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High Glucose Inhibits Osteoblst Differentiation of Bone Marrow
Stromal Cells by Inducing Ferroptosis

ZHANG Xi, SHAO Gaohai*
(Yongchuan Hospital, Chongqing Medical University, Chongqing 402177, China)

Abstract This study investigated the effect of high glucose on osteoblast differentiation of BMSCs (bone
marrow stroma cells) and its possible mechanism. Using 25.5 mmol/L glucose (HG) to simulate high glucose mi-
croenvironment, the level of osteoblast differentiation was detected by ALP (alkaline phosphatase) staining and bio-
chemical quantification. Cell proliferation activity was detected by CCK-8. ROS (reactive oxygen species) was de-
tected by fluorescence probe H2DCFDA and Liperfluo probe was used to detect LPO (lipid peroxidation products),
and the mean fluorescence intensity was quantitatively detected by flow cytometry. The expression level of GPX4
(glutathione peroxidase 4) was detected by Western blot. The ultrastructure of mitochondria was observed by TEM
(transmission electron microscopy). These results showed that high glucose significantly inhibited osteoblast dif-
ferentiation and cell proliferation activity of BMSCs, leading to a significant increase in intracellular ROS and LPO
levels, while ferroptosis inhibitors could restore osteoblast differentiation and cell proliferation activity of BMSCs,

and reduce ROS and LPO levels. In addition, high glucose resulted in mitochondrial shrinkage, smaller volume, in-
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creased membrane density, reduced cristae and nucleus. In conclusion, high glucose inhibits osteoblast differentia-

tion of BMSCs by inducing ferroptosis.
Keywords
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BCIP/NB T 4 fif 1% i g ¥ 20 6 s Bl e 1ok
R BAS MR B iR 2 RAEVMHEARARAA ;
CCK-835H 17 & . Erastin)y H I MedChemEx-
press/A F]; a-MEMIE AL i 2R L35 1 H 35 B Gibeo
AF]; TR R & REEIE H 2% [ HyClone A H ;%
Fe R %Er liperfluol B Jb 5% Dojindo M H R F IR A
H] ; WICIREF H2DCAM H _E i MedChemExpress 22
F; QVD(Q-VD-oph). Nec-1(necrostain-1). 3-Ma(3-
methyladenine). if#E## (HG). Fer-1(ferrostain-1)13J
&) H 2% [E Sigma-Aldrich/A 7] ; GPX4#1/4. GAPDH
PUARIE B 92 E Abcam A 7 o
1.2 R BIEERAMRBMSCs)iR B IE T

FIFH 2 Bk BRIFE CS7/BL6/IN R [ T 5 BRBE BL A
SIS G, 15 E)E RERR R R R
L, AR A VR ATHIE S SCXK (V1 )2018-0003,
8 FVEATHIE 5 2 SYXK (71 )2018-0003], SR PRLis #
HEWEAT VA0 Y, FOK BT ] 85T 3R T/ B
eamgg, REEBRIASE, IERET & 1%0
2 1175 (fatal bovine serun, FBS). 1% X4 (penicillin-
streptomycin, PS)FJ o-MEMIKE I il B ) e o
FEIARFFIRIE , F 1 mLJC B VRS 88 POs AR 2 vh e i
By BE PERERE 3 LIRS SR A R 4 A
(bone marrow stroma cells, BMSCs). 373K J5 #K,
2 0 %55 P22 35 80%~90% T FH JERA W 4L, 250> (800 r/min,
8 min) 5 $% M2 103N /FLIW 2 BE S S0 T 240 F, T
37°C. 5% COS5FRFH R
1.3 ALP#&

¥ BMSCsti 82} 10°4~/4L35 &) 8 T-2445 , WG EE
12 WE I EARFEIZPH1 mLEF 7RI, 1 E (37 °C 5%
CO,) 3K J5 FIPBSTE 21K, 4%% 5 [ 52 10~15 min.
SR J5 i FEBCIP/NBTHK 4 i R i 1 5t €243 751 8 3 A
L e B T R R B (37 °C 5% COy)
2815 min, ek B FR 5 2B B AR T
HRIRAE .
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14 ALPEHEE

