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Abstract
Alveolar bone resorption is the core pathological link leading to tooth loss in periodontitis, and its
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functional regeneration is the focus of clinical treatment. The effectiveness of traditional bone re-
generation techniques is often limited by the host’s self-repair capabilities. Growth factor therapy
provides a new approach for alveolar bone regeneration by precisely regulating cell behavior and
the local microenvironment. This article systematically reviews the mechanisms of action of key
growth factors such as bone morphogenetic protein, platelet-derived growth factor, and fibroblast
growth factor-2, as well as their applications in alveolar bone regeneration. From the perspectives
of in vitro experiments, animal experiments, and clinical trials, the efficacy and limitations of single
factors, composite factors, and applications combined with carriers are analyzed, and the clinical
evidence of marketed products is reviewed. Furthermore, the specific mechanisms of growth factor
controlled-release technologies and their pros and cons are discussed in detail. A comparison of the
clinical characteristics of different growth factors is provided to enhance clinical guidance. Finally,
the challenges faced by current therapies in terms of concentration optimization, delivery systems,
and safety are discussed, and future directions such as multi-factor synergism, smart material de-
velopment, and personalized treatment are proposed, with the aim of providing a reference for re-
lated research and clinical translation.
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1. 518

5F 9% & — P LA JE SRR SR KR AE (08 1 S e PR, L AT P P A WA T B 1R
W EBEEFL] [2]. &BKVEHEN, EEFEREERREELR, HALTERG W RIUEMH[3]-[6]. 4
G IR TT BRSSO . PRI, (B0 T Ok R, HRThRe e A RE oA R . 5l
FHEH L F AR (uided tissue regeneration, GTR) B # M S5 A& G AL T B, RUR 2B . A 4EHE &
MR RESE 2 R BIL[7]-[9]. Ik, K JERENS 5 h i85 F AR I FE A0 3T BRSNS e T

WEE BRI R R, BT AR R T R DR H e B T T M AR A R T 4 32 v . AR KR
R—RNFEEESEA, EFKE . RSB S IO M 6[10]-[14]. SMEMERN R E K
R, AI IR IR R E S, AR A RS B . RSB E RIS K 72/ AT
REEER, EAREEIA LI S IERUEYE, RGLRRHAE NG B DR TG BREE, DA AE SR
FARMESF . DU Jext F g i AR b OB AR K R I FIL I EAT VEGH I I

2. FEFBEPRBOEKETRAERNE

FREEEAR AN ERNAED AR, @R R A SURTE, RS SRR, 2
MPpmFEZ5. ShBOA PRI S IR . 5 I AR LA EI [A] EAHEE S )
At L RS ATE AP B 1005400 L FSOR JR B AORE S MRS s, B R RE B R AN A S A U Y
AR BL,  BEIMTRL I 2R 2L R RSB B iRl B U S B SERUT R B H LA G A AN
HREIE N o AEIX—BIASHEREF, 228D AR 2 PRI 2 B ORE C J A P 1 H B R L 4T
e RNA 7 A
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2.1. BUEKETF-p BRIK

KRR AR A, TR SR BT S R SRR T, AR E 51
SHRERICRAR Y . Hd, B RAEE D WEKEME M AR K E T4 WS T R E PR O
i EcE
211 BRSREER

B 4 & 4E 5 1 (bone morphogenetic protein, BMP), JLH & BMP-2. BMP-4 f1 BMP-7, # A\ N
SRAL “EIER” BT BAITRAIMNE BB RO, AMYEEE T AR, R E R B E R
SN F[15]-[17]. BMPs B AUM . Ao i /NG AR Ak 14 2 4 i (a4 ) 7 A R
Who FERT R, MBS A BT & 2 5T R R BMPs, AR s Ak A, SR 4R 18] 78 5T 4 i
(mesenchymal stem cells, MSCs)FH 8 Hil {4 4 il 2 453475 Az o HoAz O FH AL A G I 55 20 i e i) e e
| AR N R 22 G R 5 RIR B AR a5, T ARG, ShmBOS a0 A 2 M) Smad HOBHUE 5 I8 %
(Smad1/5/8). BEFRIL Smad & 5@ Smadd i, TERESRESWIFRNA, B G E T
EHW)ash X3k, J8aifiE Runt #1536 [KF 2 (RUNT-related transcription factor 2, Runx2). Osterix
(SPT)TE N ) — R 5 B S B 3% I T A 2295 18] [19]- Runx2 MM N 7046y “ ETF7, mlt—5 i
PERRPE R R . | BRI HES R A E A S RE R BRI RIS, TR S) MSCs AN AT i 7] A%,
B ARSM, FFREEFRRNE R S ESEN 1. A, BMPs 7RIS W p38. ERK. INK %
MAPK 3@ . iX26-F Smad ¥ 5 Smad 38 B A7 ESE O T, L [FIRE A R 42 il 70 A i HERR[20] -

