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I ALP 3K RV A0 2575 40 o R 2 A T 408 T Fn A AE B F 19 7K. LY294002 410 PI3K/AKT i 5, FFF%
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[Abstract] Objective This study aims to explore the mechanism of carvacrol (CV) in regulating alveolar bone repair
in periodontal disease. Methods A rat model of periodontal disease (P group) was created by ligating the first molar
and injecting lipopolysaccharide (LPS). A control model (C group) was also created. The treatment models received low
(L group), medium (M group), and high (H group) doses of CV hydrogel. Hematoxylin-eosin (HE) staining was used to
observe the pathological changes in periodontal tissues. Immunohistochemical staining was employed to analyze the ex-
pression of collagen type I (COL1) and Runt-related transcription factor 2 (Runx2). /n vitro, the rat osteoblast cells were
divided into C, P, L, M, H, CV and CV+LY294002 (CV+LY) groups. Western blot analysis detected the phosphatidylino-
sitol 3-kinase (PI3K)/protein kinase B (AKT)/glycogen

(s BEA] 2025-02-12 synthase kinase 3 beta (GSK-3p) pathway-related and os-
[(BEIMHE] 2023 Ej}:?liﬁ MEFTFAET IH (YQ2023C016) teoblastic proteins. Quantitative reverse-transcription po-
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com sion of inflammatory factors and osteoblastic proteins.

lymerase chain reaction was used to measure the expres-
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The alkaline phosphatase (ALP) colorimetric kit and alizarin red S staining kit were utilized to assess osteogenic ability.
Immunofluorescence (IF) was used to detect COL1 expression in osteoblasts. Transmission electron microscopy was ap-
plied to detect cell apoptosis. Results CV hydrogel alleviated periodontal symptoms, upregulated PI3K/AKT/GSK-3f3
pathway-related and osteoblastic proteins, and increased the expression of ALP and the number of calcified nodules.
However, it decreased cell apoptosis and inflammatory factors. LY294002 inhibited the PI3K/AKT pathway and de-
creased osteoblastic protein expression, ALP coloration, and calcified nodule quantity. Conclusion CV hydrogel pro-
motes the proliferation and differentiation of alveolar bone osteoblasts by activating the PI3K pathway and inhibiting in-

flammation-induced bone resorption. This study emphasizes the potential of CV for the treatment of periodontal diseases.
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TN AV RSB AT RN, A4 A Al
Wk, U shEE BB, JFATRES I ke B A
K N>, & AW (carvacrol, CV) JE—Fi M H
BRI R O B E A A, RHOR IR
Z . WU RR B2 Ve 45 52 N, pF s
XU, CVAEAZMEY FRE, WPtk . BlA.
réa A e AP E . BEIIESR LB, CV XA
HRINK B (Porphyromonas gingivalis) F1H A%
BRI (Fusobacterium nucleatum) 255 J& 9 &
s JE AR I W E A RIAE R, T RE A AR
B 3k SR PR A A VR T A T 98 0 T AR A
2

S CV TEF Ji 697 By v 1 & W A ik
52, AHJLAR HE 2F R 0 U8 S 0 EHARBLE] i ok o8 4
BT REAE CV 7R e A (A a4 i3
a5 Akt E A R DA . BEIRIEAL
Fi 3- 4 I (phosphatidylinositol 3-kinase, PI3K) /
FE 1 B (protein kinase B, AKT) {551 [ 7E
MR A, TR AU SRS S T T AR
FEEAEHD, FROE TR U CE i MRS 5 5 e
BEAN, M A RN LB 3B (glycogen synthase ki-
nase 3 beta, GSK-3B) 1F A iZ il i T i 1 5C 5 40
M, TERCE R R R E R

ABFSE B FETRT CV 8 L 417 1 i 1 4 B 3 1
5 8 T 20 M T e AR 2 8 R B8 R A 1 I PILA
R, AT TR RS R R, A CV XT
TR AL B G B 5 R g Aoy PRSI . BAER
TR B PRIA T S AL T A AT R SR