£ pHO.8/1') DEA(diethanolamine) 2% i 1 , 37 °C4%
PR, #4874 7K i para-nitrophenyl phosphate i {4)i4))
7421 pmol/L p-nitrophenol It 75 (10 P 12 1 (alkaline
phosphatase, ALP) )& & XN —/MEgIE J1 54070 44
BMSCs#% i 2x10°4> /AL 515 T 248 HHISEE 12 hfis i
NEARFZYIN mLEE 7RI, 8 (37 °C. 5% COy) 3K
Je ARAEAR T £ U8 I T AEFLINN 300 WL ZARTR, HE 75 ik
4T, 4 °C. 12 000 t/minE5.Cr5 min, HCEIEHIIA
)i Y Ipara-nitrophenyl phosphate, 37 °CH &30 min, I\
LRI E R S TES KN 405 nndb IR (DY -
[ Y SEVROIN N BCA AW, N5 S 2R (IR EAE
BAKAH562 nimAL IO EDYE. PL405 nm 5562 nmik
(IR 4B ) ELABLAE R S R ALPAE AL 58 £
1.5 CCK-81Z5E#&N|

BSOS 502 K A L, e L A ) s o 4 B
FHHE, %5 0004 /FL T4 A 2 1 e fh T 96 FLAR
BEFLUMPBS. 4G EE 12 hjg I & A F 24
K100 pLIfEEFREE, 37 °C. 5% CO B4 %
748 hfg, W R0, SUNE MG R 7R3, A
FLIIA 10 pL CCK-8i 7, B T-37 °CRr I I i
4 h, fF F LI LB 2% (Thermo, MA, USA)EJ K
9450 nmAb A B FL A A ) DAE . AE X 4
Pe=(1GI7 HDIE- A DE )/ (W A DIE— 4D
fH). LI EEIR.
1.6 ROSH;M|

KHH2DCFDA OGN EROS/KF-, #4 BMSCsiHe
210 ANFLIAI S T4 T-24H, IEEE 12 hg IS AR Z5iss
FH( mL), I B3R5 FHPBSIE 2K, I pmol/LITH2D-
CFDAZER, 1537 °C 5% COH57 A0 % H 20~-30 min, 7%
A EARAT, TR 2 PR

1.7 LPO#&:M

K P 0 SR A SR E T 77 A4 ) Liperfluoks: U i
ik S AL 7= W(lipid peroxidation products, LPO), Liper-
fluos —FhSpy-LHP(— P IR i i S8 AL SR ED 1) WA
A, o] TS A R TR P SR AL PI(LPOY I 7
g B R . B BMSCstilE2x 104N AL 2 T
4B EEEL2 WS IO B AR 250891 mLE5 774, %
H 3R HPBSTELE2K, IIA10 pmol/LfLiperfluo I
PO, 7637 °C. 5% CO.L% 74 % B 30 min, 7<% i
BT I ORAT, T A 2 P X2 e
1.8 ZEBENE

HBMSCsi% f82x10°4/FL 2 21 5 244K 1, #5
HEEEL2 WG A S AR ZY 1 mLiE 7R3, B E
(37 °C. 5% CO») 3K i FHIPBSIE He2iw, 4 FHmA 1
R I TR 1) 71) R Tl T T 411 £ 751 PRI RIPA 2 v 2 i 4
i, AT SR A 8 R AR Y. SR ) A FIBCAR T &
X R R RS0 gkl B AT &, FEB HLTE10%
SDS-PAGE |4} & 3 Hi 4% % 22 PVDF . 4% EN
A 11 0004 B B2 1Y) 22 v FE HUGPX4Adi A4, it
2RI EFL BN
1.9 BEHBEFEMBENE

