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[Abstract] With the widespread clinical application of azole antifungal agents, fungal drug resistance has become increasingly

prominent, emerging as a critical challenge restricting the therapeutic efficacy of fungal infection therapy. This review systematically

summarizes the research progress on the resistance mechanisms of azole antifungal agents, focusing on four core resistance mechanisms:

mutations and overexpression of the drug target sterol 14a-demethylase, activation of ATP-binding cassette superfamily transporters/

major facilitator superfamily transporter efflux pumps, cell membrane remodeling, and metabolic pathway reprogramming. It

comprehensively outlines the current main strategies for combating fungal resistance, including drug repurposing, molecular structure

optimization, development of targeted drug delivery systems, and mechanism-based combination therapy regimens. Furthermore, it

categorically introduces anti-resistant azole drugs that are already on the market, in clinical trials, and in preclinical research, with a

focus on analyzing the anti-resistance advantages and application prospects of novel azole derivatives. This review aims to provide

references for the rational clinical selection of antifungal agents and the optimization of treatment regimens for resistant infections, as

well as to offer insights and theoretical bases for the research and development of novel anti-resistant azole drugs.
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BRSNS, Shfifp ki R TR 24 1R AR i B A Al

1 BRI ERZAYT YL
1.1 Y EmiRfm =T

IR LT 2 RV AR Bl B A 1 OG
PG S B 140- 2 W IEALRG  (sterol 140-demethylase,
CYPS1), ZEHEANMEEE PASO KK, 5%
S A A R, B E CYPST 3R A 2848 oliad
JEFORRRIR 2 SRR SE A RE ST, TP A TR 2
PR BT CYPS1A4 FER ) LOSH Ay, nlffi
TRST FREMEI 25 635 A R I Bk I8 ERG 1L &
K Zmf% CYPS1 [RIUEFE H, H Y132F 28748 25 S 300
JREmRTR 25170, Hr M BRER B CYPST R G105V 45,
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tory concentration, MIC) M 0.5 F+Z 16 pg-mL ™",
M E CYPSIA J53hTIX TR34 BELEL T, 7T
i B PG S KOF LA 5 ~ 10 5, ik 39 i 2 11 5L
EHCHE YRR . ImIRAT S A3, #53 TR34/
L98H 28 7% 1) A iy 25 X AR ~7 e w1 it 245 32 5 3k
90%"",
1.2 ZAYIMNERRIE EF

FLPR ML b i SN HESE T E Sk B N 25 R
REARAE N 25 MR e, 2 EL TR ™ A 22 ST 24 1 S 2L
file AMIERE TR 225 I =wiRah & e fhaEn
#HZ % (ATP-binding cassette superfamily transporter,
ABC) MFZ I EEABEE (major facilitator
superfamily transporter, MFS) . &k B i 25 85 H
1 (candida drug resistance 1, CDR1) #1 CDR2 W] ifi
it ATP KR IR AL, HmeSe 2y than e, Hoid
FIK AT HGEUFEME MIC T 16 ~ 32 £ BT R,
CDR1 3o 05 T X A7 BR e g A/ A0k 3 S 1 1 4
8 A5, M SERE M Z M 2511 1 (multi-
drug resistance 1, MDR1) A & Jit 4 B 9K 5 24
PiohHE, X G it R i SRR T SRR Y 2 A%
MDRI1 14 = 2235 5 i R U e 6 7 2K 0235 DD AR G
FET 25 TR AR ARG R 3K 65% ', A, Hesk A
F Upc2 0] [A] B 0E CYPST FAMHER LR, TE AL
“HEAR-AMIET U EI 2, D HE SR 2
TET FUREME Y B IR T, Upe2 BYFRIA 2 U
BRI 4 ~ 6 F511,

2R B 2R HE 254
TRREME  JRUREMRIN 25 TS ER B . S LACYPS1 ¥R N E, CDRI/

ML 258 BB BR B L 2
W&HRE (CpMRR1-S862C i,

AR Sl
LAY 2 L S A=A 2 ] Ay YA L
[TESISRER-$7 ] (TR34) 54589878 (L98H) h[F
ERR3, 22Xz
fRoth e AR R 245 (BRI . HEARZEAE 5 CDR1. MDRI MR T

7 RN 24 08 Hh AR B

VYD R FUREE AR ST AR 24 & Bk
B A e 24 i
(CYP51A-V488M A5k
BORUEHLE
PRy =2 it 24 i A
DRI SRR M/ BN X B T 24 1
SR £ EM 2L &

