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[Abstract] Objective To investigate changes in lactate and histone lactylation during senescence of mouse bone

marrow mesenchymal stem cells (BMSCs), to clarify the effects of regulating lactate metabolism on the osteogenic differ-
entiation of senescent BMSCs, and to provide theoretical evidence and an experimental basis for metabolic regulatory in-
terventions in aging-related osteoporosis and impaired bone repair. Methods Approval was obtained from the Institu-
tional Laboratory Animal Ethics Committee. BMSCs were isolated using the whole bone marrow adherence method and
surface markers (CD29, CD90, CD11b and CD45) and identified by flow cytometry. A cellular model of BMSCs senes-
cence was established using different concentrations of etoposide (0, 5, 10, 15, and 20 pwmol/L). The gene and protein
expression levels of senescence-related markers, namely, p53, p21, and p16, were detected by quantitative reverse tran-
scription polymerase chain reaction (JRT-PCR) and Western blot analysis, and the optimal induction concentration was
determined using CCK-8 and SA-f-gal assays. BMSCs were divided into a control group and an etoposide-induced se-
nescence group to examine lactate production and the expression of histone lactylation-related enzymes, including Ldha,
Ep300, and Sirt2. Western blot analysis was used to analyze pan-lysine lactylation (Pan-Kla) and histone H3 lysine 18
lactylation (H3K18la). During the lactate production inhibition experiments, BMSCs were divided into three groups:
control, senescence group (treated with 10 wmol/L etoposide), and senescence + GNE-140 group (treated with 10 pmol/
L etoposide and 1 wmol/LL GNE-140). qRT-PCR, Western blot, and SA-B-gal staining were performed to assess the ef-
fects of lactate production inhibition on cellular senescence phenotypes. During osteogenic differentiation, BMSCs were
assigned to a control group, senescence group (treated with 10 pmol/L etoposide), senescence + 5 mmol/L. sodium lac-
tate group, and senescence + 10 mmol/L. sodium lactate group. The levels of Pan-Kla and H3K18la were detected by
Western blot. The mRNA expressions of runt-related transcription factor 2 (Runx2), transcription factor Sp7 (Sp7) and
alkaline phosphatase (Alpl) were detected by qRT-PCR. The protein expressions of collagen type I (COL1), RUNX2, os-
terix (OSX) and osteocalcin (OCN) were detected by Western blot, and mineralized nodule formation was observed by
Alizarin Red S staining. Results
(97.3%) and CD90 (95.7%). Etoposide induced BMSC senescence by activating the p53 - p21 signaling pathway, with

Flow cytometry analysis indicated that the isolated BMSCs highly expressed CD29

an optimal concentration of 10 wmol/L. Compared with the control group, BMSCs exhibited decreased lactate produc-
tion, reduced mRNA expression of Ldha and Ep300 (P < 0.001), upregulated Sirt2 expression (P < 0.01), and dimin-
ished levels of Pan-Kla and H3K18la modification (P < 0.001). Further inhibition of lactate production with GNE 140
further increased the expression levels of p53 and p21 and the percentage of SA B gal positive cells (P < 0.01). In osteo-
genic differentiation experiments, the expression levels of Runx2, Sp7, Alpl mRNA and COL1, RUNX2, OSX, OCN pro-
teins, as well as the mineralized nodule formation ability of senescent BMSCs, were decreased (P < 0.05); exogenous
supplementation with 5 mmol/L. and 10 mmol/L. sodium lactate can increase the levels of panolactic lactation and his-
tone lactation, and improved the osteogenic differentiation capacity and mineralized nodule formation of senescent
BMSCs. Conclusion BMSC senescence is associated with reduced lactate production and decreased histone lacty-
lation levels. Exogenous supplementation with sodium lactate partially rescues osteogenic differentiation impairment in
senescent BMSCs.

