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Abstract

Antibiotics are used in many sectors, including the dairy industry, to prevent bacterial
infections in humans, animals, and plants. When bacterial cells are exposed to stressors,
such as antibiotic exposure, a subpopulation of the cells becomes dormant. This helps the
pathogen to revive and reconstitute its pathogenicity. Thus, eradicating the dormant cells
may be an effective strategy to reduce the development of antibiotic resistance in bacteria
caused by the abuse of antibiotics. In recent years, a large number of indole-related
compounds have been reported to eradicate persister cells. In this review, we provide a
summary of the mechanisms of persister cell formation and resuscitation, and the ability
of indole and substituted indoles to eradicate persister cells.
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%"gxﬂb A, BE, AES Ald 1EE W HOH AFEERE Fa3t o] o R 9lg & B
A 55 23toto] PR SHA ARSE AL UTHL]. GaAtdelAE A EAI%o] 1917P 2%
~Eﬂ E5| (5520 AR AT -5 1 X}Eﬂ‘}ié 735 Abo] AHE 4 v A
Bt ofet AEEE o] 83t f7FEES] 44 U HE] IS 1A AEF AHst 59 73‘11]7‘4
o] BAE Zgict. of=gh LRt A Q-8 fruutE|or 5o A WS 97
ol 1 Zat oz A2 FAAY Nt A o AE gt o
o] oA Q= 7R A Ut thet $-2l= Eokl= v, 35 Jats= 8 8
YA Udo] = persister A7} ITH2). Aldto] FH8Al WA 714A = A=
S 5= A&, peristere= Al ZEE ALA7= 5 Alterdol olgles xS gt
ersister?] BJ7 A7 AYSE Z olsigtd A WIE A4 E ASHRI Al
g5 4= e A= FHol 7H Pl &= 9k Zlo|th3). HAIAE] A= whE|2ol A7}

20 QS S Al difEo] FH et H1, o] FH AlEEs AEHA 81l0]
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S HE YA persisterg Fole AEH A UF9 75 oAt gl
H =
[ — [ —

1. THAIAE| MIZ(Persister cells)

Persisteri= f314] #3} glo][4] thAtE HAAA Aok AEH A YA AlEoltH5-8]. A2
2 Persister”} €A AL 5 A9 Staphylococcus aureus’t HUAof| Uido] 9le-S Hof
Fe A7 25,6012 FEEY Ax JHo ATFNA Yoluk= persistence®t B
resistancets PYA7E AT of NE7}F oIS ok {4 S LA Yoy,
tolerance= A2} LE|A| Aot A o] HA ME Hto] FAA] gt TeAdo] ATt
[9,10. Persister A& FF Ak, FAA|, A 9 Alske AEFH A o8] Yerd 4= Qltk
(11,12]. A9 tfFE9] M2E2 Fdo] 2= o] 317] wolll13], persister A= Al A+
FollA Aok HEARl FH AJHieltH14]. Persistence”t AAAX = LS| SHAIRH15],
T2 39 AEH A0 Hhgsio] WAYSITH7,16-221.

2. HAJAE MR 2t XN 1=

ppGpp+ persister?t #o] Q= QItE LA 1 om[23-26], ATOIRZA] persisters &
Jol= IS ks A2 ofv| B2 A4S B3 A QUTH23-26]. SHARF HZ7HAE ppGpp
9] persister B4 7122 5] FHEA] 2L Slc

ppGpp®} persister A}OH TAE B3] op7] Yokl ppGppe HHEEor Al A 23

712& Yolof Rt WA AliE= AEHA JHE AY7] Yol LokeAl 44 T oAl 5Q14k
(ppGpp)& @73ste] B4, AAL HEE TAAZITH27]. T3 ppGppe DNA primaseE JAs}
o] DNA EAE =84 9HE1027], RpoS(sigma®, 7719 AE#HA ¥k A0l Qzpet
RpoFE(sigma®, AZZo)A] 25 43l T o] ot AE# A ¥k A0} QIZhE A=s)o] 7‘4/\]‘—
LA 2hcH28]. E3F 9 wEd | =] 3 Helistar[29] SAE Bl a4 PpnN< 4%}
51oi[30] F AL @3} 3 ppGppe BEEY] AES S0 HIS A ”}5715
2H3 11