2.1.2. HBUCEKETF-p

Bl KK -1 (transforming growth factor-g1, TGF-A1)42& M3V 5% e e B F AL th i 5o ) 2 A
BREAEAE T MR o ORI B )5 o, 7ELH 340040 )5 S BDRE TR 55 BMPs 585 5 /AL A AN R, TGF-
BLEAGR—A “HE SRR BT, BBl a0 KE T g 524 | MEAEKET g 2411,
T EHOE Smad2/3 B . ZE s R E MSCs. JCE RTRGH . R ET 2 20 B AN 2 R AR B B S
TR, R SRR R 2L gl < JERE” [19]. AR, TGF-B1 REs@ 7l | BURIR . £f 4k
5540 M /1 JE 5T (extracellular matrix, ECM) o & %,  4b R 5 A S 2a0 (iR b 3-8 = 8E . ek
Re L IAZH 234 I 2 I R R R RIA ik T 4 e B R e, AN RUE BT R ) ECM, B ik e
FREAR[21]

2.2. I/MRETEEKEFRIE

I /N AT AE A K Rl T (platelet-derived growth factor, PDGF) /2 6145 i & i #2 v g OB s A K 72
—, FECRIET MR o BUORL, MEAMEGIIEREGN . AN BoE A it B = Ak [22]-[24] . PDGF H
TR FE — SRR (AA, AB, BB, CC, DD), H:H1LL PDGF-BB A #) 2 i MR ot W AL IR N[ 25] -
PDGF-BB #iff N “Re IIRIF7 , HZOAEH R AALUEE “BaIL” . & 540 (4 MSCs. BE A A1
M. RRET RN MY . I R A0 A ) 3 T AR I/ AR AT 2B 2E K TR T 52 44 (platelet-derived growth factor receptor,
PDGFR)4i &, 51Kk %A RS BB, #hMEEEIFROE Nif 2 M5 Sleg, T EaRERIRNILEE 3-
TR/ 0 B (PISK/AKL)IE 2% A1 Ras/22 2 i i A6 85 B (Ras/MAPK) i % [24] [26]

2.3. BAHEMRE KR TFRE

B BT 4 40 B AE K 5] 1 (fibroblast growth factor-2, FGF-2)7E R B E M BAE R . &I A ET
B R MEAN Z FhAH L) ECM Hh, S8 I b5 5 98 T 25 25 1 SR &5 6 i A7, 7 AL 340010 I A R A s B R A [ 271
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BEEE &

FGF-2 8t 45 &AM B AT AEAN A R TR 7 52 0, B T il 22 2 5 5 38%, L b Ras/MAPKI/ERK Al
PIBK/AKE 38 it /& SR AL WAL (1) E B [27] 0 AEARE R, JUEF R WA P OB, s
VAR FEE T e B 2 AR [28], $R H N RS T

24. BEKET

I P B2 4= K Rl ¥ (vascular endothelial growth factor, VEGF) & 124 A1k R B s 5« B o i I 4F
B o B PR AR A v P L O R I B, OB AR IV AN DA U FRAP RIS, B R AEFA P ) T4l i
FAEKRF. VEGF Bt 454 % W A=K B F 52 44 (vascular endothelial growth factor receptor, VEGFR),
WS ERK. PI3K/AKt S5l i, 58 R 2 A G 5 . TR A3 A A @ e g i, 32 S8 AR A (1)
TER[29]. VTR TOL RN, BeE AR S TR0l B %1k VEGFR, VEGF o EHAEH TiX e, @
ok B 555 53w 77 RAREHGE R . AFIE M — @ REEI 704, #8717 HAE B P A vl It A AR ) 22 3t
fERI[28].