4 BMSCsH% i 531034 /LM T 6FLIR , MG EE
12 hWE AN S AE Y3 mLE 56, WE3K)E
FHPBSIETE 2%, FH 0.25%5 2 [ B U SE A 195K R
(Sigma-Aldrich)[t 7€ 4 hfFistER & . Ko B TiE
S BT N WSR2 R AR A A
1.10 qRT-PCR

TrizolyZ HE B 40 g 5 RN A, 3 i Jx ¥ 5415 3
cDNA, cDNA X M 347 515 Wi B )5, F AgRT-PCR
SRR . AR FRIK R 2 93y, LLGAPDH
RIEIKAE R E . B R B8 L1 .

*1 JFEESIMF

Table 1 Primer sequences of each gene

BEPH A R JFHI(5'—3")

Gene name Sequence (5'—3")

GAPDH Forward: GCA CAG TCA AGG CCG AGA AT
Reverse: GCC TTC TCC ATG GTG GTG GTG AA

ALP Forward: ACA CCA ATG TAG CCA AGA ATG TCA
Reverse: GAT TCG GGC AGC GGTTACT

Runx2 Forward: CCG TGG CCT TCAAGG TTG T
Reverse: TTC ATA ACA GCG GAG GCA

OSX Forward: CCC TTC TCA AGC ACC ATT GG
Reverse: AAG GGT GGG TAG TCATTT GCATA

OCN Forward: GAC AGG CGA ACA AGG TGA CAG AG

Reverse: CAG GAG AAC CAG GAG AAC CAG GAG
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1.11 Zitoth

F 2 S ST B R 3R, A A (AR
HEZE (ebs) RN o SR SR IR 3277 22 43 BT L st 2 4 ) 22
S, R LR AL ZE . P<0.0SRINEREA SR
HES- 38

2 /R
2.1 HNHIERIE TR E HGHIFIFIBMSCsa & 7314
K H 25.5 mmol/L7 %) B (HG) &b BB il 1% i
41 L (BMSCs)BLALL 2 28 B PR o v W A 30 B 181, 56
MR 40 H {87 5.5 mmol/LA &Kk (HG). ALPRH
A R IR EY), ALPY A (B 1A) KA E S
(K 2B 45 F R, HG 2 2 ] BMSCs ) i
. N T HiE HGHI R 1) BMSCs i 73 4k FEAIK
M HBIE T S E, 4 nidk A T H ) 57 Q- VD-
oph(QVD). i AtH necrostain-1(Nec-1)~ H M|
7] 3-methyladenine(3-Ma) A HE AN i, 25 R LI
ANBEVK ZEHGX BMSCs B 704 B0 o SA1,
A5 FH R AL T #0771 Fer-1(ferrostain-1) b EE 40, 45
REIR, Fer-17] LLE 2K E HGXf BMSCs i 731k
FIFNHIAEH , X $78 HGX BMSCs #7340 1 4 il
TERW e 2 EIE T S BN .

(A)

2.2 HPFIERIE TR EHGHIHIFIBMSCs B 71t
FrsEERFRIE

[ B, FRATTE — 2B A I 7 Bk 58 T2 40 ) 7 Fer-1.
JHTAMHIFIQVD - PR FEHIHIFINec- 1. H BEHIHI73-Ma
Ak 3 20 i XS B o A bR B SR RIALP. OSX. Runx2.
OCNZIE WM, B245 BEoR, FT-HH7FIQVD. ¥R
FEAM ] FINec-1. [ W] 773-Mad) A 5 Pk EHGX]
BMSCsfl i 7 5 R MR A - SR, BRAE T4
FFer- 140348 f v] LA 2V HGRBMSCs il i 70 4E
FE IR A0 F, X R UGIE BFHHG S BMSCs R 7046
R E R R ERAE T S 801 .
2.3 HMEISRTE TR E HGHNHIHIBMS CsHE5E 75 14

