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[Abstract] Objective To explore the effect of HIF-1a on osteogenic — angiogenic coupling response in bone mes-
enchymal stem cells (BMSCs) and provide new concepts for engineered hone tissue in vitro. Methods ~With the ap-

proval of the hospital’ s experimental animal ethics committee, BMSCs were harvested from Wistar rats. The lentivirus
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carrying hypoxia-inducible factor-1a (HIF-1a) and empty lentivirus were stably transfected into the third generations of
BMSCs to form LV-HIF-1a-BMSCs and LV-BMSCs. Meanwhile, BMSCs without transfection of lentivirus were used as
a blank control. Then, the effect of HIF-1a transfection was verified by qPCR and Western Blot. LV-HIF-1a-BMSCs
were induced to differentiate into endothelium-like cells (iECs). The morphology was observed by optical microscopy,
the differentiation rate was detected by cellular flow CD31, and the Transwell test was used to detect the migration abil-
ity. At the same time, LV-HIF-1a-BMSCs and LV-BMSCs were continuously cultured to form osteogenic cell sheets
(OCTs), which were stained by alkaline phosphatase on day 14 and alizarin red staining on day 21, and counted for min-
eralization capacity. Finally, iECs were implanted into OCTs to form prevascularized osteogenic cell sheets (P-OCTs),
immunofluorescence CD31 was performed to detect the formation of vascular networks, and the results were recorded on
days 1, 3, 7, and 14. Meanwhile, osteopontin (OPN) and osteocalcin (OCN) were detected by western blot to verify their
ability for osteogenic differentiation on days 1, 7, and 14. Results The optimal multiplicity of infection (MOT) for lenti-
viral transfection was 30, and the transfection efficiency was >80%. The results of qPCR and western blot showed that
compared with the LV-BMSCs group and BMSCs group, the LV-HIF-1a-BMSCs group had stable and high expressions
of HIF-1a (P<0.05). LV-HIF-1a-BMSCs showed an enhanced ability to differentiate into endothelial cells, with a differ-
entiation rate as high as 91.81%. Transwell assay verified that HIF-1a could recruit iECs in vitro. Alkaline phosphatase
staining and alizarin red staining confirmed that OCTs formed by LV-HIF-1a-BMSCs had a statistically significant os-
teogenic differentiation ability compared with LV -BMSCs control group (P<0.05). When iECs were implanted into the
LV-HIF-10-BMSCs group OCTs to form P-OCTs, iECs substantially proliferated and rapidly fused, and formation of the
progressive lumen was revealed by immunofluorescent CD31 staining. The expressions of OPN and OCN were signifi-
cantly enhanced compared with those of the LV-BMSCs control group; OCN was the highest on day 7, and OPN was the
highest on day 1 (P<0.05). Conclusion BMSCs transfected by HIF-1a have good osteogenic-angiogenic effect after in-
duction and differentiation, which provides experimental foundation for optimizing the construction of three-dimensional
prevascularized bone tissue.

[Key words] hypoxia-inducible factor-la;  bone marrow mesenchymal stem cells; cell sheet; prevasculariza-
tion; osteogenic-angiogenic coupling response; bone tissue engineering; alkaline phosphatase staining; alizarin
red staining; osteopontin; osteocalcin

J Prev Treat Stomatol Dis, 2025, 33(9): 744-756.

[ Competing interests] The authors declare no competing interests.

This study was supported by the grants from Natural Science Foundation of Ningxia Hui Autonomous Region (No.

2023AAC03880).

FIFH B 8 18] 58 5T+ 48 il (bone mesenchymal
stem cells, BMSCs) iy 41 it & Jit 1) -+ 40 e i
BNAER SN T TR i s i 5
PRALA T ARmE o TR 2 W AL T I o 1M Ak
[, WFSE 7, i 3 A R P P B 45 480 O
B IR A RE B A 100~200 wm; 10 4140 TR 5 1
PRS2 0.1~10 em, AR AR N IS B 2 A 20019
LR BRI, MR S i i 2H 2R TR A
ABWE, T A SIS A B = A AR
SERBEY MBEATE H B, R
B AL WO K A= o B R S0 A A T T 0f 4
A, A AL IR T 45 18 T2 10078 B R U L T
XA R A RO BV BRI s g e TR
Ty At 2 AR 42T R A BT AR L AE B R
IR A R 1 L R S R E R R A i R

