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Abstract: Fusobacterium nucleatum (Fn) is closely associated with the occurrence and progression of
colorectal cancer (CRC). The development of specific antibacterial agents targeting Fn is crucial for the prevention
and treatment of CRC. Based on the preliminary phenotypic screening results from our research group, dimetridazole
was successfully identified as a hit compound with antibacterial activity against Fn. In this preliminary structural
optimization study, we designed and synthesized seven novel nitroimidazole derivatives comprising three structural
types, followed by antimicrobial evaluation of all target compounds. Among them, compound CL6 exhibited
excellent antibacterial activity against Fn (MIC = 0.5 ug-mL™) and demonstrated good selectivity towards intestinal
bacteria and normal cells. Compound CL#6 significantly inhibited the migration of CRC cells (HCT116) induced by
Fn preliminary mechanistic studies suggest that compound CL6 disrupts the integrity of the Fn bacterial biofilm

and cell wall, providing a promising lead compound for the development of novel anti-Fn drugs.
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Figure 1 Intestinal pathogenic Fn is closely associated with the

occurrence and development of CRC, and the development of its
specific inhibitors will provide a new strategy for the treatment of

CRC. Fn: Fusobacterium nucleatum; CRC: Colorectal cancer
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Figure 2 Discovery strategy for anti-intestinal pathogenic Fn lead compounds
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Scheme 1  Synthetic route for novel nitroimidazole compounds containing amide linkers. Reagents and conditions: (a) KMnO,,
CH,COCH,, -5 °C, overnight, yield 52.6%; (b) (COCI),, DMF, rt, 1.5 h, yield 77.8%; (c) TEA, DCM, rt, 4 h, yields 83.3%-88.6%
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Scheme 2 Synthetic route for novel nitroimidazole compounds containing amide linkers. Reagents and conditions: (a) SOCl,; DCM, rt,
4.5 h, yield 94.0%; (b) NH,-H,0, CH,OH, rt, 48 h, yield 76.8%; (c) EDCI, HOBT, DIPEA, DMF, rt, 4 h, yields 80.3%-89.3%
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5 h, yields 18.7%-20.2% N2 mgmL ! . EA R 2 4F N %% T DMZ A1 H
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M (metronidazole, MDZ) 1E Xt BUE TR . MR 45 3
WE 1R,

Table 1
against-Fn. MIC: Minimal inhibitory concentration; HUVEC:

In vitro antibacterial activity of target compounds

Human umbilical vein endothelial cells; DMZ: Dimetridazole;
MDZ: Metronidazole

/
X
R™ N
?\“/\/)—NOZ

Fn HUVEC
MIC/pg-mL" IC_/umol-L"

CL1 e \© 16 -
H

CL2 ey \© 64 _
H =N

CL3 ey
H

Compd. X R

o]
CL4 2 4
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[e]
cLs oL %@
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CL6 iy +) 0.5 > 50
DMZ - - 1 -
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TEAWE T, Bk CL2 4, B & B & Pkt Fn 2 0
HH PP A B R RIS (MIC BB 0.5~16 pg'mL™).
G4k o 5k [ R Jog ik O AR [ I A AE I (CLL6 A
CL7), HLHE B S 158 (MIC = 0.5~1 pg-mL™"), ft T4
kAL A — RS IBE I (MIC = 1 pg-mL™"); B GE B 5
AR A, 3 S i bk e 5L [ (CL4 F1 CLLS) I, 3% 1
SRR [ (MIC = 4~8 pg-mL™); B iz 3% 52 3 B B
R, G FE AT B kML [F] (CL1~CL3) B, 35 34 8 2%
FAAE (MIC = 16 ug-mL™"),
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Ty kB — B E TG W) CL6 X 7 Fhvi W i 1E 4
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T PEAE PRI, A RPN .
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WP AL &9 CL6 AL FE Fn 72 h (1K 3), 3E 81 % 52
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Table 2 In vitro antibacterial and antifungal activities of compound CL6 (MIC, ug-mL™"). ETBF: Enterotoxigenic Bacteroides fragilis;

FLC: Fluconazole

Compd. ETBF E. coli E. faecalis S. flexneri S. paratyphi L. plantarum P.anaerobius C. aur. C. neo.
CL6 8 64 > 64 32 32 64 > 64 > 64 > 64
DMZ 16 16 16 8 32 32 32 - -
MDZ 8 8 4 16 8 32 64 - -
FLC - - - - - - - > 64 > 64
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Figure 3 Time-growth curve of compound CL6. A: Time-growth curve determination of Fn (CL6); B: Fn treated with different concentra-

tions of compound CL6 for 48 h, along with statistical comparisons between groups. n =3, x = s.
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Figure 4 The preferred compound CL6 inhibits Fn and reduces Fn-induced migration in the HCT116 cell line. A: The effect of Fn on