CDR2. MDRISMIEREAS 5
i 2 057, SR B A 24 22

i 24 B ik 22 SRy oAt e S22 S i 247k
5 BRI 2554, 32 B2 245 ML
N HEARA £ B g AR

JiR 25 TRA6/YA46F/FT0L 9848 5 53 J Hh e i &2 S A pkmig 24, HiAth
SEAFEM (4NL9SH. K143R) Xk
RO PE R /N, T 2 4L ) )
i 25 5 RATG CRUREMEI 24 SR B Y FeE LR ) S HER A0 5 s AR 28 & F1, X WU i 24
8% XTI 25D, i 2Ly CYP51

1.3 ZHAEfRFSE MH1E5E

L A 24 RS P L RN 235 4 0 T R 25 1 13
BV, W2 AR e T 24 A K P e 4
JOT 24 BB v R R N U TR ) B A1 R R Y M LA
29 AN, A 24 bk 4 A R b A i R
(C18: 0) I 15% T+ 2 30%, F& NI i 3 4
n, FEAWBBERETRE 50% LA L, Mok, ey
PRI PRI P i ok 0 ] 2 R AR 2 W U . ERG3
FE R 978 T 8057 AR B B B BT, LR SRR
l4o-H AL i, H 5 Z2MEAM LG R 2
PSRy 1/5, B HER TR HT B 2R 25 T 25k
WFFEUESE, ERG3 7N SRUREMER) MIC AT 1 2
64 pg-mL "M,
1.4 RifH&ZERE

B4 EL R A AR AR I AR Be it 2 B
FRAZ Ff1 (5 B GBI o B0, T SRR A 1 1 2k
W2 L ERGS F ERG6 FE[H, @A A% 24-H 3L 0
RN A I, AR AN AR T RE . JE
R R, 25k ERGS i mRNA 7KF 2
R 7 f5 o RIS, T 245 R R P O A 7 A 1
g, ATP A2 R T 40%, NAMIER SHERE 2
PRt 2R, UE— D YLE 2527 A i A i
ik, RIRE AWV NG T R T =
55%, H5 Cdr1B AMIEREE AL R IEAXET,

AN ) W 5 245 0y T TR 1 190 T 2 WL kA A [
(W2 1), XS0 B i 24 26 AR 6 A R 259 1)
B AE R BUEE R (1 it

HImIZE LA
R BRI TN RIS MR B R
B, WRBLAIRI, AT R W it
CES T

SR CYPSIAJR BN 7R IR L RAE  JUBnE o th 5 R HBOWE OWies . Seihe:

), M BRI O A, BT
% B IR T R4 T R
MRS, ARTEE N LI, RO,
R A5 TRHERET 25 KA AT U it
SRS U 252

RESEAEN CYPS 1 YL £ A1, SMHERAMIENCR
6, 12 WIS RAE 65%) Mille
ORH503 , 2L28 AL 24 8 R ey
BT GEEIE. S, BEE), WL
SRR, SRR >, REERE,
R B R

BTRE MR

BRB (CYPS1-F145L 95HR) HURFILRA (F145L) KAMER &

Hit
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2 BErEtX BEE 2 REN R FE 5
2.1 FEEFHNFRRMEFR KR

W BT 25 N T R B R R I
JE M S T i AR TR, PR XA T AR A
HRE , - o 60 MR 24k 1) I R A 50R 38 65% . —
T Z R R, THTD MR YT 2 E i 24 TR A
SR ) IR A 3 AR ST B (65% vs 48%) 17

BT B R AT PO A AR B R T & 24, 0T
DIBE R 25 e P, e M2 . R IR T
3 2ok 5 ) TR A LR P 5 B, X WA SIS T 24 A R T 1
ARCRIK 80%, HH ALY FKST BRI ZASHE,
HAZRA R AR (< 5%), Ik R R 5
FPN AL, MR 2R AT LA ) B AN B
T-2307 R HI ) EC R LRRLR B B TG BBk, Tk
R ER,
2.2 BRIl

B A BLE 2 Ak a 2k, TR T
X TR 25 TR PR AT R TG 1 o % 245 90 00 145 ¥ i i A
2 SRS AR Dy 20, NI s 25 i
BTGP . BFIE N Bl 5 | AT A M EE s U3, M
M ARAF HAT B S P RGP A 2 . R kA
7RI ST T B 2 it T — AN
77, HOR S5 Ge bt B B 2825 AN R 1 43 F-HE
20K = e i Ry DU R MR S5, X R REAS T
SREGY) SRS S, BRI ol TR
e L BRT 24 1 )
2.3 $M[EBEIRLATS