) AT

FE B R DX R A - s R R R 2 T R
Z 510 & 2% R W 0E 5 o B, K R SR
A2t K415 S I T -1 hypoxia-inducible factor-
la, HIF-1a) 76 M0 B2 th R 48 17 4% 0 i I 424 .
HIF- Lo AN RE BT 8 S R0 R 455 1 5 48 it 1] 458 £
WAL R B AL, IR BB T LA I 2 L9
B WG, R SR AR R BRI, HIF-1a 32
PLR ™6 B R 4, AF e s I 5 [ i R Pk
PR R R B, S KRBT, B S
), B A TR A5y 2U AT 42 5 HIF-1o (935, & 4%
G EVAOIE R T I (S 2 E N YN 11 R e = o o1 I 1 A<
Gy AR

PRI, A A 5 48000 FH 5 D) 34 5 B2 R B HIF-1ac
R 5 1 e 2 KRR BMSCs Hh , A A 8 19 0M 45 1k 1Y)



AfEE&mIE 2025598 $£33% FoM
* 746 +  Journal of Prevention and Treatment for Stomatological Diseases, Sept. 2025,Vol.33 No.9 http://www.kqjbfz.com

R R A AR M 22 R AK B HIF-1a, WF5E
5 R PRSI - B R I BN, LS00 S B sl 8 5
St IR R, (e B S AR R R KR

1 #REAGE*E
1.1 k%34

H Az 2~3 Ji] Wistar KR 6 H, BfEHEABR , K
40~60 g, W FILPE it T A BERGRA A, &
F&AIE 5 SYXK (5 2020-0001) o AR 52 56 28 [ e 52
SR ZE oA UE (S - YCKQLL2022018) .
1.2 ZEMHEME

12 955 B HIF-1a £ 3 I8 2k /& (NM.024359.2,
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B Bl 2 T (2, 7% ( G 1481, Solarbio, FP ), P R 4T
S YLk (G1038, Servicebio, A7 [ ) |, 5] B 4H 25 Ik {55
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P 1AL (TC-EA, HL M B, tp ) |, 28 % PCR X
(CFX Connect™5E ], Bio-Rad , H [& ) , NovoCyte ™ it
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W, B a1 HIF-1a (9 F ¥ £ B 5. 519 % 51
W1,

F®1 PCRIIYVIFSI
Table 1 ~ Primer sequence of PCR

Tempera-

Primers Sequence(5’-3") Length/bp 5
ture/C
GAPDH F: GACAACTTTGGCATCGTGGA 133 58.0
R: ATGCAGGGATGATGTTCTGG
HIF-lae  F: CTAAAGGACAAGTCACCACAGG 314 58.7

R: TAGCAGAGTCAGGGCATCG

HIF-1a: hypoxia induced factor 1o

Western Blot 5256 A5 B « 57 5 5 77 L+ 15 F2 9
JITA 200 L RIPA 41 Jifd 24 fi# W , 12 000 r/min 75 3
B0 AL L 10 min, B E 3 W, BCA 8 (A 257
& 5E HIF-1a W, 10% SDS-PAGE HL 1Kk 43 B ) s
% PVDF %, H IXTBST B & 3% 0 A5 4= 075 £ P
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5% BSA, % i T £ A 30 min. A5 WA W 5 A T
AR — PSRBT CD31,4 CokMd . EE
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WLEE IR AR EM5 (DAPL 58 AU 1 K 330~380 nm,
R FHE 420 nm, & 6; CY3 BRI K 510~560 nm,
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OCN, H 89 —¥i bt BLOPN, —HT HRP bxic th 2Et
2 1gG (H+L) o
1.4 %itF7 ik