EA ol o] 4% ppGppell 2o 2FHH o= A4 dlE £, ppGppe GTP 7H==3]
A 4(GTPase)oll ZFsto] GTPase?] 42 WligitH27]. ppGppe HIE/3} 19 100S 25
&5 28Iok= GTP w6l 541 HIIX Tid[32]of Aetsto] B 2|E&0] 4SS AR
(32,33](Fig. 1A). E3t ppGppe 308 EE AT9]9] Ao Fojsk= GTPase Era(84* GTPase)
£ JAIRIH34].

ZRAOE persisters 345171 f18ll ppGppe (i) 70S 2HES Bl&/slole HEE
IFHRMP)E UZ8toh= rmf, (u)ZW F= QZHHpHE UBBlek= Apf. (iii)2] B3} FAH
AAKRaiA)E YBBoh= raids Frote] 2EES HIZ/dsiRith

T2 B2 A4 ppGpp7t Tox1n/Ant1tox1n(TA) A|2A"9] Toxing EH4J3lsta] persistence

£ Bk WPHES st Al=gloy ofds] 8 EA] Zokal tH35-37]. WA He|2jof
7} 2EH A0 h:ﬁﬂtq ppGpp7t SF=E 70S EESES HIZA 100S 2HEo R AElslo
Persisterg F/dok= 2|EE oA Persister EE“(PRDP Fig. 1A)o] A|QF=|QITH14,22]. o] R
HHSt= AYATE (1) persister?] FESS djRE vj&A 100S FH£o]1, (i) RMF, Hpf,
RaiAQ] HIZAIL persister?] 842 A4, persister?] 23S Z7MAF 0 (iii) DIME EA4S
E30l persister?] 4440 ppGpp2] B0l FFS W] F=rh= AL WAHCH14]. Persister B4

& 24
H
o]

3f
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oAl TA A&’ persistence ARe]2] TAF F45] SHEA &7 WiZoll ©o|PRDP ZE2 TA
Al2Ho] ojEskA] 2=TH8,38,39].

Persister A|lZE ppGpp2 HE} TAQle] AEEZ[25] PRDP ZdojA= ppGpp gl
RMF9} HpfE EAslshe d cAMP2] dgo] 5tE]o] HIEH] 100S 2lEE0] FAEHFig. 1A).
£5] 9% FHEET I2)2 cAMPE S7HA1713L rmA4019} raidl411E Rttt TS cAMPE
AAXR] B4E AAIRICHA2]., wWeba] cAMPE persister B40IA ppGppet HISSE 98-S =1,
o] & Al A5 (ppGppt cAMP)9] Z7F7 |E HZ/dset Al AT persistence B2
& olojzich.

persister®] 2ol X (Fig. 1B), GLMZELUHE Folo] TE0| o JAAE Ql4)ok= theF
R ARt AZ AS0E AFSIU persister7t 7ok HlEZ B4 YEE &
of 9J&3It}. o]& persister 2489 ThYot EAJL WL o) o5 AZEUCH43,44]. Single
cell 43} A¥HA0Q1 £ cofi A0 tigt A5 55, persister] 24 JHO] JUAE Q4
st AJZEH, persistence?] 4480l S5k thiid2 w] 2AoHA] SH=THFig. 1B)[45]. 22} 1]
AA] cAMPY] 57t ZHAEHA] o GG EX(F, Al2)7t AR Hufel=d], o]t cAMP
9] % 4= mRNA Aol JA1E 1008 2{EE2 S4g2kA]7]a ou, HiIXe] HIZH] 100S 2E&
< ST E H45]. AYE A= QAE JFAE It T3] 2B (chemotaxisye A&
=4, o= of&ol YF4Y 1170] persistences U] wEoltH45]. wEbA Wood TLFOIA
£ 2APoA BT Alee} o] A5} oA Al QoA A=A, 9] AeTt oEA 23}
HAAE Bl A2 YRE A=A, 223 A7} persisterollA] 7joiubA] G4l whg-stod
ojul gt 2o} 248G AlR=AIE FEstIrH45]

