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# E: B ZT NOD AR E A 3 (NOD like receptor family pyrin domain containing 3, NLRP3) #fE/MAi#E
BRARIT S B A0 TS MR 4 2 (R &) BRE (methicillin-resistant Staphylococcus aureus, MRSA) 755/ iR YL 6 T
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4T (hematoxylin-eosin, HE) #etf 3 %2 iz ik 2 25 BEAR Ak, ELISA 3246 B2 k4 48 eh (A 4B/ Z-1p Cinterleukin-16, IL-1B)+
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MDA) 7K, Masson et W52 57 Ik U R 4P 4EiAR s @it RNA-seq B M F. qRT-PCR J Western blotting 48 Il 57 ik
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aureus (MRSA)-induced skin infections in mice via NOD-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome
pathway. Methods The minimum inhibitory concentration (MIC) of citronellol against standard MRSA strains was determined using
the microbroth dilution method. A full-thickness skin MRSA infection model was established in female C57BL/6 mice, control group,
model group, positive control (2% mupirocin) group, citronellol low-, medium- and high-dose (0.75%, 1.50%, 3.00% citronellol gel)
groups were set up. Local administration was performed for 7 d. Wound healing rates were dynamically monitored, hematoxylin-eosin
(HE) staining was used to observe histopathological changes in skin tissues, and ELISA was used to detect levels of interleukin-1f (IL-
1B), tumor necrosis factor-o (TNF-a), superoxide dismutase (SOD) and malondialdehyde (MDA) in skin tissues. Masson staining was
used to observe collagen fiber deposition in skin tissues. RNA-seq transcriptome sequencing, qRT-PCR and Western blotting were
employed to analyze the expressions of NLRP3 inflammasome pathway-related genes and proteins in skin tissues, while molecular
docking was used to predict the binding affinity of citronellol to relevant inflammatory targets. The lactate dehydrogenase (LDH)
release assay was used to evaluate the effect of citronellol on pyroptosis in MRSA-infected immortalized keratinocytes. Results
Citronellol exhibited significant antibacterial activity against MRSA, with an MIC ranging from 0.312 5—0.625 0 mg/mL. In vivo
experiments revealed that compared with model group, citronellol significantly accelerated wound healing, reduced inflammatory cell
infiltration and tissue edema, decreased IL-1 and TNF-a levels in skin tissues (P < 0.05, 0.01, 0.001), markedly increased collagen
fiber deposition at wound sites (P < 0.05, 0.01), and inhibited the activation of NLRP3 inflammasome-cell pyroptosis pathway (P <
0.05,0.01, 0.001). Molecular docking results indicated that citronellol could bind to target proteins such as IL-1B. In vitro experiments
demonstrated that citronellol significantly suppressed LDH release in MRSA-infected HaCaT cells (P < 0.05, 0.01). Conclusion
Citronellol exerts significant antibacterial, anti-inflammatory and wound repair-promoting effects on MRSA-induced skin infections
in mice. Its mechanism may be related to inhibiting NLRP3 inflammasome-cell pyroptosis pathway, reducing the release of pro-
inflammatory cytokines, improving the local immune microenvironment, and promoting collagen deposition.
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1.1 =54

SPF 2 #fiPE CS7TBL/6 /MR, 6~8 s, A&
18~22¢, WEM IR (bR EMHEARFRAH,
YR EARIUES SCXK (5D 2024-0001. sh¥sk
U6 28 T S 24 B sh W AC L& 0 S ke (b HE S
IACUC-25-085).

NAKAEA A Y AN HaCaT Zifitk (785
CL-0090, #t5 20241105) I H B k54 dr Rl
FARAFA.

1.2 E#k

MRSA ATCC43300. ATCC25923 Bk V0 )14
BNV 5 25 5% B B A BOR AR 000 % R A7
SEIGHT, AREIRE 37 COKBPREMRE, R T
BRI, 37 CHIFE 18~24 hiGfh; HhEUE
FRBAE AR - FR VR BN 2 5 mL MH R85 774,
37 CHEFR 4~12h, i8R H A A B 2
1.3 @5