[Key words] lactate; histone lactylation; bone marrow mesenchymal stem cells; cell senescence; osteogenic
differentiation; osteoporosis; metabolic intervention; Alizarin Red S;  SA-B-gal; tissue regeneration
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DG SR A R . RS 2, A A AL IR
b2 5 G 5E I AR Ak B 2 i AR 0 SR
H Fi & T 241 8 FLIR fb 7F BMSCs % % i 72 Hh i) 5
A8 A B T B o A R A AR A = R e E
5% FEHMEN , BMSCs % & o 72 7L R 24E K F &
A AR AR, 1 AR 20 AR 1 LR A KT S e A DG R
H %k, &S 5% BMSCs B 1L g 1 iy

BT I, AWFFE LN B BMSCs M58 X 42, 1)
BARFCIA A S 00 40 i 2 B B, 25 A LR 1R
ARG I L 20 35 A LR Ak A8 i 43 Mt S Bl 434k T
REPEAN , R GE R 1F BMSCs % % i 72 rp FL IR 1R 18f Mz
LR Ak 0y AR AL R AE , JF B B X R
BMSCs &8 43 fL RE 1 0 = E T, 48 s AR -
W35t A% BAE TR B 21 805 22 v ng VR FH 3 A58 i B
WA, o 0 ) T A M R AR R
KGRAT M B0 10 T TR s 4 L S

1 ##FA=*E
1.1 EZRXAARMNE

a-Fe /T 75 37 2k (alpha minimal essential me-
dium, a-MEM) (SH30625.01, Hyclone , 3% [® ) ; Jii 24
1L 3% (fetal bovine serum, FBS) (SH30406.05, Hy-
clone, 32 [H ) ; 7 % K - % R % W (SV30010, Hy-
clone, 26 ) ; i (25200072, Gibeo, 22 [F) s {RFEIA
1 (HY-13629, MCE, 2 [ ) ; L- 3L 2 #h (71718,
Sigma-Aldrich, 5 [ ) ; ZL W2 i & A 40 i 7] GNE-140
(HY-100742, MCE, 3£ & ) ; B-H i # 2 44 (G9422,
Sigma-Aldrich, ES ) 4k A E C (A4544, Sigma-
Aldrich, Z5 [H ) ; Hb ZE K #4 (D4902, Sigma-Aldrich, ES
[€) 5 FITC #xic Bt/ B CD29 HT 4K (102205, Bioleg-
end, 3& [ ) ; FITC bric #i /) iR €D90.2 Bt {4 (105305,
Biolegend, 3¢ [# ) ; FITC #r ic ¥t /) B CD11b $T {4
(101205, Biolegend , 3 [ ) ; FITC #ricHit /) i CD45
Pk (157607, Biolegend , 35 [# ) ; B-actin L HL 78 BT
A (1:10 000, 66009-1-Ig, #7 = & , o [ ) ; H3 %
Z B kPR (1:10 000, 17168-1-AP, B = JiE |
[ ) 5 M98 25 F P53 (tumor protein p53, p53) fa £ i
BEHT A (1:10 000, 10442-1-AP, = J# | tf [ 5 ) ; 41 ifg
Jei) 193 25 1 A 1 U3 0 71 55 2A (ceyclin-dependent
kinase inhibitor 2A, p16) %t £ F& FEPL A (1: 1 000,
HA723746, 4% [ 41 ) 300 8 P 40000 1 ity
1l F] 1A (cyclin-dependent kinase inhibitor 1A,
p21) % £ TR BT (1: 1 000, HA722065, £ 4,