FIFHGA KA gk . REVIEHR) #24
bk Y, AR R R . IR A
TR PERE B 0] 3 ik 3 S I 1) B A0 P ) 22 A
W, RS2 RTE 10 45, [RIREE 2R AR
50%. TE AR AUk /N BRASE R L S5 A
B3 BT 24 & W BR R IA 90%, iR 4t il 1Y
S 55%2%,
24 BRERH

FLEA i 2P 2 I PR EL BRI T I BBk, T
B 2438 0 22 4 AL A R e IR 24, Hoe
ORI Z A T, AL FE 0 3 PR B BT 228
AR | YR AN R E A ROY, (RS B
PURTE BANE) . PRI ) i 5 B
2.4.1 FEXTEBR GBS 2 Girmenia S5
FRAIF 5 2 BH JRURRE WS 15 R0 P W 36K 6 FH YR 7 TRUBRE
i 24 IEL %o 960 e A 1 A R SR e LA B
RO HOKTS 7R, FUREME X 5 2 & BR B RDGI &
PRI MIC YR T 64 pg-mL™", IR IE R 9 2 1

MIC 43514 2 pg-mL ™" FIAR KT 0.125 pg-mL™", B
H 25 SUREE ) MIC FEAK. TR R i 26 2 1
o e E RIS E (80 pgemL ) B AT R 7
4 (CFU/ML) W87 99.9%, FKIAAHEEN, K
W B I A A RVE A, T R0 M B FH 0 L B T
W2, I5CE o FH AN S M 0000 15 I 1) 9% 12 o

Hervay P57 & SRR BEMR 5 ) L2% KBS 24
REA RO IROEHE SERE N 251 . PR, L
R 2mg-mL") PLEEHETEMERES, (H50K
JREMBIEE A3 B, o) s AT B A 245 ) SR ) Y T A B A
BRUBRR RN 25 BRI A 3G E ] - ZEBBURRI R 53 25 4k
SMI H1, 0.05 pg-mL ' BREEMEIX A 2 mg-mL ' JLAS
KA GG R RIS 2511 K43 25 bk SM3
H, ZIRE T AR W E MR A . X AT RRE
T A 245 10 40 B 9 05 M 4L (reactive oxygen
species, ROS) 7K F-TFhfm, L= @bk K& T2
1) ROS A= it iy TR 2 (W, JLASZ i
T B R st L A S BLAMHESE CeCdrlp 19T
fe, %P0 6G AhHER FE w2, HECH)E
CgCDR1 FEPR R 3k 1 45 WK e male B i Ah 38R T o 22 X
HEOKSE - (bR mes Pk b B AT 35 i S PR Rk 38 50
fERA ) o 3K SR LRI 5 T KB MR T 24 061 &
PRI ISR

Denardi %50k —JG0EF X6 580 5E e/ I 5 e i 2
TSR AR R, 2R Y) SN WER
I ol FH R 38 AR I/ D R A FH s IR L TR 24 .
o, RIAZFESIA VD BRI A X SRR I/ Y S T
2 SRR W PEIVE FH A 85%, 404 b vk B 45
% (fractional inhibitory concentration index, FICI)
PIE R 0.271; BIJE 7R SyA v R | BT 2R 54k
ST PRI AR I/ B EIVE FH AR 70%, FICT ¥9{E 453
S 0.463 1 0.627, HI¥TCHEPER . AR H
ZEREAT PR 25 A RR I VR T, A2 E N 250k
TSR R R TR L T R

PR M 55 0K R R I FH 25 FE AR A% 22 ST
Y LA ER A HA W A R E AT i e A R
MEAEXT 10 PRZ Hit 25 S BR - TA i, 4558 2
7N, RS HEMAAY MIC M 0.5 ~ 8 mg-L™"', KEI5H
() MIC } 0.25 ~8 mg-L™'; WFHEA IS, X4
T 10 FR BRI B0 AR /P R, ELR A ]
FEHURUN o X —KA T 580 B o IR 25 Wy fiff vk
B, WA RN, $EmEiRYT 2 w2 B R R
YRR, AEAP TS AE A3 1 sh AR A o R AR A
FELA 2P RIS T AL
2.4.2 FFXTERERAERGL A 2 U S S
M K ) T R I i 8 P i 245 28 78 R DA 25% i



T, % WERHEGYIER MRS E |

425

2 8%, HAH /P[] AL Sy e A s E ) ] R
RNA. DNA 7, 1455 e 24 24 P % R AR 14 910 461 2%
Ho WEIRBFFCIESS, XA T SR ATl i A AE N
52% $ETFE 76%;