N T DR STHGX BMSCs 1 58 i 4 1 52
Wi, 38 3 CCK-846 il FHG AL 3 40 {148 hj5 ] i &
PEAIRBMSCs 138 58 v 14, 1 In N8 T3 5QV D,
PRFE A1) FINec-1+ W 1 1) 57 3-Makb 22 41 g 5
2 i 1Y G U MR W GE, AR R T
il Fer-1)5 Yk 5 7 40 fa 3 56 v& v, BHIE THGE S
BMSCsAET(E3).
2.4 HNHEISKTE T IERHGS B AYBMSCs 4 il A
ROSFILPOFH S

BRAE T2 BT R AR 2 8L AT 51k Y LIS
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0
] control HG+Nec-1
[ HG EH HG+3-Ma
HG+QVD  [HH HG+Fer-1

A: ALPHE RS IIIHGHTBMSCs /& B AL AE T . B ALPAEAL 3 BRI . Control WDMSOXT HE4H(<0.1%), HG A = 4H.(highglucose, HG, 25.5 mmol/L),
HG-+QVD A = 4 [ I i 7 T 41 1] 751 4H(Q-VD-oph, QVD, 10 umol/L), HG+Nec- 1A = ## [/ I in 38 4E 410 1] 751 £H (necrostain-1, Nec-1, 50 pmol/L),
HG+3-Ma Ay = 4 [F] I i 5 W 40061571 4H.(3-methyladenine, 3-Ma, 1 mmol/L), HG+Fer-14 b [F] i Ik 78 T- 411571 28 (ferrostain-1, Fer-1, 5 pmol/L).

*P<0.05, 5 ControlZHAH EL; 7P<0.05, SHGZHARL

A: ALP staining was used to detect the effect of HG on osteoblast differentiation of BMSCs. B: quantitative detection of ALP biochemical activity.
Control group (DMS0<0.1%); HG group (high glucose, HG, 25.5 mmol/L); HG+QVD group (Q-VD-oph, QVD, 10 pmol/L); HG+Nec-1 group
(necrostain-1, Nec-1, 50 pmol/L); HG+3-Ma group (3-methyladenine, 3-Ma, 1 mmol/L) and HG+Fer-1 group (ferrostain-1, Fer-1, 5 pmol/L). *P<0.05

vs Control group; "P<0.05 vs HG group.

Bl HIHIERIE T E HGHIHIHIBMSCsEL B 53 1L BE
Fig.1 Inhibition of ferrostosis restores osteoblast differentiation of BMSCs inhibited by HG
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q-RTPCRAGMIHG QVD+ Nec-1+ 3-Ma. Fer-1XBMSCsilH 73 b br EJEHALP OSX. Runx2 OCNFKIE 5211, Control ADMSOXT HE41(<0.1%),
HGy &4 (high glucose, HG, 25.5 mmol/L), HG+QV Dy =i % R i i T 41| 714 (Q-VD-oph, QVD,10 umol/L), HG+Nec- 14 = § [F i il PR 46
F#774 (necrostain-1, Nec-1, 50 umol/L), HG+3-MaAy = # [FI I i1 [ B 40157741 (3-methyladenine, 3-Ma, 1 mmol/L), HG+Fer- 14§ [F] i gk
BET- 1574 (ferrostain-1,Fer-1,5 pmol/L). *P<0.05, 5 ControlZHLAHLL; *P<0.05, SHGAIMH L .

The effects of HG, QVD, Nec-1, 3-Ma, Fer-1 on the expression of BMSCs osteoblast differentiation marker genes ALP, OSX, Runx2, OCN were de-
tected by q-RTPCR. Control group (DMS0<0.1%), HG group (high glucose, HG, 25.5 mmol/L), HG+QVD was the high glucose group combined with
apoptosis inhibitor (Q-VD-oph, QVD, 10 umol/L), and HG+Nec-1 was the high glucose group combined with necrosis inhibitor (necrostain-1, Nec-1,
50 pmol/L), HG+ 3-MA was the hyperglycemic group combined with autophagy inhibitor (3-methyl adenine, 3-MA, 1 mmol/L). HG+ Fer-1 was the
hyperglycemic group combined with ferroptosis inhibitor (Fer-1, 5 pmol/L). *P<0.05 vs Control group; “P<0.05 vs HG group.

