pm
&
(e)
P=0.000 1
1

< 1507
2
2]
8
£
8 100}
=
2
g
=
=
n
S sof
[
o
z
=
< 1

0

Ctrl 50
DMG/(umol-L 1)

Ji % I 2 v X IR, 1B DMG n] FE B0
WI-38 4l ifL () DNA & HGHE J1, $2 T 20 it 3 7 v
(26), LREERLEAEKY], DMG# I &
PR Ran « DRI AR A G 5 5 2
Tife, W e e WI-38 20 it R A B
R

(b)
(d P=0.0029
1
= P=0.0002
2 80f —
5 60
[=9
3
o 40f
Z
2 20t
=
Q
T 0
< Ctrl 50 70
DMG/(umol-L™")
®
P=0.0035
100 1
1
. 80fF
= —1
2
g
5 6or
o
Z
2 40t
™
=]
3
20+
0
Ctrl 50

DMG/(umol-L™")

Fig.2 DMG reduces senescence markers in replicatively senescent WI-38 cells
(a—c) Replicative senescent WI-38 cells were treated with DMG for 5 d. (a) Control group. (b) 50 umol/L DMG-treated group. (c¢) 70 pmol/L DMG-
treated group. (d) Quantification of SA-B-Gal-positive cell percentage. (e) Effect of DMG on intracellular ROS levels in WI-38 cells. (f) Effect of
DMG on the proliferation of WI-38 cells. All experiments were performed at least 3 times independently. Comparisons were performed by two-sided

t tests or one-way ANOVA analysis. All data are expressed as mean+SEM.
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J i E N RPRCR, £ DMG o] B ERRAUAR  HESEASIMEE N, XAIEH T DMG B4
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Fig. 3 DMG markedly augments the anti—aging effects in C. elegans models
(a) C. elegans were treated with DMG at 0.5 or 2 mmol/L and subjected to heat stress. Survival rates are expressed as mean+SD from 3 independent
experiments. (b) Lifespan analysis of C. elegans treated with DMG. C. elegans were exposed to 2 mmol/L DMG. All experiments were performed at

least 3 times independently. Comparisons were performed by two-sided 7 tests or one-way ANOVA analysis. All data are expressed as mean+SEM.

2.2.2 DMG & #H M ek A 2 CIRES 23 EEFTENHNER

FEBPIRZS 2.3.1 DMG& & UGEFEZAMMII 73T B FFE
TEL BRI DMG IR 24 5 ol w2 il i RT-qPCR BEAKG I A B, 55 %5 IRAHAH L,
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DMG T BE ARk ko, 02 BPRRD], DMGAUERRIAICE, S
AR A R | e e, VRIS M SRR, SO
S T B . DMIG AL iy Ros VHEPLARSEFR R B S 032 9
I L R L )
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JE& IR H AT ) T RN IR T RS2 ) - BILA AR
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Fig. 4 Assessment of aging markers in C. elegans
Representative images show lipofuscin autofluorescence, SA-f-Gal staining, ROS fluorescence, and Oil Red O staining in control and DMG-treated
worms (from left to right), n>30. All experiments were performed at least three times independently. Comparisons were performed by two-sided #

tests or one-way ANOVA analysis. All data are expressed as mean+SEM.
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Fig.5 DMG significantly reduces the molecular expression signature of senescence
(a) Replicative senescent WI-38 cells were treated with DMG for 5 d. Relative mRNA expression levels of /L-6, IL-8, p21, and MMP-1 were
measured by RT-qPCR. (b) Protein levels of p21 and pl6 in cell lysates were determined using enzyme-linked immunosorbent assay (ELISA). All
experiments were performed at least three times independently. Comparisons were performed by two-sided ¢ tests or one-way ANOVA analysis. All

data are expressed as mean+SEM.
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Abstract Objective The exacerbating trend of global population aging poses profound socioeconomic and
public health challenges, making the comprehensive elucidation of biological aging mechanisms and the
discovery of effective anti-aging interventions an urgent priority in the life sciences. Based on our previous serum