1 #MRITTIE

1.1 FZH R
CV (99%4lifE) (pd 5t H 5k EMHE AT RA

osteoblasts;

phosphatidylinositol 3-kinase; lipopolysaccharide
H) s IV IPEE407 (F127) . ISV 188 (F68) .
BN EEH L 4F 48 K (hydroxypropyl methyl cellu-
lose, HPMC) (Sigma-Aldrich 3], FEE); KR
W A ROS17/2.8 (ALtdb A AR JRZ
B¥ (lipopolysaccharide, LPS) (Jb R REERHLH
FRAT]) ;s b2 A ) BUS 7 AR e (B2
HIAREFA T, EE); CCK-81k5] (MCEAH],
) RMEBERL (alkaline phosphatase, ALP)
et ARG BUE e e g il e (b
38 = RAEVBARARAF); LY294002 (Ab-
Mole AH], 2 ); &b DMEM Ki3R3E (K%
CHEYHEARARAR); HREAM, FRR-HER
(Gibcoswl, £ ); —Ht (LTI KEMEARA
AR Zht (RICELERAEYREARAA);
EEREMEE RN (ElEA TAY TRA R
UNGIDR
1.2 BRI S JE SR ST

EN M TG e 3 NS = A

ARSI UE i]i

fdi 4 FA % . PR EE7E 180~200 g (1 BT SD K
Bl BRXTHRAL (C4l) Ab, FrA R BRI LE R RR
STEEEIFRE, KEMPENE EESLR A F.
et 28 JE A A U0 1 5 — P A ] L) A N T
KIS BfJE, FHEAR 0.2 mm Ay IF B 22 25 FL XU
AR — B B B, B ORI R 22 58 A 3 PR
o SRJE 1) F AN I 20 L LPS, @ S5 4Lk
BRI R, LS4 . FURLM . R
I J] 42 1Y H 90 3 Y ASE AL A ST it dR S —
NE2TE 7/ 1= S 2L NS B o T T B e
H M5 40 (sulcus bleeding index, SBI) FIHRIZEE
J& (pocket depth, PD), Jfi#kif A bR K3
VI 2 e AR SE I % RN sh W R BE 1 5 051 A 4250
R DR B0 0 5 A AP
1.3 RIS o 2H 2R 7

W 32 HOLgs 5 2 Ji A 1Y R BRSE B BE AL 0 hy
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440 (BHSH), AT, 1) FARHA (P
). TEIMEIT; 2) MK CVIKEER 4 (L
Z): 2.5 uL/mL CVIKEEE; 3) Hfl&E CV K
BERCA (MZH) . 755 uL/mL CVKEERR; 4) &
Rl CVIKEBERCA (H4): S 10 pL/mL CV 7K
BERE . HBEXTIRA (C4l), AHUTfTAbEE, R
S5 HA A — 3

# F127., F68 Fll HPMC 43 51 ¥ fift 75 25 & 1K
o, T EE R 30% . 10% F12.5% HIVE TR . F&
F127 : F68 : HPMC=7 : 1 : 1.5 (YR Lt 3 Fist
FIFEMIRA, RG2S FKEEE™, B, m2s K
BEE N AR TRARFL G Cv, il 4 3 Rl B g CV
IKEERE o AW FE 24 AT AT I 2 E S K B8 M 1) 45 24
ik A RE R A R 2 ik s, HES ik
XPEER TR R . FHIER WA, A
TR G2 KB AL, DAdiZ b se i A Al

Zi4LaM)E, RBRIEWT 22, XF R C AAM ir
A, B 2 UK R A N ST 50 pL AR 259,
Frgk 4 Ji . A8 2 ki & SBI A1 PD. SBI W4 i
WEV R 4g, BARMT . 1) 043 Joiliif; 2) 1
gy B2 BUSRIE; 3) 24 W2
Lkl 4) 34y H2Ja B R YA B A
KWL 2 LR R O SRR T A TR AR
AT 2, 0 s At @ Al i i i L
g, a6 M PD A,