K SPSS22.0 1A 43 #r 552 46 54l , 1 ) Graph-
Pad Prism8.0.2 #X 42 i Ge i1l o P [a] He % %
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0.05 HZESFHEIEE L.
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it L (K 2e, P<0.05) . Transwell 55 56 45 5 3%
B, 78 X} B 4 LV-BMSCs # 3E A JC iECs i £ (&
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a: fluorescence microscopy showed that the expression of green fluorescent protein was >80%; b: qPCR of HIF-la to LV-HIF-1a-BMSCs, LV-
BMSCs, and BMSCs, and the HIF-1ae mRNA was highest in the LV-HIF-1a-BMSCs group; c¢: Western Blot of HIF-1a to LV-HIF-1a.-BMSCs, LV-
BMSCs, and BMSCs; d: the HIF-1a protein was highest in the LV-HIF-1a-BMSCs group. *: compared with the BMSCs group, P<0.05; #: com-
pared with the LV-BMSCs group, P<0.05. The BMSCs blank control group: bone marrow mesenchymal stem cells that were not transfected with
lentivirus; the LV-BMSCs negative control group: empty lentivirus-transfected bone marrow mesenchymal stem cells; the LV-HIF-1a-BMSCs ex-

perimental group: lentivirus carrying hypoxia-inducible factor-1a transfected bone marrow mesenchymal stem cells. BMSCs: bone marrow mesen-

chymal stem cells; HIF-1a: hypoxia-inducible factor-1a

Figure 1 The detection of HIF-1a in lentivirus-transfected BMSCs by qPCR and Western Blot
B 1 qPCR 1 Western Blot 6 I 12 95 5 77% 4% BMSCs J& HIF-1a (3% 1K

2.3 AR R A My E AR R AR A 64 A
e 5 W E S R R, LV-HIF-1a
-BMSCs K 34 5 43 16 T8 W B0 1 BB B A, IR
AL R e b BSORCIR , RS SR VTR B (] 3a) .
G T U B B R (BT 3b~3d) , Bl B[R] HEE
R 20 2 AR HE S, I 28 SR EUE () I RE S5 4 T
F ] DS 25T DURR . AE R R R B R R 14
K, AT B 4R Ak 8 B i 0 e Tl T T s
G5 WoR SR rh i BT K B A A5 DR
MY DINE, 2 570 G124 8 L (P<0.05) . 7ERLHE
B R 85 R A 21 K B TP R ALY A o, SE g 4

YTk T 2 AW, ERAESRI
B (P<0.05), WL 3e~3j.

2.4 TR EACRRE LR PR B - R A B RS TR AL R
240 I A RCEOY SRPEEDE CD3T B A R
(El4), 24iECs 2 £ LV-HIF-1a-BMSCs & i ) i
B A MRS R (SEBR 2 A3 1 ORI, iECs K 1S 5 I
FERE R R A B M/, PR i 2s i
FELER (B da) o 55 3 KIF,iECs 76 8 H I R oK
A, Y S SRR LS R (R 4b) 5 35 358 258 7 Ri,
iECs (1 il G 35 2 i 0 B 08 6 A 235 40 1 0 i
3 e 2 (&l 4c) ; Bl I (8] 45 5% | iECs (1 Rl 5000 25
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a: LV-HIF-1a-BMSCs were long spindles; b: iECs were oval and cobblestone-like; c: flow cytometry of the control group, with a CD31 positive ex-

pression of 0.81%; d: flow cytometry of the experimental group, with a CD31 positive expression of 91.81%; e: flow cytometry results of the statisti-

cal analysis. The control group: LV-HIF-1a -BMSCs were cultured in non-endothelial induction medium; The experimental group: LV-HIF-1a

-BMSCs were cultured in endothelial induction medium. f & g: the Transwell assay results showed that the LV-BMSCs control group had no mi-

grated iECs (f), and the LV-HIF-1a-BMSCs experimental group had 400 iECs per field of view (g); h: the Transwell assay statistical analysis. *:

compared with the control group, P<0.05 (scale bars: a, b, f, ¢ = 100 wm). LV-BMSCs: empty lentivirus-transfected bone marrow mesenchymal

stem cells; LV-HIF-1a -BMSCs: lentivirus carrying hypoxia-inducible factor-la transfected bone marrow mesenchymal stem cells; iECs:

endothelial-like cells that were induced from lentivirus carrying hypoxia-inducible factor-la transfected bone marrow mesenchymal stem cells;

BMSCs: bone marrow mesenchymal stem cells; HIF-1a: hypoxia-inducible factor 1o

Figure 2 The cell culture, identification and migration ability of iECs
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a: the view of osteogenic cell sheets, which formed a dense and turbid film. b-d: the microscopic morphology of osteogenic cell sheets on days 7,