Li S5 2 AR S e mi 5 (150 B P 1 g 3R
B RTS8 7 Bk B i 2R B 3%
S o PR ST R M FE A1 T TR A0 R TR A A B B B, X
BT BRER TR A5 I3 BT AP TE R, LI ¢ e 2
B, SWEER B A E SRR U LT
FZRRYY, AN E A R B IR 5
PE, e Bz rE, A HiE RN EA R 2 PO
BEATLXT HE AR I5IE o
243 EFXT AR WBCA A2 KEE (2018
SEIMC #5m) B9, (R FEms S5 mitEai 2 B AR AR
A6 h X 2 R GG, ZBRA T T
RAR T2 s A A T 58, JuHGE 1 24 7

3 MMAEEMREREREZGWNARHE
3.0 BERM

DR (1) Pl B2, 8
FHESE CYPST IR, 2250 DR enT
PLREARAT 5 R M A DT B 8 B 22 B BE TR (recurrent
vulvovaginal candidiasis, RVVC) 5% H G4 & F
SRIZCER) RVVC [R50 izl sh o 4 i
2 P450 i HA s iR . AR S
CYPS1 M I LL ZR BRAR A 45 6, X BT A 70 T 58 A8 7Y
(40 L98H. Y132F) CYP51 M4s4 5 Ml ¥ T4
gy =Wt o HAT 2L 3208 T AR 214
R 5 E & CYPSI M fa 45, BIH %M & 2k
K143R 458 ULIE 25 R AL AT PR m Rl HAS 5 9

BB R (1D

N
{3
N

ABC ¥z M, Xt Z Bl 2 sk i,
3.2 bR

VbR (2) 2E EATeYEs 3 A=Y,
HAE AL @ ) CYPS1 BHWT 22 £ 6 B ik,
XoF FL A BB T AR (5 R P45S0 BiEE, %
25X UG SERIE  (ERGLI 275KK) 1 90% efik
B M BE (90% minimum inhibitory concentration,
MIC,,) A 1 pg-mL", $MEEVERTER TR 2 i,
i R FH H 3D e SR FH 1152 28 i &
BRI, X 22 H N 24 1A A I R ORI 60%, H.
LM TWERER B, KV HEMEMHTRT 25 L 5
FLARE 1 73 45 R RIS L A RO 1 e e PR 2 U A
Koo SCUDFEMEAE A BT AL = M ST B 259, Al
PRI N5 255 4 5 Tl TG M SO R R I 25 4, ok
B T A% G5 e 24 DR R GG 235 ) el AR R B0 4 S R RE
TR

BrT RO & LMY, A2
HLA I RIS 70 1 259 1E A F I RS B B, i
BT RRWAHERE, AR B2, Al
PRIV X B 2542 a7 B .
3.3 Opelconazole

Opelconazole (3) X 44 PC945, J&H Pulmocide
Ltd. A A& 9 —Flopr B AR HTFL IR 259, g
AR R i 2 TR, R R 2R M 2 R
LB R X = 2 1 il i B9 1 BIF 5 I Ak I
I R By BE (NCT05238116) B*1, Colley %557 &
PC945 Xf 96 Il I i 25 73 Bk 25 fil 45 2R Wow
PC945 [ MIC 4 0.032 ~ 8 ug-mL ", TR 7 EEMEAY
MIC 4 0.064 ~ 4 pg-mL™", PC945 X {FF i F s i Jgke
ol it 24 11 11 8% & 1Y 1C,, >4 0.0012 ~ 0.034 pg-mL™,
RRAR TAR ST Fem

I (2)

Me
SO - OO
X o
F F

opelconazole (3)

3.4 IARETLEY
3.4.1 BIAFBIROEH ML EY)  SilibG

THAMRR T TEHLG] A 5, BELIT
B AR T AP BRAE ) R TR, W
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¥t A 1))

S 2026457 450% ES5H

THEWZO R, 1A, SIS P & Xt 2 F
FLIAARA RSO KAE D B 25 PR, Yan
SERHEE T — RIS A A, DA g e
KPP, SR 2 . R R A
MG 4 VER—FETERIESE CYPST IR, <
R €3-S PSS S s P ) e AR gt o ) B
WEMSEAEYE R, FECEEER . Bl BT
RYFER; BHRBWES— L, thEY 4
Ab B TR A R 5 0 R e 1 S IR R
2PN, 2 REARSET, XHIHELEhY MRC-5
M TEE L AFELE, 1C,,> 100 umol L', {&4k
WEPERR , ALA D 4 X JURRE MR 245 1 PR 43 2 A 2 2R
A E RAFIBTEL T, WSS, MIC, b
4~32pg-mL", JEREEMENY 2 ~ 16 %, SRTHAP
IEPER AR, (EAR B RARFS