1.4 OEAWZEHES (Micro-CT)

AL REALERE 4 RO, BOHL -6 Al
FEATE 4% 2 R E b e, SR 31T Mic-
ro-CT 4. FSHLE . FHFI200 pA, H
JE85kV, @WASAH, 43P 10.153 741 um,
BE G [H] 384 ms, 44 A1 BE 180°, AL HYFEAS
PRS- 1 A8 38 K2 AU A LAG 24 T 54T
1.5 81k

SyES BRI, [ BES A, TR
AKGE 4L (hematoxylin-eosin, HE) & Fil 4 %
Zf 214k 2% (immunohistochemistry, IHC) 4 {f K5
T AR (collagen type I , COL1) 5 runt A
Fe#E T 2 (Runt-related transcription factor 2,
Runx2) . 7E @B N4, FHUsE ol
%o,

1.6 Western blot 7t

I i 20 2 AT S I FH TSR B 98 DL TE 43 B 2% o
T (R 1% 7K B 088 5t 60 1% B AR BRI 1 57)) Ak
B FE4 °CEAFF LA 12 000 r/min 8.0 10 min, &
6 FUE W, MR s bk R R O E R TR

BEE S EREGE R FBER £5 22 i (phosphate
buffered saline, PBS) iR-& 57281, 7E 100 °CHl
P10 min, L b E BEAR TR A - SR DR T M M
H K (sodium dodecyl sulfate polyacrylamide gele-
lectrophoresis, SDS-PAGE) 7 &, 457 2] R Ik
. L M5 (polyvinylidene fluoride, PVDF) J& |- .
F 5% BEAR A Wit 2 h I, FFBEAE 4 °C& AT 5
—HUEE LK, RIETEER (25°C) T5 9k
H 2 h, #HAb2% %t (electrochemiluminescence,
ECL) Il 8 (1 45k T i Ak, JFAl A2 &0k
AR 2 85 1% . Western blot ¥ U 6 45 . p-PI3K .
PI3K. p-AKT. AKT. p-GSK-3p. GSK-3B. B-ca-
tenin FUSEAHOCE H, FHUIEEREE (osteo-
pontin, OPN)., ‘H{##"% (osteoprotegerin, OPG) .
COL1HIRunx2. &5%L) B-actin N S ThRELL
1.7 i s R A WS SV, (quantitative real-ti-
me polymerase chain reaction, qRT-PCR) 43#r
i FHl TRIzol I 42 HUAL RNA, T 436G
TH R B J e Wk, I sk i cDNA . 2K H qRT-
PCR & KB A R4 21H COL1, OPN, Runx2,
OPG. ALP. H#Mi/r & (interleukin, IL) -6,
IL-1B. % fLHE#-2 (cyclooxygenase-2, COX-2)
FEE R FE K T o (tumor necrosis factor-a, TNE-
o) BImRNA X} FRiEE, DlB-actinfEhNZS ., &
MHEAEZ 6K, K2 LA AT FRIEE .
qRT-PCR JIrf 51 ¥ F 4 W3 1.
1.8 CCK-8 i e 2 /i S 56 45 2 v S
RSB A0 DA B O A 2 T 5x10° N R T
96 fLA (4EFL 100 uL), 7£37 °C. 5%CO, 51
THiFE24 h, K5, HEAARWEE (0. 50,
100, 150, 200, 250 1300 umol/L) CV F¥ 15774k
B, 245, BEREREFRE, AR
AA CCK-8iHA (1 : 10Fk) Hrgtfii st (&
fL110 pL) . fE37°C. 5%CO, &M FH: 2 h, fi
JH T 3G £ 928 1 6 000 22 AXCHE 450 nm &b U 455 1 %% i
(optical density, OD) {H.
1.9 4 s 5% A AR S A
K BB B 40 ROS17/2.8 7 155 B DMEM 3 37
Frh SR, BRI 10% K2R LG (fetal bo-
vine serum, FBS) Fll1% & -f8 %K.
1.9.1 20 dehs 2 2 24 S
LRI T . C4l: ZidE3R3E; P4l
1 ng/mL LPS; L4 : 1 pg/mL LPS+50 umol/L CV;
M4: 1 ug/mL LPS+100 umol/L CV; H4: 1 ug/mL
LPS+150 pumol/L CV,
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Tab 1 qRT-PCR primer sequences