il 2 )53 57 42 ) (enamel matrix derivative, EMD) & W& 4 IR i S 1) & S Rl A (. Rl B 1 SRl R i A
HFRE Y HAE LRI 2%, )R 00E T — AR T 7 AL A« fs SRR 5 7 [30]
EMD ReM Bt T A ML, VRt A IR 5 . SRS, [FR 24 & bR fR AT,
N A H LA B F A 2 (B AT (A1 [31]. B RET % 2 A IR A K A7~ (f TGF-4. BMP-2. FGF-2) K H 3%
IR, 20 ECM . th4t, EMD i& BA S R MG Bl TR [30], BEFERIE R A~ (IE AR
18+ o MIEIRFEA )7k, AT T «B ARG 7R R = be], S ik & 40 favs 1, AN
Bl —MIRHRAE . (RE R R EE[15] [32].

AR SRS OO RS, SRIE T AL AR 2 E#E MSCs, £ FIRAEKREFRERBF T, 6t
I BOE LR OME SIEEE, I A TRt R B AR, SRR A AEYE TR A, X T
A AR 3 2 iy P A ) T 4 i 2 Al

3. £ KEFNRANMSTIERES AR

AR SRS % R ILENIG RIS, 75 B2 P P 8K R 2 IR I A o A R AT 22 4 14 (1) 4IE
P50 R R M\ T ER BN S I . MRS B P (38 4 2 IR A A i S 36 8 7 L BE AR PR A 2 RS AN 31
ML Bk P SEE7E 5 B0 AN AR B B 4 5 B F AR g A 2R B AR R mT AT 1 A U RN 0 22 4 itk
R ZGER EAR BT B IR RS, AR B ERAR T . BT AR SRS . HULFEIRE, T
SEARAE AR T S EAE B R R R S e ARk SRR, WEARE AT R T 2 AN U7 K
AL RS, BRI AR AL I AT A SOR i ORI
3.1. {&5hScIdiEHE

¥ PDGF-BB ¥, FGF-2 5 7 J& i1 41 Jitd (periodontal ligament stem cells, PDLSCs) L84 5%, W] i & F+
G TE 5 IEA% RE J1[24] [25] [28]. BMP-2 AR IUIRE R LB BERR TR 1 . Runx2 R 85K R0k, e
B AT, R SEH R SCE 5 S YE[15] [16]. WL AR SIS B, BIE T PIBK/AKt.
Smad £ SIS 75 A T IX LR IR

3.2. BhISELIEE

BRI (W R B . EUAE R B J B SRS A SR it AR T RGeS (36 1) RERN H #E 4N\ PDGF-
BB (recombinant human platelet-derived growth factor-BB, rhPDGF-BB)ft A AL i3k 5 i« F JE Bt S 4 Al
A [24] [33]. rthBMP-2 HLRCE BE /1 0%, (EAE S S8 o 7R 52 3 vT 68 51 kD 2 M 5% 57 A7 B AL I X
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K:[34]. NIRALIT %, IR EZHERKRE T HEMAKLEE. B, ¥ FGF-2 i TLEA4ET WL, FIFHE
P [EIAE F RS B0 A ) i AR B8R [35] o SR 7 M-I R S 2R S B BMP-2 5 FGF-2 17 BURE IR, 4l B4R
AR, HOF AR RO T B K Tl RN R 4 [21] . HE T B AKRER B 3D AT B AR HII% R G, Nk
AR KB (i 2 AT R OB R T BRI 71 [36] .

3.3. IaFRIRIEHESE

3.3.1. YIBImAKITHME

I RAE 0 1 SEUE S8 1 MR Rb 78 AR R DR -0k 2 A AR R E AR o 9, — 506t 32 4511 5F i) ¢ JE 2 1)
WHFtRoRs, EMRERE, SEImAEFoiEAE & 844K R 7 (PDGF, TGF-8, VEGF 45)i] CGF
5 EBHEMERREY, SIRAMENEBHEME . K56 4 HEITH A CT (cone beam computer to-
mography, CBCT) WAl &3, CGF 47 188 & FE P38 ik 5.70 mm, -8k RE R miA 87%, BEMRT
XFHRZH[37]0 X BLHE B T J0 I 52 i S AR K IR Ik B, AT DL 35 3 5 F R R AR BR T