PRDP 29(Fig. 1A)2 persister®] @4do] AEFH A0 tist A|2o] 24 Hk-3{elegantly regu-
lated response)°l2h= 2 AARRIE olof gt AdA ZARE, AAXRI persisteri= BA| FARE
(15] TheFet Fej] 44 AEHARAA, IAsled, 4 5)7F A4719] Al e A tfRE
< persister2 FAZFAZITH7,11]. H|SZ5FA PRDP Z@2 persister?] 248 E3F AA4 Q1 d4fol7]
Hoh 159 3 vkSolgke A& AlARL, ofn|icAl dEhdo] it persister &4 AFAIT}
ol FEeITH45]. A HE Alavt 9F 14 Fa I AEHA TFS A7) s 7 AdE
7t E520)7] WjZo]| A7} persister B/ A0 159 RS 8cke AL AU
ot} 2 o&, PRDP B persisterollA “EAFQ] %18t o] v]Z/JskH 2|HE o] QJsf 4
BEths AZ AR mEbA AEFIA 2704 HIZH gEES 44 7IENE 7R 4R AlE
gto] persister7t HTH21,221. & 2 AlE7h v gHE0] SRS HlEE 2 e YonE 4
Z]719] A&7} 5 persister?] o] obd Zolc

RMF7} (i) ampicillin[14], ciprofloxacin[14], netilmicin[46], gentamicin[47], AH48], A5
AEHA[49] E JF 12150,51] & T AEHA G0N E coli®] persistenced FEE
S7H71= Zo] TEE Q7] iZol, PRDP 22 Tt AEFHA 3P 0 =RE persister’t 343
E= o] dRkdo g Ago] 7hssity. RMFI4119F HIIX[52]= A2 thi-=9] Al HollAl &
HEEo] 9111, Hpf= ofd] BEA(YIEE 2 A2)o) de] HA eE=[53], PRDP ZE ofi}
E. coli #%to] ozt B2 9 persister?] F/0l A& 4= 3Z Aol dIE E°1 713 494
ANlit Pseudomonas aeruginosa. persisters @3517| Y8l ppGppE {70K1L[24], FFo] A|
SEYLS W] BRES RESAY P aeruginosa B3 A717F FZE3SH 5171 A8H Hpfet ppGpp
[RMF A7} Bs=2o|tH54]. TSt ppGppe P aeruginosaPlA Apf HEE FEIHH53].
Rhodospirillum centenum ‘¢22] 7% A27} E48k=7] sl A WA= daste FHAES
2 HE} 1A AARIRA), A, ES2)3 BRI o] QIoH55]. webA PRDP HE2 B2 o] §H
BHE 9 7Fs5i-
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Fig. 1. Mechanism for persister formation and Resucitation. (A) ppGpp ribosome dimerization
persister (PRDP) model for persister cells formaiton and resuscitation. Adapted from Song and
Wood [14]. (B) Mechanism for persister cell resuscitation via alanine and glucose. Adapted from
Yamasaki et al. [45].

3. HSESH=AMQ Q1=

EYERY diit AR dE2 S, I AEA T AsEe HoA oE AS AR
(interkingdom signal)oltt. FW ASZH IE2 53] T2 20456 £ colie] HH A3
2AH57]. 0 AsEHA A= ¥YA A& pyocyanin, rhamnolipid, 2-heptyl-3-
hydroxy-4(/H)-quinolone, pyoverdine[581& §loiX, ©1& T/JolA| oA | P aeruginosa
o] WAL AN 0ol= P aeruginosa®t BRYR= E colid] HZE AR 53 o= ojofA
tH59). & &7t ASEMN, Qe EHECHEEA tihE 34K 3k 2+-8) e