) 5 12 #51 & 1R FL R 1k (pan-lysine lactylation, Pan-
Kla) % B 5 B T4 (121 000, PTM-1401RM, 7%,
W) 5 48 1 OH3 55 18 37 i 4 R FL R AL (histone
H3 lysine 18 lactylation, H3K18la ) 4 5 55 B4 K (1
1000, PTM-1427RM, 545, H 18 ) 5 Runt AH5C 5% 57 A
5 2 (runt-related transeription factor 2, Runx2) % B
TR (1:1 000, CY5864, Abways, H1 [ ) ; &
5 M % 5% R 7 Sp7 (transcription factor Sp7, Sp7/
Osterix, Osx) Ht 2 58 B BT 4K (1: 1 000, ab22552,
Abcam, [ ) ; T BRI JE (collagen type I, Coll ) o2
TEBEGLR (1:1 000, 66761-1-Tg, =& , [ ) ; 45
2 (osteocalcin, Ocn) % 22 72 B P& (1: 1 000,
A20800, Abclonal , #1 [#] ) 5 —HT 1l 2 B AR P A (1
5 000, ANT020, ZZF¢8E , H ) s il 4T Ry ik
(1:5 000, ANTO19, % ¥¢ 4 , ' [ ) ; Gapdh . p53.
p21.pl6. Runx2 . Sp7. #& 1 W iR i (alkaline phos-
phatase , Alpl) . FLF& i & i A (lactate dehydrogenase
A, Ldha) \E1A 454 2 1 p300 (E1A binding protein
p300, Ep300) . JLER A5 29855 BBl 2 (sirtuin 2, Sirt2)
I CEERE, P 400522 B-F FLBE 1 B (01l
& (C0602, 2 2= K, [E ) ; L- 3L R A I 3 7 &
(A019-2-1, g 5T A, H [E]) 5 BCA 5 e B i 7 3K
) & (PO010, 3 2= K, ) 5 19 5 Ak °7 & 't (en-
hanced chemiluminescence , ECL) i ] & (K-12045-
D50, Advansta, 3& [ ; #§ Z £L 4 ¥ (ALIR-10001 , 3§
Mk, " [ ) 5 HiScript 1T Q RT SuperMix for qPCR
(R223-01, i ME#E , 1 [E ) ; ChamQ Blue Universal
SYBR qPCR Master Mix (Q312-02, i#trMERE , i H ) .
18] B AH 22 W 8% (CKX53, Olympus, H A% ) ; it
=40 J9 4% (CytoFLEX LX, Beckman Coulter, 3€ [# ) ;
52 B %¢ 6 2 & PCR Y (LightCycler 96, Roche , %ij
+ ) 5 B B 4% (Multiskan FC, Thermo Scientific, 38
) 5 H1 Kk A (PowerPac Basic, BIO-RAD, 3£ [{ ) ; 4%
JEAY (Trans-Blot Turbo, BIO-RAD, 3£ H ) ; fk 2% &t
BE % 1% 2 55 (ChemiDoc XRS+, BIO-RAD, & [H ) .
1.2 F»i&k
1.2.1 BMSCs By 7 B Hi IR S M 5E 6 Jol e T 1 iy
A1 C5TBL/6 /B IE 6 U AL 45 SE 5 sh A b
L, M 22~26 ¢, A HETIE S : SCXK (55)2025-0018.,
/NI IR T SPF 8 s Wy S 56 B0 N, BRI it JEE 4 5
7E 22~26 “C, HH X B 40%~70% , K F 12 h G/
TEIA, BB IARRIE R B 6%
SMLRE S, ARSI B A /N B ART G br e, ToRE
A o A S A ) 5K €S 56 3 ) A8 R 4R 01 ) K
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5 55 3h ' i R A0 3 R A 48 B ) 1 AH DG 2, I 18
AR ER S (FEH]S .
S07925020D) . =k H 4> B #E W BE 3 4 85 85 5
BMSCs' "o K /INFRUBE B4R B8 I, 7E TG &5 F T 4
BB AR 5 B 2B R, B o MEM 5 3% 3L vh gk
R WSROV o K A A R S E A
B b T 85 SR b, 08 4 B 3R 5L (aMEM+
10%FBS+1% 75 5 % -#E 5 % ) , & T 37 'C.5% CO,
(I R5 FR A6 N85 97, 48 h e 1 R4, 72 h G 4 ik
W 7E AN A Rl A E IR B 80%~90% I #E 1T 1% 48 Ks
IR T a8 o I =X A0 AR G I 2 1 A
CD29.CD90.2 .CD11b 1 CD45 By £ ik .

122 AKIEIAT %S BMSCs B #4558 (1 1 <7 K B

TR R R E K BMSCs 43 A 541:0.5.10.,15.,20
pmol/L RACIHE AL PR , b P A0 MY 48 h i 5 45 5T fief
SEARE IR RSN 3R 48 h, CCK-8 A6 I 40T /7
B BMSCs Lk 3x 10340 ffd /L 1% %% 3 28 1 96 FL AR , 4l
i s BE 5, 43 A 0.5.10, 15,20 wmol/L AR FEIA
L A CCK-8 X I M & 2 h, Bl A A3 2 W 6 B
(450 nm) . FHKE 3 NE AL, M7 EHE 3IREEE

qRT-PCR £ M 52 & #H ¢ mRNA 3 ik : fif H
Trizol 1271 M 41 fifg H $2 BB RNA , i i HiSeript 11 Q
RT SuperMix for qPCR i RNA i %% 5% -y ¢cDNA
K SYBR Green Y B}k 3547 28 & 0 A, 2449 3%
W e BE A X & 38 7K SF o K I p53 ., p21 . pl6
mRNA &ik., BI¥FH L% 1.