3.3.2. B AmEIEEKITESR

A AR A R = i 7 P A A, FE BRIV R TIRR, AR B T S IR RS SR

Emdogain® (EZE MRS N EMD): £ IHHLN BGRIGIESL, A Bhia 7 o B i St i 55 46
I R B 3 SR A3 AU 2% B 78 [38] [39]. i, —TRBEALIG RS AR, X TR >3 mm 15 A & Ak
1, EMD HHEEST LEIG KB G P B IMFIERIS TR By /b 75 T R 35 A T3 B4 [39]. S — T R Lk 1k
B, EMD 15 5] 3V 20 2P A= AR TE RS Il PR Bt 5 7K 1 J7 T AR AR 4 [40]

GEM 21S® (¥ rhPDGF-BB 5 p-fE —45): — WM Z o0t Fe R, % Wity 4 i 6 6 4
V5 e KB 3G 2 A S AR 2 B A T Al ) B-i IR =405 O R [40] 0 AT ) — TS 25 itk — 20
ESE, rhPDGF-BB iA77 A2 B I PR B K1 RIS TR AU 27 78 [33] -

Regroth® (% rhFGF-2): fEHASKILH T F A A, ZF T ER, 0.3%IKEN rhFGF-2 55 B W)
W B FH AT A R I L LG, O n] B35 s P R SRR ST, Rl R AR TR R AR
H B [42] [43]

W4 A=K B (concentrated growth factor, CGF): 2y B &K U5 11 2 BRI F- il 71, I PR 72 S 7 ] 3
SRIF R A, Wb N BRIR E[10] [43] [44], 5 Bio-Oss 25 R AE MRS A F I Ak T A
[45].

FoAt = 20 Infuse® Bone Graft (75 /=775 rhBMP-2)7E [ s AT (Wi 8 7 s AR A7« 2 FE U 38 ) 45
JSERE R FH o I PR 5T SR FL B S IR R B T R, ABR S IK « JRR &5 JRE S N R AR S, AR
G, BRI T HH R [46].

TG R B TS AR — R 7R, HIT RO AR ZE e SRR AR ROR R . ROk R 2
WLV BEV K IR PRI FL, 30— A AN R A K R IR R R B O R S 22 4k

4. ERKETFEREA

AR T IR FaoE 5 LR IO ST R RTT 2805 e AR R ORBEA T . H AT PR SR
YA, AL S SRR, % B RA AR BEARNE m 5 B R R [12] -

PRI R SR AR T e TR R BRI B ORI B AR AE 4
BRI BRI B KRR 55 [12] [48]-[52] i SRBE AT M KL e fift 7 O FLIR E5 44 SE LR 7
R BATEARRE . SRR WA RRE G s NEIRS . R, 120575 5 LR SR
PR, BETREh o2 s LORS HE TR, TR € VIR T I Bk Ak [12] [49] [52].
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Table 1. Research on growth factors for alveolar bone regeneration: data from animal experiments and clinical trials
= 1 = KEFRTIESEENMR: LI MIGKRIRIEHIE

ARKET WA I 5] 2 Y TR

TR A 5. PDL A RSB T A
2%/ PD fil CAL [33]

WD T E T - EANE; (BB DhEENE PDL KRR £F4E;
21 KJ5 PDL WL VK S 28 1B 10 76% [24]

6 AN F INH Il PR B 2 48 25.(2.6 mm) A 75 (57%) 2 A0 T iR
ZH(B-TCP Bl ) [41]

B3 CAL. /> PD. 18D FRIB 4 (REC).
U 2 TR (rBF) A 2R 1 38 25 (rLBG) [33]

rhFGF-2 5 DBBM BA 1 A BT E K& . BHrdE
SWISEES  ERRS R 1 BEE N BT AR EIIN W rhFGF-2 B 4L R G = 25 A
HeFFGE ST, HIUFERRIE, AR E35]

rhFGF-2 5 B AR & 15 1 rT 5638 oo F JA S i i 3 78
Il AR IR 56 Meta 73 #r K, FRRRAEFEREEHAEN™ESRRT; 0.3%K
rhFGF-2 J2 I PR B FH R4 37 IR B [42]

BT ELAR R T SR 7
BT KA e
rhPDGF-BB

ARG £t RCT (180 18 P BiLds)