A
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B= AAokal, EHECY] ol5d2t Hela Al tigt detels AAAIA 11 HYAdE BETH60]
wEhA] ofg] AHE2 Q] Y= SAEA AR 4= Sl AlolEtal FSRAL58,61], AA=
QIE2 7IHH 19 HAHE Eolil ¥ =2 SVIFLEN P aeruginosa?) BYeE R
o] 43202 o]&HAH58]. 1249 &, Sperandino?] B2 QlE=0] oA EHECS] HYAS
9tk AL SRIFTHG2]. AEL S aureus®] HYA ESH AAAATHO3).

AL IE2 BEA 7 AlSo)7|® sttt P W rlBECIM BEE e A A
AN Fe B8 & o] ¥Yw] ARE H=tH64,65). ESF 2= sl B4 43t ATt
=]7] {1sl fhdaollA] Abast Jao] oJsf| Ak} F Aolgkz 7HE ARt dlE S0 sk
7-hydroxyindoleZ 7]1&9] Q=R T} P zeruginosa BYAL o aufzoz glalich57]. Atk
7F B Y AlE9] SER0] QHEAA BHYESL7| dZol|(indole-3-acetic acid, serotonin,
melatonin, epinephrine), &2 AlE S2E9] A-EA7L 2 4= UcH66]. HEA 71 4524
9] QIES ITE HojF= AR YR AE(ESH)o] LY offdeel 22 L3oA st
71§18l Q= W& Aol ltH67,68].

83 1B £ col®] BES 43S HAAZ1157,66,69-71], BESF HolX Y £ coli A4
FE AAAZITHE9). ESF Q1Eo] TA AIAE YafQ/DinJ[2019F QAHESE A DosP[1915 285t
o] E coli persisterd 832 TAAItH= A E3F B AT

4, HAIAE] MEE Z0|= QIC|10|EA 2Z

Persisters <0|7] Yol ARE= SISFEA-S (1) persister A2 FAS HAAY, (i)persister
AIEZE FolAY, (i) persister AIEE AFAA A 43S A 5510 WA FPA=
Fol= Al 7K WFE tis 4= UtH72). o5elA indigoide F& 9 &YAIA A AJHY
N2E 2o 2K persistenceS AAGIT

E colPll 2mM2] Q=0 persistenceS AAA|7]1L o]A0] ampicillin®] 524 &= A2
7t FREUCH19,20]. Q1=°] persistenceE AT A3 SAEN UL Q=] £
col®] WE3 T3 At S22 Anet e 2 SR JUTHT3]. FHAS persisters
20 Q=9 582 VAt AS Haloferax volcaniis %01= 52(188H80] €3l Aats)ol
A% HERdTH74].

PersisterE HMEsk= £29] A38JE 5384 halogenated-, methoxy-, methyl-, nitro-<1
22 I 36709 QE o EFY persister AasEo] ESAHEQILE o] HAJA,
4-fluorindole, 7-chloroindole, 7-bromoindole, 5-iodoindole’} 22 &=Z2A Q1E°] £ coli
persisters £0]= Zo] YAt £3] 5-iodoindole2 71& £ coli =R 1,5008] 73t
7P 83491 indigoido|tH75]. 5-iodindole S aureus®| persister'e ZFAT P aeruginosa
A= ZI7F USATHT5].

| P aeruginosa®) persisterg A3 O & Zoli= 2|3 Q1E 5-nitro-3-phenyl-1Hindol-
2-yl-methylamine hydrochloride(NPIMA)[76]°] &A= i}, NPIMA+ rifampicing HA A
g5to] HARS B3N A719] £ coliE persisterZ A3SE B[7,77], %2 persister©] 1574
9ol E4Z A Agoks AFedS Boto] EAHUTHT6l. NPIMAZF 5-iodoindolel75]2F
cisplatin[78] ¥t} £ coli®] persisterg %°l= Hl 4 S3t&olgl= Ao g5 4t 583 F2
NPIMAZ} P aeruginosa®t S. aureus® persistere S91th= Zo|t}, A4A o0& NPIMAZ}
persisterg 0]= 2Rgo] MEu 407 QIst Zlolgk= Zlo] v A tH75]. 1olrt NPIMAY
et £ coli®] WaZ AUt ALY WAYSHA] USkoH, P aeruginosa®t S aureus®] A
2o NPIMAZF &3pjol2ke 20 BEAlHHT5].