®1 qRT-PCREIYITHI
Table 1 ~ Primer sequences used for qRT-PCR

Reverse primers(3’ —5")

Genes Forward primers(5°—3")
p33 GTCACAGCACATGACGGAGG
p21 ATGTCCAATCCTGGTGATGTC
plé TCAAGACATCGTGCGATATTTG
Ldha TCCGTTACCTGATGGGAGAG

Ep300 GAAGAACAGCCAAGCACCACCTC
Sirt2 CAGCTACTTCAAGAAACATCCG

Runx2 AACGATCTGAGATTTGTGGGC
Sp7 GGCTTTTCTGCGGCAAGAGGTT
Alpl CCAACTCTTTTGTGCCAGAGA

Gapdh GTGGCAAAGTGGAGATTGTTG

TCTTCCAGATGCTCGGGATAC
GAAGTCAAAGTTCCACCGTTC
TTAGCTCTGCTCTTGGGATTG
GCAACATTCACACCACTCCA
CGGTAAAGTGCCCCCAATGT
TATTCTTTTCTGCAGGAGGTGT
CCTGCGTGGGATTTCTTGGTT
CGCTGATGTTTGCTCAAGTGGTC
GGCTACATTGGTGTTGAGCTTTT
CGTTGAATTTGCCGTGAGTG

p53: Tumor protein p53; p21: Cyclin-dependent kinase inhibitor 1A; p16: Cyclin-dependent kinase inhibitor 2A; Ldha: Lactate dehydrogenase A; Ep300:

E1A binding protein p300; Sirt2: Sirtuin 2; Runx2: Runt-related transcription factor 2; Sp7: Sp7 transcription factor; Alpl: Alkaline phosphatase; Gapdh:

Glyceraldehyde-3-phosphate dehydrogenase

Western blot i I 5 3 #H 5¢ 8 35 - WA 40
Ji, 24 S A P B R, B0 B VE W, ] BCA 2R
P R 00 ) R R it AT A K R AR
25 SDS- 5 T4 45 Tk e 56 I FRL UK 0 B 0, e 22 R A —
WO L o BEAEZE IR 5% WG Uik £ 041 1 h
Ji, T4 °CE Bir—Piad &, 8 = KR AN — 4t
FWIFE 1 he FHECL &M & TR .
25 3 o B I 1R R G B, Image] B4 HEAT
JRIE S M. A P53 . P21 . P16 45 ik .

SA-B-gal G4 . ffi 1] 0. 10 pmol/L AR FEIH H &b
FH BMSCs , 48 h J& BT 48 5 ff 56 4> 35 % Ak, Ak 2L 55 57
48 h , 2R FH B2 ZUAH AT B e €3 0] &, 4% Bl i
FIUCIIRGE I A i 2. AR PBS VR, T
R SE 15 mino RS, 400 0 5 It 6 T AR
W, X AN AT Y 6 R AE 37 CC R R o £
B SR SR I 43 b A0 M Y G e I

HR 4k DL b 25 B8 e A FE T 1 1Y) e il 15 S vk
(10 pmol/L) .
1.2.3 3% BMSCs ZLIR A= 1 M 20 2 H 3L kK1
Rl SR FH B AL 2% 0K BMSCs By 372 L 43 il 2
PR R ] A E 3R AL, M EE 3
WAL . T A 10 wmol/LAKFEIATF 195 4
BR ARG 5 5 6 B % SF KB DMSO 1Y 58 42 1%
FREEEIR . 48 h G I AL B R 3L I PBS 2
TG VR, T A e 50 A 1 R B AR LG 57 48 he

FLIR r m A - SO A0 M 8 R O T EL R
G0 3% 791 6 A ) 2L A B K S o i BRI 3 O A
WE& 25 U PR LA RS U AE i A BB T4 A
@ FIAE 37 °C IV 10 min, B i LR, BRI
D2 2 ' B (530 nm) .