HHEE URESH=98%, fit'S MKCJ1234)
T EJE Sigma-Aldrich A#]; Kk 980 (Hit's
240523). HRP fric ) =3t (k5 240526). FLER M
ZH (lactate dehydrogenase, LDH) 4 55 1443l
W& (5 251021). A [ (malondialdehyde,
MDA) A& (5 0324A76). EBELYE
L1 (superoxide dismutase, SOD) 7] & (it
5 0224B31) WWH RiE S REVHE ARG AR A
Hl; TAKCEE (IS 250625D1) WWHT A& =itk
FRMLEERARF O, =K (S
MB25B05J01) ) H EgREINERAFR]; 2%5%
VL% & (HIb5 20240315). BCA & & &k & Git
520241105 W EHAL R K ERHLAR A A EIF
g (5 3509214). MH Wizki s (ks
4125678)+ MH Eifl§ (#L'5 E241105-1) T4 H % E
Oxoid A Fl; HARZE-FZ (hematoxylin-eosin, HE)
ek & (LS 20240315). Masson B ikl &
(#t5 20240408 W H G FE 4E /R AW B A R
23 \] 5 IL-1B MRS R -0 (tumor necrosis factor-

o, TNF-a) ELISA {7 & (3553712 E241108-6+
E241105-8) It B B LM TREA R A R ; NOD
FEZARINER A 45403k 3 (NOD like receptor family
pyrin domain containing 3, NLRP3) Hifk (fit5
240315). PP a R R A AR E EE-1 (cystein-
asparate protease-1, Caspase-1) p20 Pifk (L5
240508) I H 3 E AdipoGen Life Sciences A H]; ¥H
JZ 3 D-N ¥ Jr Bt (N-terminal fragment of gasdermin
D, GSDMD-N) #ifk (4lk'5 BD02192871). IL-1B
pl9 Fifk (L5 BE07038958). B-actin Hifk (b5
BE12183869) 1t A bt R AEMHAFG IR 275
SUIL-1B HiAR LS CCL047)1 [ 24 [ R&D Systems
AF]; TRIzol W5f] (5 Y2206) 1 H RARAEFL
B des) HRAH.
1.4 {435

Multiskan GO 1510 B! FR{X (35 [ FEER ¢ /R
RHEATD; CFX96 % PCR 1X (3E Bio-Rad 2
#]); 3DHISTECH Pannoramic 250 Y%= v) H 4344
% (&) %FF] 3DHISTECH A ] ); Tanon 5200 B4t
RIFGEFRG (LERERARARD; SW-CI-
2FD B AR B OHL CGEI R IR A S50 A A T R
BHRAFD; B TS N REZ[SERERA
F]); SPX-150B BEIEIGFRAE ( RigARAG SLinil s
HIRAFD,
2 Ik
2.1 BFEMEIEMERINE

¥ ATCC43300 A1 ATCC25923 HkkiEfh T8 3%
TGP, 37 CHiFR 18~24h, BUAANETE, HTL
AR K R B 2 0.5 FIRPALKREE (1.5X 108
CFU/mL), F MH Wiz3:F= Mk 100 545 H . K
FA T A R REZ1 5 5 B MH A7 35 77 24 1 1
B 2.500 1.250. 0.625 mg/mL Jii &R EEAERE, &
GRS B A O B AR B R . (minimum inhibitory
concentration, MIC). PLH.4[ MH Rz 1% 373 %t
HR, NS 2P B BB RR T ], AN 25 ) R
BIBCHPEX R, 37 CHFE 18~24 h J5, MIC &
SCNFHAFLARFL P T T ILAH T A K 1 S AR 2P P
AR 5E 1) MIC H, 476 B 2 AR K 1 i R e pp T
MH BEfiFFAi, 37 ChiF% 18~24h; BARAHIKE
(minimum bactericidal concentration, MBC) & XN
TE B T AR K B AR 2
2.2 EHFENH MRSA &KL AN E

FA B 43 50 0.078+ 0.156+ 0.313 mg/mL
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PR¥% (37 “C. 2001r/min) 3535 24 h, 1 EEHREF
2 h 5E & BIF AR 600 nm ARG (4) fH.
SIS EE 3 K. LG TRIS RAREAAAR . Agoo A
ALK, K Graphpad Prism 10.0 B {221 4= K # 25
2.3 EBEFEERREIE

FRE 0.8 g R4 980 41514 T 80 mL 4fifkK
o, FREVEK 30min, SO 5.0 g HMHEES, =
LR pH 2 6.5~7.0, BIfF3E B2 FBER AR .
FHEL0.75 g+ 1.50 g+ 3.00 g HFEN 2 FFE LKL
BV, TEPEHE TSNS B3, gtk
WNEZE 100 g, dREEHEPE Smin VRS, BIAREEE
I3 B B S RIS
24 PEREKRBRMEEINES. 7ES5%RH

R 2% 5 SBR[ e 78
FAREG L. AMEELEB/DREHERK (4 2emX
2em) WEK, 15%LFEHRE, FHESN §mm
(1) 52 FFFLARTE T 30 B bk bl 1 /N[ 42 2 Bk
AR R PEIR 2 FL 7 JZ) o F% 100 mL ) MRSA 43300
B (1X108 CFU/mL) ¥ &) 1 F, FFR2R
HUAR e Ed. AP mERG N, HHE
A [ E, BN R EE SR . 24 h JE R GE
W, BINGIRLL. 1B R 4 .