ol Yo}, QlE fdfl £42 AU 5 24 A persistery AAlsES S7HIXITH
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dE £}, tobramycin® A3t 5-methylindole methicillin®] Uido] U= S aureust
Staphylococcus epidermidis®| persisterg =2ItH79]. 5-nitroindole £ coli, P. aeruginosa,
1831 Entrobacter tabaci®] persisterg FolH, 72| = ofd W YA} A4S o 11 53}
7F B2 S7FHH80].

Agiog 1507 F2] Algo] wid APgsk= TEH81], mycobacteriall persister B8 7Fs &
Z9] utAHo] "Zo|n oo X3} Q1= N-[(6-trifluoromethyl)-1H-indol-2-ylmethyll cyclo-
occtanamine(IMAG)| Mycobacterium® persisters £0= Zlo] I ATHS2].

5. MAJAE MZES| Xi7HOIMS| QIE2 7|5

PersisterE F0l= A ©]9o] & th& EA4o] Sit}. Q&2 e AlErt Frtideol A ast
© 2 YAk, AHH 0= £ coli AIZE T AJHI0lA 7ol & =S TTH83). FAIZ R,
O/FL2 E. coli®] 2A80l= ol ¥ vIX|A] QAR P aeruginosa persister7} 2Yok=
& AAISHATHS3]. T Uo7t £ coli7t P. aeruginosa®t2] Z74o1A -2t wk=tH83l. =
2 FrojlA Qe FH T BT JHY P aeruginosa A2l =/90] §10P=(83], 44
AR ZAoly FAE P aeruginosa®) persister 4 Z}o] Wl&o] ofUch SAAHA L QlE0]
persister 23S AAok= 7122 ob7] YEx]A] kit
9] EALZ E colPlA e ZAAAEET A0l old& AlFE Aol o]Ao] £
o] 0.7mM2] & $Fo 2 BulE: 8 49 F s 4= SltH70l. o] A=
AejstH o 2% o] QI=Hl, £ colt 7R AFEOlAA X 12%[84], S2AFY] 1ol A
S5 BH== P aeruginosal851et T Vgl A HAE7] wiizolt). QlEe] & 1 AT EN
P aeruginosa® 8 A4 I FE JAEE HAAZ17] gE2e[58], ol=igt ME-L Z3H83]

= E colPlX] B8 Q1E0| P aeruginosa®] BHA3E ol persister2H-E Q] AAE wh=t}
A2 Yugit
28

E coli2F8 EvH Q&9 7Y 83 SHS FH Al As=2H f47 dde] 2ol
oflel T 7+ = AEA 1Y A5 EH FHo| JFE vjXit= Aot g3 o
TS 2dEsks WHE56,80], WEF= 97 s AW AlZ JFEE dHsHA wEAUH64],
aeruginosa® persister®] A& 9r11[83] EHEC[57,6019} P. aeruginosa® BaAE TaAl7]
= 5158l £ coli®t 34ske U = Aofst] £ coli s500A 723t e vt

Q10| persistences FAAIItHE AT AIE 0]-€5104[19,20], B2 Aol persisters
Z0l= A=+ indigoid7} WA k. webA 2= A WS AAoleke #AIE 12
5171 918l Persister A|229] P37 A7 7|12k ofsid a7t glom, ofZet HpAolA aafa o
& Persisterg Ao 4= 9= AEFHEE 5 2 7S B 0E AR & S Zolet 7|dhst
o oz ¢ W2 A7t 28T Aog Helrh

i)
o]
i
lo
L
N
A,
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