NCBI Reference Sequence A 51 (57-37) K /bp
XM_006253120.5 ALP F: TGCACGACAATCGGGATGAA 20/20
R: TAGTAACCGGAGCCCTCACA
NM_053304.1 COL1 F: GGTCTTGGTGGTTTTGTATTCG 22/21
R: AACAGTCGCTTCACCTACAGC
XM _017596552.3 Runx2 F: TGGCCGGGAATGATGAGAAC 20/20
R: GCTCCGGCCTACAAATCTCA
XM 063272870.1 OPN F: CCAGCCAAGGACCAACTACA 20/20
R: AGTGTTTGCTGTAATGCGCC
NM 031512.2 IL-1B F: GCTTCCTTGTGCAAGTGTC 19/19
R: TGGACAGCCCAAGTCAAGG
NM _012589.2 IL-6 F: GTTTCTCTCCGCAAGAGACTTC 22/20
R: TGTGGGTGGTATCCTCTGTG
XM_063287055.1 COX-2 F: CGCAAATACTGCAGCCCTAC 20/20
R: GGATGTCTTGTTCGTCTGCC
NM_012675.3 TNF-a F: GGGTGATCGGTCCCAACAAG 20/19
R: GCTTGGTGGTTTGCTACGA
NM_031144.3 B-actin F: CTATCGGCAATGAGCGGTTCC 21/22

R: GCACTGTGTTGGCATAGAGGTC

1.9.2 LA PI3K 3 410 il 7] LY294002 %1k CV £
YEHI ¥ Bl

SLESrHAEN NN . Cdl. dlikEgREE; P4l
1 pg/mL LPS; CV4l: 1 pg/mL LPS+150 umol/L
CV; CV+LY 4 : 1 pg/mL LPS+150 pmol/L CV+
10 pmol/L LY?294002,

1.10 ALPFIFHZRLLS YL fn,

4 g LA B R A AL 11054 P T 6 fLAR P .
G 2 80% BT, B A R s 4
MeE R SR, 7 AR T ALP Yl X R4
SyLa, ANfERE R 28 d 4 UL i T e £
1.11 gRT-PCR fl Western blot 5347

qRT-PCR Fil Western blot ) 77 % F148 b5 5 4 4
2,

1.12 BY 7 B 53%8% (transmission electron mi-
croscopy, TEM) W%

X B R A A MR TR SR, KRR
24 hJF4r A C. P. CVHRICVHLY 4. FHIEEIEG I 1L
A, WEIFHIPBSUE3 . SRJE, 2% I —
&5, 1% WALk S 5, 3T Spurr 44
ferh. f&Ja, FAiiey] i Jf7E TEM T gE .

1.13 P9t (immunofluorescence, IF)

A LA B R B AL 1< 10° A0 I FE R0 T 24 FLAR
H, B3R 12055 CL. PL CVAICVHLY 4. 4
MEE G, FEEREM2h, 4°C4&MF T 5 COL1Ht

(1 :200%08F) WEE LK. PBSUER2IKG, =
HREE R T 5P A 2 h, B PBS B
3K, DAPLYLf, 2% il N ge .
1.14 Sitadr

K FH GraphPad Prism 8 3k {4 E 4748 140 #r fll22:
Kl BdEDIEAREZETR . SRR EE T 2007
SART 225 . P<0.05 Fm 2R HA G L

2GR

2.1 RN R
2.1.1 S JEFR R 2

5 CHM, PAMSBI (P<0.01) FIPD (P<
0.01) WEHAN, LA SBI (P<0.05) FMIPD (P<
0.01) BEH N, M4 PD W EH I (P<0.05),
5P, H4 AR SBI (P<0.05) FPD (P<
0.01) WEFIE, L. M4 . HZ4Z A SBI S PD
EZRWTGITFEE L (P>0.05) (£2),