E2 #HHIERFE Tk E HGHIHIFIBMSCs il & 7 AR S £

Fig.2 Inhibition of ferroptosis restores HG-inhibited osteoblst differentiation marker genes

1.5 1 CCK-8

—
il

|:| Control HG+Nec-1

B =G F HG+3-Ma
HG+QVD EH HG+Fer-1

Cell viability

o
n
1

0-
CCK-81IIHGQVD- Nec-1.3-Ma. Fer-1% BMSCs4ll il i P ({1521 .« Control yDMSOX} 21 (<0.1%), HG N # 4 (high glucose, HG, 25.5 mmol/L),
HGH+QVDJy i i 7] IS} i T4 #1741 (Q-VD-oph, QVD, 10 pumol/L), HG+Nec-1 4y # [ I ISR SE 31 541 (necrostain-1, Nec-1, 50 pmol/L),
HG+3-Ma Ay i b [F] B0 3 W3 4001 771 28 (3-methyladenine, 3-Ma, 1 mmol/L). HG+Fer-1 4y i 1 [R5 4% 46 1= 4111l 771 2 (ferrostain-1, Fer-1, 5 pmol/L).
#P<0.05, 5 Control 411 EL; *P<0.05, SHGZH AL
The effects of HG, QVD, Nec-1, 3-Ma and Fer-1 on the activity of BMSCs cells were detected by CCK-8. Control group (DMS0<0.1%); HG group (high
glucose, HG, 25.5 mmol/L); HG+QVD group (Q-VD-oph, QVD, 10 pmol/L); HG+Nec-1 group (necrostain-1, Nec-1, 50 pmol/L); HG+3-Ma group
(3-methyladenine, 3-Ma, 1 mmol/L) and HG+Fer-1 group (ferrostain-1, Fer-1, 5 pmol/L). *P<0.05 vs Control group; “P<0.05 vs HG group.
E3 HIHI$RIE Tk E HGHIHIAIBMSCs2mAR 5 1
Fig.3 Inhibition of ferroptosis restored the activity of HG-inhibited in BMSCs
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(A) Control

100 pm
.

(B) Control HG

¥ "100 Lun
-

100 um [l 47
- - .

HG+Fer-1
12 000 X
?
3 8000
[70]
8 .
i H
0
O
& 3
3
«2»

HG+Fer-1

LPO level
W
=)
= S
[
[
T

100 pm
—

A, B: 5¢eIREFH2DCEDA Ml Liperfluofs MIHG X BMSCsif P4 S ROSHI g i i S AL MLPOI LI, ¢ 't B 4B 40 FR(Z2), It 2R AN AR 43 e == A il
ROS K LPOI %R E (£7). *P<0.05, 5 ControlZAH L ; *P<0.05, SHGZIAMH L.
A,B: the effects of HG on BMSCs reactive oxygen ROS and lipid peroxide LPO were detected by fluorescence probe H2DCA and Liperfluo. Fluores-

cence microscope was taken (left), and fluorescence intensities of ROS and LPO were quantitatively detected by flow cytometry (right). *P<0.05 vs

Control group; “P<0.05 vs HG group.