qRT-PCR: & WU 20 Mi & RNA, £ I Ldha.
Ep300.Sirt2 mRNA £k (G L 1) .
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Western blot : ¥ il Pan-Kla F1 H3K18la #& [ 7K
S, L B-ACTIN 2 H3 NN S .
1.2.4  MHIZLER A B0 BMSCs 28 2 R A5
BMSCs 3 4 3 4 : % Z 41 (10 wmol/L 4K LA 1 &b
FH) EHZ+GNE-1402H (10 pmol/LAKFEIA T +1 pmol/L
GNE-140 &b 3 ) X HE 21 (& 45 1R B DMSO ¥ 71 1Y
WaE s R AR EINES, My ER
3R SLHG . AbFH 48 b B4R fif 58 4 4 R O kgt
HiF: 48 ho

W F8 A - FLIR & & (J7 3 1A 1.2.3) (p53/p21/
pl6 mRNA (qRT-PCR) ., P53/P21/P16 %& 1 (Western
blot) \SA-B-gal P2 (e )7k [R] 1.2.2) ¢
1.2.5  AMEEFLRR 1% 32 & BMSCs B 4t 5%
W) 2~3 18 9 BMSCs , 5 BMSCs 43 Jhy XiF B4 |
FHEH EE+S mmol/L FLER AN A1 2 +10 mmol/L
FLRRGNZH > AR B 3N AL, Sy AT 3 R
5o B MFLRR T AL 40 iR % 10 wmol/L
WKACIAT 58 B SR JL b T 48 b, Bl J5 37 25 7 20 1%
FRBL T A e o7 A B IR LAk 1 5% 48 h, LU
S G A S 5 ) HRZH 4 R 3 SE B DMSO 19 58
SR IR NG 37 48 h, Bl A Ay B e o 4 B SR LAk
e 48 ho

B A T 58 R A HRL | 45 2H 41 A Y
Bk CE S B R 3 (aMEM+10%FBS+1% 75 5
-5 B % +50 pwg/mL 4E 4= FE C+10 mmol/L B-H
T2 4 +100 nmol/L 3 ZE KA ) #E4T BB 04155 o
3 % +5 mmol/L FL R 44 2H Fll 5 2 +10 mmol/L FL IR £
ZH 53 59048 FH & 5 mmol/L 5 10 mmol/L L-FLF2 44 4 i

HF G R IR AL X IR 2 RN 5 S AL A & FLIR AN
PR H 15 T B AR L ORI L R A T T 4 AR I
TR PBS VE MG HE o BB 75 S 300 R) 45 3 d AT
e 0, LR B T T 2 A R UK A A 4 4 AR
[vi] e B 110 L- LR 1 , o 1A 21 1 3 3 2 U] &4k 15 25 1A
TR %

Kz DN B 8] 5 S FE A« BB 5 R 7 d: qRT-PCR K5
I Runx2,Sp7 . Alpl mRNA £k (518 W £ 1), i
‘B 14 d: Western blot £l COL1 . RUNX2,0SX .
OCNE HRIL, BFIHES21 d: R AU
WAL RS . PR Y R, PBS
VEUS 4% 22 B W [ 5 15 min, PBS YRI5 A V4
FLTYW , 2RI E 30 min, £ B T KRG, Wik
pUEZSE]:8
13 %t FEHoa

{8 1 GraphPad Prism10 3K {4 #E47T S8 1124 20 #T o
K H Shapiro-Wilk 45 35 X B4 64 7 IE SRR, 456
IEAS A B PR LAY A i 25 (s ) R o T
A 0] HE AR ST REAS ¢ K5, 2241 g fi P B R
J7 22 43 M7 (one-way ANOVA) , 21 8] P55 He %5 {fi FH
Tukey Z 5 LA H . P<0.05 N2 RA G FE X,

2 &% B
2.1 MEARICAFHF 490 K BMSCs & & 44 2a e
BEA

i 2 A R %5 s, $E LAY BMSCs /5 & ik
CD29 (97.3%) F1 CD90 (95.7%) , fik & ik CD11b
(2.57% ) F1CD45(1.67%) , 74 BMSCs F#E (4] 1) .