2.1.2 Micro-CT 4}

5 CHAHEL, PR TR E g,
PR TESE — A AR A R R X I, PR
U R SRR X 0 Y % (bone mi-
neral density, BMD) . ‘& {KFL43+4 (bone volume/
total volume, BV/TV). & /N2% & (trabecular

number, Tb.N) FI'E/NEEE (trabecular thick-
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ness, Tb.Th) ¥ EML T CH (P<0.01). #Jz,
P 21 )& 2 i A/ A AL (bone surface/bone volume
ratio, BS/BV) Flf /NG5 & (trabecular sepa-
ration, Tb.Sp) %im (P<0.01). KL, 7 J&R#E
BRI it . 5P, HA R BMD, BV/
TV. Tb.NAITb.Th & EHh (P<0.01), 1fii BS/BV
FIThb.Sp W H MK, SMAMIL, HA KK BMD,
BV/TV. Tb.Th ¥ % 3% fim (P<0.01), BS/BV
(P<0.01) FITb.Sp (P<0.05) W FHR&ME (K1),
2.1.3 HEJ:fa s R

HE e 0 )5 o R SV 2L 2 A 45 R LI 2., ©
2R B A R AR e R, TR A R S
W, M2, PR EH BRIk
98 1k 200 T2 0 R0 S R R, S U v AR
5P, HLAM ARG EA P (K2),

% 2 SBIFAPDHIZR
Tab 2 The results of the SBI and PD #=8, xts

ZH I SBI PD/mm
C 0.60+0.52 0.21£0.05
P 2.80+0.42" 0.90+0.17*
L 2.22+0.44° 0.76+0.13*
M 1.91+0.54 0.69+0.15°
H 1.20+0.63° 0.41+0.15"

Vo ZERSIN, AaFR 5 CALM L E RA S5, B
FR G PAM R A G E T NG R P05, KT
FHERIR P<0.01,

2.1.4 THC Yfa gk

HCHMIL, PAHMKERA COL1 (P<0.01)
M Runx2 (P<0.01) & H/KF B FAK. HAME
HRBKEE T P4l (P<0.01) (K3, #£3).
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Fig 1 Micro-CT results of alveolar bone in each group
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Fig 2 HE staining results of periodontal tissue in each group

E‘QO, pm-

M EZEFRKAC, PL L. M, H4l; 4 COLL; 47: Runx2.
Bl 3 454LT RALLUTHC Y (45
Fig 3 IHC staining results of periodontal tissue in each group
® 3 REBANEESWER
Tab 3 Quantitative IHC analysis results

%, n=3, X+ts
2H 51 COL1 Runx2
C 95.30+4.45" 96.35+2.35"
p 11.81+4.48 17.98+2.03
L 34.14+7.61 73.61£8.21
M 63.762.64 89.32+7.70
H 72.17£5.27° 96.34+3.67°

H: b NS5 PUIMLEL, P<0.01,

2.1.5 Western blot %5 1
H5CHAMLIL, P4K A E A p-PI3K/PI-

3K. p-AKT/AKT. p-GSK-3B/GSK-3B. B-catenin
B EREAL (P<0.01), M HHICE [ OPN (P<
0.01), OPG (P<0.01), COL1 (P<0.05) #1Runx2
(P<0.01) By AH XT3 1k f o 0 A5 AS R B A9 R A1 o
L4 KB Runx2 #HE TP A Rk B F N (P<
0.01), HAIRSPAMZESLLEIT¥E XL (P>
0.05). 5P, M5 H41E i H p-PI3K/
PI3K. p-AKT/AKT. p-GSK-3p/GSK-3B. B-cate-
nin ¥ B F 0 (P<0.01), M4 Runx2 (P<0.01) .
OPN (P<0.05) FikfmA ARG, HAM
BHXEARZRLHEITFE X (P>0.05), H4A
OPN (P<0.01), OPG (P<0.01), COL1 (P<0.01)
FIRunx2 (P<0.01) FikmRERM (K4),
2.1.6 qRT-PCR %5
2.1.6.1 BUHAHOCHEER Rk E