RGN BRBEAL 7 AL L BHE TR (2%
LPLY R HAFEFREM. F. &AlE (0.75%-
1.50%- 3.00%% F Rkt H, fH 6 R, HEL6
HARIBGEI /N RAE XS IR, T % . %4h 2
MR IWIRIRAR N 29, K B AR R 2 25 T S5 A FH
TEHBRIE, 1 kd, ESGY T d.
25 HOBENERSSH

TEZE 0y 14 3 S F1 7 K, X2/ N4 1 gk
IR FNLCRRE 510 0 2 B HARFRRE e B e, LA
B ERIR R (0 — Bk . A Tmage T 5 AxE B8 3047
SrAT, I E BRME SR 2 B DA SO E A
o CSREANI TH) S @ AR, IR dils DA il
2R LT S5 4G D A I sh &A1k

1 DA 28 = (W46 45 1 T AR — 2 B5F 18] 2005 1 TETAR /A4
G DT AR
2.6 HE FENZEKALREFTN

TERZH 1. 3. 5. 7 R, BHBHLE 1 R/~
B, WM AEN, 2 4% BRI E 24 h 5,
K F A E S K2R A3, A0 3 IR % 4 pm

Yo VI Epb R =K. BRI~ 30
min, KL~ 95%L I 85% LI 15%4.
BE % 5 min, 30 HKKMYE S min. B/E1#AT HE
gett, PIREME CIERK (525 3min). iEHF
FE L RN E R, RS R B
RAEEE (X40) WY BMIEAIE, BEVLIER 3
M RIEMMEE AL ES XS, HFEMGERE (X
400) RAUEE, MEEFCF RIEM IR 440K
i J % B A B AR O, PPA B R ZH ZU B AR AL
2.7 Masson FEM BT ARA LA IRFAHET L

T2 7K, REGOHN, SFEE. HE
MK B SRS, H4& 4um V)T,
HHT Masson 4etty, K. HH 5, KAV A
PORBE 7 EIG . AV BENLER 3 AN X3, )
K (X400) 4%, >KH Image-Pro Plus 6.0 #A4EMI
SR AETH A .
2.8 R RKLALR R SREE T AN E AL R K R4

RGP RS 1. 3. S AT R, RERPHHA,
VIWEJa INGE B R R e 4 TS, 4 °C.
12 000 r/min #5.0r 15 min, Y& FiEm, %87 &
VLB BRI IL-18 TNF-a. MDA 7K1 SOD i1 .
2.9 HRESH

18 R 6~8 J& it C57BL/6 /N R BENL /> AL
MEZFEEA, 4 9 H, % “247 WFHikkzE
MRSA 7GR, RS /N RSB IRR 2% &
PR R, 42550 3 RIER /N R k2
41, KA TRIzol {42 HUE RNA, £ BRI A
Je KRR R SC 2, i@ ad Tllumina NovaSeq 6000 *F- 4
HEAT PE1SO X I 5 X S5 4 ) P i ik A7 1 i )i
K HISAT2 358 e #I EE X, BA FPKM 8k
1T R I B E & 58 DESeq2 BT 2 7 E
IAFE[A (differentially expressed genes, DEGs) 43HT,
A N |logy ZE 15541 (fold change, FC) |[>1 H.
RIEJG P 1H (Pagjus) <0.05. #E—35%} DEG JT &
FERI AL (gene ontology, GO) DHHEVERE M HLHRE
K 53R H EF R4 T (Kyoto encyclopedia of genes
and genomes, KEGG) B &£, =EEEME
BIE N Pagjust<<0.05; FIRFTH &£ T R
B 5 WI, @it ClusterProfiler 58 %
2,10 SFxEESH

KA TN EEARIRAEFE TS Caspase-1
p20. GSDMD. NLRP3 X IL-1B & M5 &1EH .
T %6 M PubChem #0418 i 3R HUA 5 i — 4E 4544 (sdD),
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Z AR =~ T B FET MMFF94 /137 A . 43 e v g 7
HATRE R ME, RIS HARE 445 RIET A
UniProt £ 4f% P 16 2% 1 3 #1288 11 10 T — 4k 45 44
(pdb), ZFRITUAREE ShRHE )G 76 R FI T3 . B 5
il it DeepSite 584w 2 T B TRINEE 8 (145 & 1
£, fEHE TSR H DOCK 6.9 B, LLF O
el R EE R B BT IR A R E A, R
TC A S 1t 0o e Xk B 50 B 5 B B 1 AT o 0
P, fF)a RN grid Score [HHHATEHE T, FEXT 4