100 100 : 1004
© il 2.57 1.67
= 804 80 I 80
g [\
2 60- 604 ]| 607
E I\
£ 40 404 | \\ 40+
=1 [
£ I\
S 204 204 | \ 204
~
T e 0~y e 0 T ———— 0 aaaat’
10° 10* 10° 10* 10° 10* 10*
CD29 CD90 CD11b CD45

The expression of surface markers in cultured mouse BMSCs was analyzed by flow cytometry. The cells were positive for mesenchymal stem cell

markers CD29 (97.3%) and CD90 (95.7%), and negative for hematopoietic markers CD11b (2.57%) and CD45 (1.67%), thus confirming the mesen-

chymal stem cell phenotype of the isolated cells. BMSCs: bone marrow mesenchymal stem cells; CD29: cluster of differentiation 29 (integrin beta-
1); CD90: cluster of differentiation 90 (Thy-1 cell surface antigen); CD11b: cluster of differentiation 11b (Integrin alpha M); CD45: cluster of differ-

entiation 45 (protein tyrosine phosphatase receptor type C)

Figure 1  Flow cytometric identification of mouse BMSCs

B 1 /)ELBMSCs i i 20 40 o R % 5
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a: relative mRNA expression levels of pS3, p21, and p16 in BMSCs treated with different concentrations of etoposide. The mRNA expression levels
of p53 and p21 increased in a dose-dependent manner following etoposide treatment (n = 3). b: representative Western blot images showing the
protein expression levels of P53, P21, and P16 in BMSCs treated with different concentrations of etoposide. c: quantitative analysis of P53, P21,
and P16 protein levels normalized to B-ACTIN (n = 3). The protein levels of P53 and P21 increased in a dose-dependent manner following etopo-
side treatment. d: relative cell viability of BMSCs treated with different concentrations of etoposide, as determined by CCK-8 assay (n = 3). e: rep-
resentative SA-B-gal images of BMSCs treated with 0 or 10 wmol/L etoposide. Treatment with 10 pwmol/L etoposide significantly induced senes-
cence in BMSCs. f: quantitative analysis of percent of SA--gal-positive cells of BMSCs treated with 0 or 10 pmol/L etoposide (n = 3). BMSCs:
bone marrow mesenchymal stem cells; Eto: etoposide; CON: control; P53: tumor protein p53; P21: cyclin-dependent kinase inhibitor 1A; P16:
cyclin-dependent kinase inhibitor 2A; B-ACTIN: beta-actin; SA--gal: senescence-associated {3-galactosidase. Comparisons between two groups
were performed using the independent samples t-test. For comparisons among multiple groups, one-way analysis of variance (ANOVA) was applied,
followed by Tukey’s multiple comparison test for pairwise post hoc analysis. *P<0.05, **P<0.01, *#%P<0.001: compared to the CON group. The
above experiments were repeated 3 times independently

Figure 2 Establishment of an etoposide-induced cellular senescence model in mouse BMSCs
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a: relative lactate levels of BMSCs treated with different concentrations of etoposide; the lactate level decreased in a dose-dependent manner follow-

ing etoposide treatment (n = 3). b: relative mRNA expression levels of Ldha, Ep300, and Sirt2 in BMSCs from the CON and 10 pmol/L Eto groups.

The mRNA expression levels of Ldha and Ep300 were lower in the 10 pmol/L Eto group, while mRNA expression level of Sirt2 was higher in the

10 wmol/L Eto group (n = 3). c: representative Western blot images showing protein expression levels of Pan-Kla in BMSCs from the CON and 10

pmol/L Eto groups. d: representative Western blot images showing protein expression levels of H3K18la in BMSCs from the CON and 10 pmol/L

Eto groups. e: quantitative analysis of Pan-Kla and H3K18la protein levels normalized to B-ACTIN or H3, and the protein levels of Pan-Kla and

H3K18la were decreased in the 10 wmol/L Eto group (n = 3) (P<0.001). BMSCs: bone marrow mesenchymal stem cells; Eto: etoposide; CON: con-
trol; Ldha: lactate dehydrogenase A; Ep300: E1A binding protein P300; Sirt2: sirtuin 2; Pan-Kla: pan-lysine lactylation; B -ACTIN: beta-actin;

H3K18la: histone H3 lysine 18 lactylation; H3.: histone H3. Comparisons between two groups were performed using the independent samples t-

test. For comparisons among multiple groups, one-way analysis of variance (ANOVA) was applied, followed by Tukey’s multiple comparison test

for pairwise post hoc analysis. ¥*#P<0.01, ***P<0.001: compared to the CON group. The above experiments were repeated 3 times independently

Figure 3 Senescent BMSCs exhibit reduced lactate production and decreased levels of pan-lactic acid and histone lactylation
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a: relative lactate levels of BMSCs treated with nothing or GNE-140; the lactate level decreased following GNE-140 treatment (n = 3). b: relative
mRNA expression levels of p53, p21, and pl6 in BMSCs. The mRNA expression levels of p53 and p21 were highest in the 10 wmol/L Eto+ GNE-