5 CHMLL, P2 RCE A OCEE R R IR FEAIR,
£ 4§ COL1 (P<0.01) . OPN (P<0.01). Runx2
(P<0.05) FIALP (P<0.01)., 5 P#4HIL, L4
ALP HIXFF R8I (P<0.05), HATHLE A o6 3
A 22 2 G5 X (P>0.05), MM TP
4] ALP (P<0.05). Runx2 (P<0.05)., COL1 (P<
0.01) JEFFRIKBERIN, OPNZRF LI~ E
X (P>0.05) . HAAH T P4 COL1 (P<0.01) .,
OPN (P<0.01) . Runx2 (P<0.01) Al ALP (P<
0.01) FERFkWEWM (KS).
2.1.6.2 HRAEHFHE P FRILNE L

HCHMI, P4 COX-2, TNF-a, IL-1,
IL-6 FE A RIR B 38 (P<0.01). FHE T P4,
L4 COX-2. TNF-a., IL-1f % [H 3 ik i 3 B AR
(P<0.01), IL-6 Z5%Tc4it#E X (P>0.05). M
ZH 5 HA M T P4H COX-2 (P<0.01)., TNF-a (P<
0.01), IL-1B (P<0.01). IL-6 (P<0.01) FEPH Tk
PIA AR REL (E5),
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= p-PI3K/PI3K

om p-AKT/AKT &= p-GSK-3B/GSK-3p
b

cC P L M H

p-PI3K [V W s WS |
PI3K [ s e s s
p-AKT [ - |
AKT [ - - -
P-GSK-3( [ v e i

GSK-3p [ = o S |

== B-catenin

b
b

B-catenin L-. —— -|

C PLMH C PLMH

B-actin | @ e S e =

cC P L M H

COLI [FF = P re e
or [ T
Runx2

OPG [#8 &= &3 & o8|

B-actin|- e e —|

C PLMH

b EPEEARERE I MEAATE T AR E RIS L E A AT ah P<0.05, b P<0.01,
K 4 B4 R4H 2 Western blot 2%
Fig 4 Western blot results of gingival tissue in each group

mALP =3 Runx2 = OPN m COL1 = COX-2 = TNl;—a =]L-1B

157
< .

mRNAZ

Ze s BE AR SEIE R A L
s

Fig 5 Expression of relevant genes to gingival tissue in each group

s e SIERTIRMHEEIAEN . aky P<0.05, bk P<0.01,
2 R ZURH S BE PR R T 1

o [L-6

2.2 HNHESLER SR
2.2.1 CVXJBE A 7 852 )

fiff Fl CCK-8 ik 58 PF- 4 CV Ay 40 g #5150,
100 #1150 pmol/L CV FEER, 41 1% 1 ¥ 7E 90%
DL b AR, WE=200 pmol/L I, 40 e i% /i K&
RE90% L F . Hik, JFLescsifi i 50, 100 1
150 umol/LH CV ([&6).

2.2.2 Western blot 4%

5 CZAEL, P 2H A M W p-PI3K/PI3K
(P<0.01) . p-AKT/AKT (P<0.05) . p-GSK-3p/
GSK-3B (P<0.05) . B-catenin (P<0.05) %42
%, BUH M 6 11 OPN (P<0.01) . OPG (P<
0.01). COL1 (P<0.01) #1Runx2 (P<0.01) Ry

KPR, SPAIMIEL, L4 p-GSK-3p/GSK-3p
(P<0.05) HFIRIRTHE, HAVM P AR A

KEARBERHLRITFE L (P>0.05), 5P
AH, M4 p-PIBK/PI3K (P<0.01) FHFELR
ERm, HaEEAERTRITEE L (P>
0.05), WUHEHHEH H OPN (P<0.01). OPG (P<
0.01), Runx2 (P<0.01) FikEFHIN, COL1%E
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