I R 36 Meta 43 Ht

rhFGF-2

FGF-2 5 COsAp Bc& M, Rt T H. PDL fiZf
FGF-2  ZWsist AR L BEE s iill  HRME4, H FGF-2 i 1 COAp #HTE BRI HE,
A BT 2 e BB AT A AR B B [47]

EhsEi EURS R R GRS R BRI BANMIERE S, (A G XK [34]

rhBMP-2 X ; N 5 RGN, BRI S, R
(& ; Kk it s o - *
[ZSEC N S e Wi 1314 ), AR K 1L [46]

XA >3 mm KI5 A& A, SRR & EMD
1BIT, 7E CAL Bin(3.9+1.1 mmyvs. 3.0+ 1.2 mm). PD J&/>

i AR5 RCT (46 ) (4.0 £0.7 mmvs. 3.3 + 1.4 mm). JEUH 3B 27
(3.0 £ 1.0 mmvs. 1.8 + 1.5 mm) & T 5 R4 [30]
EMD EMD 3% CAL Fil PD J7 TSR T B A FH IR AT GTR;
I AR e Meta 7 £ EMD W8 IE B A4 (0 DBBM) AT #E— 4521 CAL 12
A1 PD ¥ik/>[40]
R Meta 47 3% CAL. PD. REC, 4} rBF #1rLBG, {HARESET

rhPDGF-BB [33]

7E: rhPDGF-BB: B4 A /MRATAEAKET BB; rhFGF-2: 4L A Gt i eF4egn i KR rhBMP-2: BEH AE
KRR 2; RCT: BENLXIRIRLS; REC: FURiB4; rBF: MINBUN A EIEHTS; rLBG: LMEas, p-TCP: p-Bfk
—45; COsAp: TRIERELBE/KA; DBBM: REASLHT Y.

M2 SRS I A B A IR B IR BRI B N 38, 1 ks BMP-2 AT A ki i i v
MR B AR AR 35 i 7 A TSRO A A AR M AR e 5 IR — LR oK R T, RS N Ak Bk h, eIl T
AR T B TERE 5m SR O S B A R S I RIS, B 1 %48 BMP-2 FORE AR5 R H
[53]o LRI IFRE B 35 SEA A A TR 578 Joj 1 POt B IS TR, BRI R BE 9 AR g T % o (HIHL R R AE Tk 22 S b
ARE I AE KB TR A RS A YE L, Bl T2 A, HEBSE Bl e, Hah s
18 X 5 A R AORE T 5 5K 2 B T REAF A2 Z2BE[12] [53]

SR WS R DU R P A0 933 T B R S P A LA R SE B AR IR 7 R B 2 ] PSR e A A A oK
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Rix$ BMP-2 (K188 F IR B AIRF S0 AR 2R AN 0, T BIRESOREBOMIN PRI RCR 121 1 BMP-2 7E R 6
A Rk FE AR EPE[52]. ARTT, SRAN RGN BON R, MARCRATREZIR, HAH AR FI 5 75 R4
W, DA G PR e R R T SRR T

5. £ KEFNRANHLESESIE

JOERERK B FITERT s R, (HFIG R R A 7 AR A ARG RO . BB RIE 5]
AIEESNEE, SRS A SR TT R

ZITIEAT REAERE — 8 IR G HERIE . ARG RIE [ SN H WL, JEHRAEAE FH 77 & rhBMP-2 B, 34
Sy FEE AT R H ISR 0 2 K | R R [ 14] [52] [54]. HR, AL E LI S5 BMPs RN H
R Sl e e R A FH AH DG [34] [52] - 7 B A v 7 v AR IR (9 B P AT e T 28 R s 1) I o i
HE 51 R R EDE[12] [34]. S8 2 AR AR AR 7 (0 S 8 JE MRS, /N0l A3 T mT g o B0 Rl i e 72
v RE[54]

BT AR NBE PG P TR MG AN o I Bl P P g B B AT AR DGR S, T L b R e A
JigeE ) R, R B G, DA AR DR SR B R 2 B PR S B [54T s AR ) 4 B 1 x5
W YE ST A SR, 9 RS S AN OB PR SR, L B ER B S I A T e R I R S S
AN RIARE[55]: HeAt, WA o i i e A L A0 s i 4 R D e T ) B R e i P AR RO, s R R
TEYRYT BT BMH[55]. BT8R Z 7070 1 22 A M 5, 0] Bl L R ) L B G A o 6] P AT AT B AR AE 2
SIS AN IE H[14]