metabolomics findings that dimethylglycine, an intermediate metabolite of amino acid metabolism naturally
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present in the human body, was significantly enriched in the serum of longevity families, this study aimed to
systematically investigate the anti-aging effects of dimethylglycine both in living organisms and in controlled
laboratory environments, and to preliminarily elucidate its underlying molecular mechanisms. While existing
literature indicates that dimethylglycine possesses antioxidant and immunomodulatory properties, its direct anti-
aging efficacy and the specific molecular pathways through which it operates remain largely unexplored.
Methods To comprehensively evaluate the anti-aging properties of dimethylglycine, we utilized replicative
senescent human embryonic lung fibroblasts, specifically the WI-38 cell line, as an experimental model in a
controlled laboratory environment. Cell viability and safety were thoroughly assessed using Cell Counting Kit-8
and lactate dehydrogenase release assays across various concentrations of dimethylglycine. The impact of
dimethylglycine on cellular senescence phenotypes, oxidative stress, and proliferative capacity was evaluated via
senescence-associated beta-galactosidase staining, reactive oxygen species fluorescence detection, and 5-ethynyl-
2'-deoxyuridine incorporation assays. Furthermore, the molecular alterations of senescence-associated secretory
phenotype factors and core senescence signaling pathways were quantified using quantitative reverse transcription
polymerase chain reaction for the messenger RNA levels of interleukin-6, interleukin-8, p21, and matrix
metalloproteinase-1, and enzyme-linked immunosorbent assay for the measurement of pl6 and p21 protein
expression levels. For the living organism model, the wild-type nematode Caenorhabditis elegans was used to
evaluate systemic physiological effects. We conducted a comprehensive lifespan analysis at 20° C, heat stress
resistance survival assays at 35°C, senescence-associated beta-galactosidase staining, lipofuscin accumulation
tracking, intracellular reactive oxygen species measurement, and Oil Red O staining to ascertain systemic lipid
accumulation. Additionally, network pharmacology bioinformatics tools, including PharmMapper and STRING
databases, and Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis were utilized to predict
target pathways, alongside highly detailed molecular docking simulations utilizing SwissDock and Protein-Ligand
Interaction Profiler to examine interactions with the cytochrome P450 family 2 subfamily C member 9 protein.
Results The experimental outcomes robustly demonstrate the potent anti-aging capabilities of dimethylglycine.
At the cellular level, toxicity analyses firmly confirmed that dimethylglycine is highly safe; continuous treatment
with 50 mol/L and 70 mol/L of dimethylglycine for 5 d did not induce any cellular membrane damage or
cytotoxicity, but rather actively promoted cellular proliferation. Utilizing the optimal standardized concentration
of 50 mol/L, dimethylglycine treatment significantly ameliorated senescent phenotypic markers in human
embryonic lung fibroblasts, which was evidenced by a drastic and highly significant reduction in the senescence-
associated beta-galactosidase positive cell percentage (P<0.000 1) and intracellular reactive oxygen species levels
(P<0.000 1), alongside a marked increase in the 5-ethynyl-2'-deoxyuridine-positive proliferation rate (P=0.003 5).
On a molecular expression scale, dimethylglycine significantly downregulated the messenger RNA expression of
multiple core senescence-associated secretory phenotype inflammatory factors, including interleukin-6,
interleukin-8, p21, and matrix metalloproteinase-1. Concurrently, it effectively suppressed the protein expression
of critical cell cycle arrest markers, diminishing p16 protein levels by 57.3% (P=0.000 4) and p21 protein levels
by 27.2% (P=0.000 7). In the nematode Caenorhabditis elegans animal model, dimethylglycine significantly
extended the mean lifespan from 20.402 d to an impressive 23.066 d (P<0.000 1) and notably enhanced overall
survival rates under severe heat stress environmental conditions (P=0.017). Furthermore, systemic
dimethylglycine intervention significantly mitigated age-related physiological decline by decreasing bodily
lipofuscin accumulation (P<0.000 1), significantly reducing senescence-associated beta-galactosidase activity,
lowering systemic reactive oxygen species fluorescence (P=0.008), and effectively alleviating overall fat
accumulation (P<0.000 1). Mechanistically, extensive network pharmacology and Kyoto Encyclopedia of Genes
and Genomes analyses strongly revealed that the potential targets of dimethylglycine are significantly enriched in

fundamental drug metabolism and oxidative stress response pathways. Precision molecular docking simulations
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conclusively demonstrated that dimethylglycine forms highly stable structural interactions with the cytochrome
P450 family 2 subfamily C member 9 protein, specifically highlighting the definitive formation of 5 stable
hydrogen bonds involving serine 365, leucine 366, and serine 429 residues, as well as two critical salt bridge
formations with arginine 97 and histidine 368 residues. It is additionally predicted to interact favorably with
glutathione S-transferase family proteins. Conclusion Dimethylglycine exhibits a profoundly significant and
multifaceted anti-aging activity at both the cellular and entire living animal levels. By powerfully alleviating
oxidative stress, heavily suppressing the core p16 and p21-dependent cellular senescence signaling pathways, and
substantially mitigating the detrimental senescence-associated secretory phenotype, dimethylglycine effectively
delays fundamental cellular senescence processes and drastically extends whole-organism lifespan. The biological
mechanisms driving these robust protective effects are highly likely closely associated with its direct stable
interactions with crucial metabolic and detoxifying enzyme systems, such as cytochrome P450 family 2 subfamily
C member 9 and glutathione S-transferase family proteins, thereby systemically improving metabolic
dysregulation and restoring critical redox homeostasis. This comprehensive study provides highly solid
experimental evidence supporting dimethylglycine as a highly potent and safe potential anti-aging intervention
agent, while simultaneously offering a clear molecular mechanistic explanation for the previously documented

high abundance of dimethylglycine observed within exceptionally long-lived human populations.
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