TRl R AT WAL AR B
2.11 gRT-PCR #37 k2H 4 NLRP3 j@RHE X E
SRS

G JE 5 3 R, B AN BR R R A 2R R A
RNA, il G I 50y cDNA. IR
UL TIT qRT-PCR 430 H7. SIMIFHIE 1, #
I -3- T R I &L ( glyceraldehyde-3-phosphate
dehydrogenase, GAPDH) {E NS HEA, K] 2704¢
RS H AL R AR SRR &

&1 3149575

Table 1 Primer sequences

B LiESIYIES (57-37) NS (5°-37)
NLRP3 AGACCAGCCTACCAGAGCAA CTGCAGGTAGAAGCCGAAGT
Caspase-1 p20 ACAAGGCACGGGACCTATG TCCCAGTCAGTCCTGGAAATG
GSDMD TGTGTCTGGGAGGACTTCGT TGGTACAGCCCACTCGTAGA
IL-1p GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT
IL-15p19 CAGCAGCTCTCTCGGAATCT TGGATACGGGGCACATTATT
GAPDH GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT

2.12  Western blotting 57 BX2H £ NLRP3 &%
HXxEZEBRIE

G 3 R, B H/NR B RS, VIR SR
NG S H R R G2 PR, 4 °C 12 000
r/min B50 15min, Y4E FIEW, KA BCA &
FEEWE . B AR e RO RN 58 T A i
B YK, #% % PVDF I, 248 S% g2 ahd i 1~
2h, A NLRP3. Caspase-1p20. GSDMD-N. IL-
1B p19. & IL-1B. PB-actin Uik, 4 CHFH L
TBST Wik, MAZHL, EiRPE 1h. KA ECL
B RGBS R R g R R
&, Tmage J A5 HT H bR 2% KA -
2.13 LDH FERMEEIENEFEEX HaCaT AR
T RIS

B H2E K 1K) HaCaT 28, LA 1X 105 AN/AL
BERDT 96 LI, 1595 24 h BRIETEN 80%. # L
I, PBS ¥k 2 Ik, RALIMAE ATCC43300 =i
(MOI=10) EAFFHEKE (2. 4. 8 pgmL) %
FEEY DMEM 15772 100 pL, 7 54 st e 5L
BB (B4 AR SR gt LDH Bt
A R AAESL, FH% 3 AR K 6h G,
Fi BRI S B A LDH B .

LDH BEHER = (A soemn—A mm)/ (A s — A miae)
2.14 FitEHH

45 % H GraphPad Prism 10.0 #1347 48 it 7>
B, THETDRIDAX £ s %R, Z AR HUECR R &R

T Z5 T (One-way ANOVA ).
3 #R
3.1 BFEMREEMY

K & A7 B ORE VR 8 P B N A [
MRSA FrUER PR MIC Al MBC, R WE 2, &
IR ATCC25923 LA MIC 24 0.312 5~0.625 0
mg/mL, MBC A 0312 5~0.625 0 mg/mL; X}
ATCC43300 . ¥k ) MIC N 0.312 5~0.625 0
mg/mL, MBC 4 0.6250~1.250mg/mL. %%
A0} A B R A PR S 1

wE 1 Froas, WK FE A S R
ATCC43300 [ 4K S5 EAH S E R H IR . 0.078
mg/mL 7255 I ] RE K AR TR AR K fE B, R PR
AR, PRI B A — e iEIE

T2 BEFEXRE MRSA FRER A MIC 1 MBC UE
R
Table 2 MIC and MBC determination results of

citronellol against different MRSA standard strains

FIRG 5 MIC/(mgmL™)  MBC/(mgmL™?)
ATCC25923-1 0.3125 0.6250
ATCC25923-2 0.3125 0.6250
ATCC25923-3 0.3125 0.3125
ATCC25923-4 0.6250 0.6250
ATCC43300-1 0.3125 0.6250
ATCC43300-2 0.6250 0.6250
ATCC43300-3 0.6250 1.250 0
ATCC43300-4 0.3125 0.6250
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PR 3.00% 7 5 BEAE 0 1H & & AR 53T 5 B M
a O oamen S ATSEIE MRSA RGN 150%F
201 - Ermosemgm ) BRI CTEAIEEE, (HE 7 ROIEEAWIE B AT
151 = EAmOOsmenl ! R (P<0.05), TREUREATER.
<, HE Jefiss 5 (8 2-B) S, IR 451
05 SERE . B RFEAAEHETIFIN, T H R R I
RYLER 1K, SIS R K B S 2 4 b 2