140 group (n = 3). c: representative Western blot images showing protein expression levels of P53 and P21 in BMSCs. d: quantitative analysis of

P53and P21 protein levels normalized to B-ACTIN. The protein levels of P53 and P21 were highest in the 10 pmol/L Eto+ GNE-140 group (n =

3). e: representative SA-B-gal images of BMSCs. f: quantitative analysis of the percentage of SA-[3-gal-positive cells showed that the 10 pwmol/L

Eto+ GNE-140 group exhibited the highest proportion of positive cells (n = 3). BMSCs: bone marrow mesenchymal stem cells; GNE-140: the com-

pound code for a small-molecule inhibitor of lactate dehydrogenase; Eto: etoposide; CON: control; P53: tumor protein p53; P21: cyclin-dependent

kinase inhibitor 1A; P16: cyclin-dependent kinase inhibitor 2A; B-ACTIN: beta-actin; SA--gal: senescence-associated B-galactosidase. Compari-

sons between two groups were performed using the independent samples t-test. For comparisons among multiple groups, one-way analysis of vari-

ance (ANOVA) was applied, followed by Tukey’s multiple comparison test for pairwise post hoc analysis. **P<0.01, *##P<0.001: compared to the

CON group. The above experiments were repeated 3 times independently

Figure 4

Inhibition of lactate production exacerbates etoposide-induced senescence in BMSCs
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a: representative Western blot images showing the protein expression levels of Pan-Kla and H3K18la in BMSCs treated with 0, 5 mmol/L Lac, and

10 mmol/L Lac. b: quantitative analysis of the Pan-Kla protein level normalized to B-ACTIN and the H3K18la level normalized to H3 (n = 3). c:

relative cell viability of BMSCs treated with 0, 5 mmol/L. Lac, and 10 mmol/L. Lac, as determined by a CCK-8 assay (n = 3). The protein levels of

Pan-Kla and H3K18la increased in a dose-dependent manner following sodium lactate treatment. BMSCs: bone marrow mesenchymal stem cells;

CON: control; Lac: sodium lactate; Pan-Kla: pan-lysine lactylation; B-ACTIN: beta-actin; H3K18la: histone H3 lysine 18 lactylation; H3: histone

H3. For comparisons among multiple groups, one-way analysis of variance (ANOVA) was applied, followed by Tukey’s multiple comparison test

for pairwise post hoc analysis. **P<0.01, ***P<0.001: compared to the CON group. The above experiments were repeated 3 times independently

Figure 5 Sodium lactate treatment increases both pan-lactylation and histone lactylation levels of BMSCs
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a: relative mRNA expression levels of Runx2, Sp7, and Alpl in BMSCs. The mRNA expression levels of these osteogenic markers were signifi-
cantly downregulated in the etoposide-treated group (P<0.001), and were partially restored by treatment with 5 mmol/L or 10 mmol/L sodium lac-
tate (n = 3). b: representative Western blot images showing the protein expression levels of COL1, RUNX2, OSX, and OCN in BMSCs. c: quantita-
tive analysis of COL1, RUNX2, OSX, and OCN protein levels normalized to B-ACTIN. The protein levels of these osteogenic markers were signifi-
cantly downregulated in the etoposide-treated group (P<0.001), and were partially restored by treatment with 5 mmol/L or 10 mmol/L sodium lac-
tate (n = 3). d: representative ARS staining images showing mineralized ability of BMSCs. BMSCs: bone marrow mesenchymal stem cells; CON:
control; Eto: etoposide; Lac: sodium lactate; Runx2: runt-related transcription factor 2; Sp7/0OSX: transcription factor Sp7/osterix; Alpl: alkaline
phosphatase; COL1: collagen type I; OCN: osteocalcin; B-ACTIN: beta-actin; ARS: Alizarin Red S. For comparisons among multiple groups, one-
way analysis of variance (ANOVA) was applied, followed by Tukey’s multiple comparison test for pairwise post hoc analysis. *P<0.05, **P<0.01,
#4%P<(0.001: compared to the CON group. The above experiments were repeated 3 times independently

Figure 6 Sodium lactate supplementation alleviates the impairment of osteogenic differentiation in senescent BMSCs
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