14, and 21, showing the formation of calcium nodules over time. e: ALP staining results of the LV-BMSCs control group on day 14; f: ALP staining

results of the LV-HIF-1a-BMSCs experimental group on day 14. A large and obvious deposition of calcium salts and staining precipitates in the

experimental group. g: Alizarin red staining results of the LV-BMSCs control group on day 21; h: Alizarin red staining results of the LV-HIF-1a

-BMSCs experimental group on day 21. More evident mineralized nodules were stained red in the experimental group. i & j: The statistical analysis

of ALP and Alizarin red staining, *: compared with the LV-BMSCs control group, P<0.05 (scale bars: b-h=100 pm). The LV-BMSCs control group:

empty lentivirus-transfected bone marrow mesenchymal stem cells formed osteogenic cell sheets; the LV-HIF-1a-BMSCs experimental group: lenti-

virus carrying hypoxia-inducible factor-1a transfected bone marrow mesenchymal stem cells formed osteogenic cell sheets. ALP: alkaline phospha-

tase staining; BMSCs: bone marrow mesenchymal stem cells; HIF-1a: hypoxia-inducible factor 1o

Figure 3 The effect of HIF-1a on osteogenic ability in osteogenic cell sheets shown by ALP and Alizarin red staining
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a-d: magnified images of the experimental group on days 1, 3, 7, and 14. The closed loop or branch network formed by continuous CD31+ sig-
nal was defined as a vacuole structure (a, white arrow) , while the hollow structure was defined as a tubular structure (b - d, white arrow). e-
h: CD31 immunofluorescence staining, DAPI, and merged images of the LV-HIF-1a-BMSCs experimental group and LV-BMSCs control group
on days 1, 3, 7, and 14. iECs adhered and extensively proliferated on osteogenic cell sheets in the LV-HIF-1a.-BMSCs experimental group,
and they then migrated and aligned with each other. The vacuole structure was formed on day 1, and the tubular structure was formed on day 3.
This structure reached a peak on day 7 and remained stable on day 14. At the same time, the growth of vacuole and tubular structures was re-
stricted in the LV-BMSCs control group. The formation of networks increased over time, reaching a peak on day 7 (scale bars: 100 um). i: the
result of statistical analysis at different time points between the two groups, *: compared with the LV-BMSCs control group, P<0.05. The LV-
BMSCs control group: the prevascularized osteogenic cell sheets formed by iECs and empty lentivirus-transfected bone marrow mesenchymal stem
cells. The LV-HIF-1a-BMSCs experimental group: the prevascularized osteogenic cell sheets formed by iECs and lentivirus carrying hypoxia-
inducible factor-la transfected bone marrow mesenchymal stem cells. iECs: endothelial-like cells that were induced from lentivirus carrying
hypoxia-inducible factor-1a transfected bone marrow mesenchymal stem cells ; BMSCs: bone marrow mesenchymal stem cells; HIF-1a: hypoxia-
inducible factor 1ac; DAPI: destination access point identifier
Figure 4 The effect of HIF-1a on angiogenesis in prevascularized osteogenic cell sheets shown by CD31 immunofluorescence

staining and DAPI
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a:Western Blot and statistical analysis of OPN and OCN on day 1; b: Western Blot and statistical analysis of OPN and OCN on day 7; ¢: Western
Blot and statistical analysis of OPN and OCN on day 14. The expressions of OCN and OPN in LV-HIF-1a-BMSCs experimental group were higher

than the LV-BMSCs control group; OCN was highest on day 7 and OPN was highest on day 1, *: compared with the LV-BMSCs control group, P<

0.05. The LV-BMSCs control group: the prevascularized osteogenic cell sheets formed by iECs and empty lentivirus-transfected bone marrow mes-

enchymal stem cells. The LV-HIF-1a-BMSCs experimental group: the prevascularized osteogenic cell sheets formed by iECs and lentivirus carry-

ing hypoxia-inducible factor-la transfected bone marrow mesenchymal stem cells. iECs: endothelial-like cells that were induced from lentivirus

carrying hypoxia-inducible factor-1a transfected bone marrow mesenchymal stem cells. OPN: osteopontin; OCN: osteocalcin; BMSCs: bone marrow

mesenchymal stem cells; HIF-1a: hypoxia-inducible factor 1a

Figure 5 The effect of HIF-1a on the expressions of OCN and OPN in prevascularized osteogenic cell sheets shown by Western

Blot
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