Cl

Cl

HO u 9
conae
4

LAY RA PR . PR PR EEE
FIAEDETE, HATAHRE Ok L™, Xu SR
TSR PR AE LAY 5 TR RIRIT
A5 5 X A SR A R, MIC 4 0.02 ~
1 pg-mL "o XF %0 B W8 it 25 Ifs PR 43 25 ¥k (strains
numbers 17#, CaR, 632, 901 and 904) &/~ H 5K
FEEE T, MIC 4 0.06 ~ 1 pg-mL™", [ER, fb&
Yy 5 AT LGE ] CYPST e/ 2 £ HS By A=
WG BGER, AT LS A W TE . 25k
KF) 2 pgemL BT SE AR K O SERF AR, H
S EMIGE . ISR C. albicans ATCC SC5314 &
e/ N AR TR T PRIOTAS , fbad 5 LIsEH 0.4
F10.6 mg-kg ' &N 2 MORRISZY %, Wi ek
W2, EY) 578 C albicans /)N AR ]3]
R I B 2 R 2 R UREEY 1.5 £%
RRIE, AW 5 0 ek BA BRIk
AN BTG

3.4.2 MSESSFEM A A 54 38X — W B% () (& 1
PR T ELA T e 28 R v IRt 25 P g 0 i L =
Wk BT L TE 25 W S A R — Fh R . AR S
WoR, B S Es I A ) e BT B 2 P AR A B
HEBONHTE RIS TE . Chi 250985 T & KA S
S BN 55 1 B 7 — e 2R Ab 5 6, JLXT 6 Rl
IR 25 1) Candida auris T8 ¥R 7~ B 880 10 06 14
MIC 4y 2~ 8 pg-mL "', (RNBISE Bl E 9 6 Y7
SRR . 1AW 6 X A KA A2 P450 1A2
(cytochrome P450 1A2, CYP1A2) %A H#0HI1E],
IC,, KT 100 pumol-L™", FfHX} CYP2D6 H#1 il 1%
PERAK, 1C, M 40.4 umol L™, F W H 5 HAhz44)
Z [B] A AH B XU A A1

N OH Oy
7 N7 Y
50
0

6

et

F

FATEL M (albaconazole) FEh—Fug Y Ik —
WEEHT ELR 258, BT R AR 254880 T 2E Rt A
R PR L, FER S B P 1 R o A 22
ROECR R R E B0 M (aspergillus
Sumigatus) FIHEIEEY. Ding FE R
T —F 5§17 albaconazole fiTA: 4 . IRIMT L IH T
PRI R FER Z A B G PRt 1 S R R
B R I K T 2 R b R e R B L T M
MIC 4 0.0156 ~2.0 pg-mL "', Hrir, &9 7 iR
5 AR 57 FEME T albaconazole AH Y 14 47T il 25 11 17 14
(MIC = 0.25 pg-mL") , I Xt 50 B Mk i 245 19 C.
albicans 100 F1 C. albicans 103 7~ H 4551 B TH
PE, MIC 43910 8 F1 2 pg-mL ', {HHAfR N HTEH
T R T

Cl

SWERTA YR RE R TR T A
AP R 25 . SRR | RS R R S ) =
MR LA 25, Sadeghian 55 5T HT TR
I7 FLTR G B SV R RS2 MR SRR 245 4 114
B3R, BT — R =Ry, Hrh, fkd
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P 8 F11 9 X K 20 R A R AT W S S
HAE MIC ¥ 0.5 pgemL ", X 7 9605 ik 11 ok e 2.
AR EWEE, MIC 5 0.5~0.8 pg-mL ',

N N
F NT) a N//\_>
D0 O
C O

8 9

Xie PG B T B =S P E AL A 10,
WEN 16 ng-mL ' BF5E 20 T C. albicans SC5314
R, XAV A R, JF7E 64 pg-mL ' (1)
W T REIR T AR AL, LAY 10 X4 C.
albicans 901 F1904 L) K C. auris 891, 918 1919 £
(49 5 BEFEUEMATHZ kR MIC 2447 16 ~ 64 pgemL ',

4 FEERE

B L B 2543 T I 5 2 R, PR 24 4L
52 Ze ROk —, S B Z R LR B
WIFEFT, AP ML BRI VR A 1 5 S0 R T 7
RO, B HERSE MR R R
B, 2P e s B S IS AR
St B Sk r M A S L Y, S B ZG A
FPVRIESE AR, T “ U2 FRE", ki
FRIX AL 55— B 2500 H AT WO SZ 4, i I
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