0 1 I 1 L) ) 1 I 1 1 1 1
0 2 4 6 8 1012 14 16 18 20
t/h
1 WHIERE & FEXT ATCC43300 &KLk HIS 00
Fig. 1 Effect of sub-inhibitory concentrations of citronellol
on growth curve of ATCC43300

MR EIRE N 0.156 mg/mL I, $0H/E &
EE, AP AR KR S I R G, R K
JABNE B AEIR, FRE AR RN E N, R
HF 200 A 11 2E KRR R D B A B I i 57 B 25
0.313 mg/mL &FFEEAI{E 24 h PRI 52 &4 KA
T, ARG BB B AP BORFAE, I vT B
T T U B 4 S S ok SRR R P PR

g5 b, BB AW MRSA bRtk B bk 1) AE
K5, £ @KRENRESREBE: FNX
MRSA 4K 2HLFEASHERISHIER, REE
WIS R FEAE KA BEE RN PR KR, miis
A P T AT 2 ) s A I AR K
3.2 BHFEEXT MRSA REABER/NRGORE
LA LN FRIEFE T AR

SIS EAER (F2-A. C) /8, MRSA
RGN JE 58 1 R, S/ N RAIE B AR TG
Gtz S, IESES ARG A HERR T IR
BRI fE i A 45 R ITR A . BET6R T 3
ek, FAHOHEEZEFIFH I BMARTA
TR, QAR Eg, 25 7 R HER
T RRTERTHRR ) (79.24£20.7) %, /N E S H
SRAT A e SR G MRSA &Gy, 52 BHAS A
MaaHfE. HILY 2A0mESREE, HIT
55 ROV A BRI B 45N (P<0.05), %
7 KAV AR P ZWIAE AR (31.0+£16.4) %, 5
PR A b 22 7 B AR 3 G L (P<0.01),
BOAE T e R 8 DL 259 5202 B X5 MRSA
BT ETT A 20, UE SE L AT AR (e 1t B ) T 1)
E . 3.00%EFREHIGITE 7 KRANTH AR 2]
LR (36.8+£5.4) %, SHAAMILZERE S
THERE N (P<0.05), X AT %5,

2L, HREAE MRSA Rk E Gy BEAFAE— 2, IESE
BRI T YR 3K, BRI B )2
R0 BRI S KM, 278 MRSA &S5 K
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A-dynamic photographs of wounds in each group; B-HE staining results of skin tissues (x 400); C-statistical analysis of wound healing area (n = 3);
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B2 FHFEEN MRSA REKBRFRENRGEORE. HLARESY. REREMEWRHKEHZM (X£s,n=3)

Fig. 2 Effect of citronellol on wound healing, histopathology, inflammatory response and oxidative stress levels in MRSA

P <0.001 vs model group, same as below figures.

skin infection model mice (X £ s,n=23)
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Fig. 3 Effect of citronellol on changes of collagen fibers in shin tissue of MRSA skin infection model mice
(x400; X£ts,n=23)
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Fig. 4 Effect of citronellol on transcriptome in shin tissue of MRSA skin infection model mice

)

T

2

F FE-Caspase-1 p20 (6KNO) F ##-GSDMD (6VIE)
#E4fiE-2.50 keal mol ™! Z54fiE-1.25 keal mol ™!

~ A

4
&
|- @) )
%5 B2-NLRP3 (3QF2)
#E4Fe-3.21 keal-mol ™!

FHHFEE-IL-1B (111B)
254 H8-4.55 keal-mol ™!

1 keal-mol ™' = 4.182 kJ-mol .

El5 &FFE:S Caspase-1p20. GSDMD. IL-1p. NLRP3 EENHEH = 4tERI%ER

Fig. 5 3D model results of molecular docking of citronellol and Caspase-1 p20, GSDMD, IL-1p, NLRP3 proteins
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Fig. 6 Effect of citronellol on expressions of NLRP3 pathway related genes (A) and proteins (B) in skin tissues of MRSA skin

infection model mice (X £ s, n=3)
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Fig. 7 Effect of citronellol on LDH release rate in HaCaT
cells infected with MRSA (X £ s, n=3)
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