El4 HIHISKIE TR EHG S B HIBMSCs4fAROSFILPOF S
Fig.4 Inhibition of ferroptosis restored the increase of ROS and LPO induced by HG in BMSCs

SA(ROS)FI I o7 i %844 7= P (LPOYAR 2 N RFAE 1 —
FhEl AN BT )5 . ROS K LPO#E N A &8k
T AT & i 28 #R 4 H2DCFDA FLiperfluo
& MHG % BMSCsiifi 14 S ROS AN fig i it 4 AL #ILPO
(RS2, 3 3ok =40 A0 ¢ ' i i AT 8 A
Mo R EIR, HGREZ N 7 402 A FROS(El4A)
JMLPO(E4B)IFA 2, T AN ERBE T2 1) 55 Fer- 1),
ROS K LPOMKE % 1 7K~
2.5 HIHIEk T TR SHGS B HIBMSCs4H il A
GPXA4[Z1K

GPX4/2 B AL T2 72 Hh 1) br B4, A2 41 B P
—— AN TR R A A I8 TR . Western
bloth MHG X BMSCs4H A H 2k FE 1T #H ¢ £ [ GPX4
RIERIR M, F545 R BoR, HGR % P IKGPX4E 1
(R, TNk SE T 40 77 Fer-1 /5 GPX43K 1K T
e UL B RAE, HGIE $BMSCs kK AL T M
T A R 4K o
2.6 HGSEBMSCsZhI AL T- R ZE

LRI I U B U R BRAE T — A R B
A SRFAE, R, 8 R G T R W SEHG M
Erastinb B BMSCs J& £ R4 1 13 45 44 (1 22 4k, LR
HET-155 5 7 BrastinfE 4 BH X, 25 S (El6) RN, 2k

RIARZE A, RIAR /N, XUZ 58 B e, AR &
IEH, HEZ et iigtgE. 28 BNk, SIETINHG
FHIBMSCs 8B 73 A AL 22—, T 4] e <3 2
IR SE TS AT BE 9 R V6 Y7 2B PR & JF 1 B R i
RESR BT I BRI A

3 g

KT T2DOPIIF 7Tk K 8k %, (5 B AZ I AT
B — PR R, AR TR H R BRI BE R A
e R B S 1) R L, 3K 75 B — NS RE R
BT FR AR AL, (R, FRATTSR FHHG(25.5 mmol/L)
AbFEBMSCs, 5 TEMASMESURE IR A BE . 45 Rk
B, HGTE /K &M 5 Z 4 HI BMS Cs 8B 2010 A 20 i 48 5
T, HALHEHGE $BMSCs K AR AET .

MAZER T R, Bk AN A SEUZ T2DOP
RORMLE R E BN R, R UK Tk AR
1 20 A TR RR N R BE T, LA A 2 40 P P Bk A
fEJE ROSHIFA 2, H 20124F 1 IXHRIE LIk, BRAET:
SR TR E NIRRT, FA
R ILHGXT BMSCs 81 43 4¢ F 38 58 3 4 1) 400 11 4
A DLW R ZE T 401 77 Fer- 1300 8%, (B REH A T 40 41
FIQVD. IRFEAMHIFINec-1.  FH W30 7)3-Ma i
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WL -

Control HG HG+Fer-1

GPxa [ —— - - 7 (D:
A |G G em @D @D am|

Western blotflIIHG & Fer-1%T GPX4 25 4 2 32 [ F4 0

1.0 _
L« #
§§ l:l Control
>
O -
ng 02 , M G
2 8
= 5
%E . @ HG+Fer-1
[ 0 ~
& RS &
QOQ Q
<

*P<0.05, 5 ControlZHH EL; #P<0.05, 5HGZLAHEL .

The effects of HG and Fer-1 on GPX4 protein expression were detected by Western blot. *P<0.05 vs Control group; “P<0.05 vs HG group.
El5 HFIRE TR EHGF B HIBMSCs A GPX4FE(R
Fig.5 Inhibition of ferroptosis restored hyperglycemic GPX4 reduction in BMSCs

Control

TEMAE JHGXBMSCsZHE AR 15411, LLERSET 15 55 Erastinff: Ay BH XS 16
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The effect of HG on BMSCs mitochondria was detected by TEM. The ferroptosis inducer Erastin was the positive control. The white arrow represented

the mitochondria, and the black box represented the amplification region.
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Fig.6  HG induced forroptosis-like changes in BMSCs mitochondria
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