R, FEImPR B AR K IR FI7idnt, ST &1 . RENE S 5 RIIEE, 5EERSWIEIRST
(TR 7E G 5 TSR 2, 78 IR RE b ) 2 BCIE MR RIIRTT 7 %

NEF IR RE, WREGES. ARG AR, MEIAE S K B SRS 51, S A S
]2 ) BMP-2. PDGF-BB. FGF-2 #HT T #[axt Lb(WL 7% 2).

Table 2. Comparison of clinical characteristics of different growth factors

= 2. FRIEKEFRIIEREFERTEL
G NSRS JREREST IR=ER 4] T EE IR L ERS SR PR

Mo WUE UL s, it 0 VEGF AP WM SRAHE. FIREE
TR S MSCs [ o B EYVE VEGF AU HBME R WA FALE A FR[EIE.
by e d MOC BN s ket MR AT RIS 52

WAL VOEEH wae, mtkseE . SRTEENGE. . KRS WK

gg%ﬁﬁgﬂm%ﬁﬁﬁmﬁiﬁﬁ¥c L ey

e, EELELE K

Mo REEIfeHEMEA FRANGEEA: THE

. LI S
HEEAIARAR o ormm e TR W, R R RRAIR,
AR, N AT I I e g bbb

PDGF-BR MMM S WRGERS, BHE . RO A JABHEME
A, ey o e KWt g
S HRT o e BB TR I A pEm e ma,
s MR EES L%, . PR

& = ==y 2%

s, et e IR SR T e g o,

Y fts o FEH A B ESZ };J ﬁﬂ*ﬂ(%g H %E;F{t L pds ) NN

e HAHL i MY kR R

AR A KT A BB PR, s R EADE
FOF-2 ARl 2 FEEEA FERHERH) R,

T o o eret A LRI T e

fiﬁﬁ%m%”ﬁi%ﬁj\'ﬂ:o j‘jﬁﬁzrﬂr/\%\E'f/\m'f/\ o MI\E‘ch jﬁgx:k = H]MAZ:{%EZ 'Tﬁ)zﬁ 3

BB AR HAL
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6. RESRE

AKRTFIES SRR TR o AR O, R R FAE R R S
BEER . MWFEREHLEIBT B Wk IR 46, L EMD. PDGF-BB. FGF-2. BMP-2 Z AR E KK T,
HAMMES 522t O R 2 SR S8, A KB 7 iR I R e A AT T s T 25 2Bk

B, BT Z RS PR, AR KR TR KR A2 HLS TR MR T AR
IR, VRIT AR 5 2 BB AR 2 R 5 SRR . OB B, A RAE KB T HAEE S 2R HE
FEPUB PRI, WA AR A B R B A RN 2N TP HRUA R, ESCILE AR R K
PR EER A . R, Bk RENEBER AT ERKRETIEREM RS T, RN 5% Ew
FTERR, 4% SR A AAERT I ZRRE )5 BRSO R 0 1) 7 o A e EL AR AN A58 o 7 2 )3 B 44
N RE KBS« AR B A4 3D HTENSZ 28, DLSkBlAE KR FRIKRL. fae S rmisis, =R HTak
Sz e ocs . 1, Kt 57 R80ndiih G a. Mo A KB (nm & rhBMP-2)7E B ]
REFEREAR I . AL E A R, HAIAAE Y2 et R A B A RO TR a2 it ™. BEvy
JE BABE Kl PR 50 0 CABGAIE s 75 S R G T RO R R

JREEAK, ME MR CL R . — 7, SRR 2 Fh AR K R A S AR A R K E AR R L
i, R HAGMHK ARSI, KERA W EEEARI “ 2R 7" o 5—J71H, it
GMRLE TRESEMZEINE, BT R — R R A a5 TR R G . FR, AR
HEBERAL R At AT, BT Z il . REEARRK B SE, REGVEMAEKE 785 4. /)
DT ERE N AR Z e S/ ANE. ih, EEHEEREEWE RS 5, FHRTHTHESME
WIRIT I AEIbR W, HES) R B T AR RS AE R T B UK R
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