HCT116 cell migration at different concentrations of CL6 compared to the blank control; B: Comparison of cell migration rates across

whrk

different experimental groups. n =3, x+s. P <0.001,

Control

DMZ /0.500 pg-mL"

P <0.000 1; ns: Not significant

CL6/0.500 pg-mL"

Figure 5 Transmission electron microscope (TEM) images of treated Fn, with untreated blank control (A), and experimental groups

treated with 0.5 pg-mL" of DMZ (B) and CL6 (C)
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Figure 6 Crystal violet staining results of compound CL6

treated Fn biofilm formation. A: Compound CL6 significantly
inhibits Fn biofilm formation; B: Statistical comparison of biofilm
content after treatment with different concentrations of CL6 for 48
h.n=2,x+s.""P<0.000 1
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JEE 5 K 2L A IS, HAEH S A DMZ W . A\

Fn &5 R, RACER) Fn 450 52 %8 5= 2, DMZ &b
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A H B 4 4 e 45 B i, 5 DMZ AR B S B A 45 # AR
WA R ZES . AP0 S50 3R B, CL6 X A= 1 ik
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Figure 7 Scanning electron microscope (SEM) images of treated
Fn, with untreated blank control (A), and experimental groups
treated with 0.5 pg'mL" of DMZ (B),1 pg'mL" (C) and 0.5 pg'mL"
(D) of CL6
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BT SR E Y, N CRC BIHITE I K BEE | HE
FERRUET . [, B % R AL A R S LA S AR
FIBLHI B AL A L I8 R X IRATTRE

SLIG ARy

G R A I SR 35 R I AR R LB
BEZY RBPR AL T AT A, 4R8N
Brafi fnfp 2z 4l v Hi 4 . BHI A (Oxoid, fit5:
P000061049); 11 IR (A, #t5: 20220312);
g RO (I ARVRIUR, #6551 2407212); B &
7 (Servicebio, it 5 : HI194907). =% % 4= # (BSC-
100411A2, 75 M 2 SHE AR A R A 7)), 68 %ot E
8% (TS2 FL, H A< Nikon ¥k 20 2> #1); LC-MS Jiit i {X
(Agilent-1100) ¥ i L R 4% (600 M) (3£ [ Agilent 2~
F]); =20 °C/-80 °C¥K#H (Freezer) ki & L2 Hl (Centri-
fuge 5804 R) (3 [E Thermo 2 #]); LLiifX (Nephelometer,
% [E Thermo A @)); B #7 1X (SpectraMaxM2, 3£
Molecular Devices); 7 #1575 #i (MIX-250B-Z, L #1#
WEETT AV A R A A

'H NMR £l °C NMR i 11 7% [E Bruker /A 7] Bruker-
AVANCEIII 600 2 # g L 4R A AT M, SiARl 70 A
DMSO-d,, Wy = F &Gk, (=A% () MAE&
() 4399 FH ppm Al Hz R 7~ . HRMS 1540 3 ) 1% b
% [# Agilent 24 7 Agilent-1260 UPLC-6500 Q-TOF MS
YRR A AR, 2 € ek i B 1 9 Mg A 2 GF-
254, HE KL E M N Greagent & J 800~1 000 H #E %
e Ak, AHE T BT A FH B S A LA 35 R AR R L
1 k=&
1.1 N-FE-1-BE-5-FH E-1H-PR-2- 3R Bk iZ (CL1)
BIER  DMLE D1 R J5RE G B ] 4 2 A0 e fa] 44 3.
B 100 mL 7 FE RN, K 844 3 (200.00 mg, 1.06 mmol,
1.0 equiv) & T £ /K DCM (10 mL) #, i A % fi%
(135.00 mg, 1.26 mmol, 1.2 equiv), i1 35 #1222 18 i I
TEA (5 mL). i F4iHE B4 h, TLC siAR il (&
TF 2 4F, DCM:MeOH = 100:2), N 584 . 6 7%
TR L BRI DCM. H 4R 4.5 (20 mL) ¥ fif b
P R HCIR P, NN 50 mL K, 2B 3~4 %, & A
BUAH, PR £ ShoK B A HULAE 2 IR, [ A HLAR A
DB TR BRI A, T8, I 8 R & oK R R, R e
T, VR ZE TR A HUA T, 1. AT B, B
JBe A% 2 M (IEAR), B 7): DCM:MeOH = 100: 0, #% 1%
Z ANk 2 DCM: MeOH = 100: 2, ¥k i 7 6 7% 188,
53 A0 A H AR 9 CL1 (230 mg), 72 %N 83.3%.
'"H NMR (600 MHz, DMSO-d,) 6,;: 9.28 (s, 1H), 8.49~
8.40 (m, 2H), 8.08 (s, 1H), 7.63 (t, J = 9.2 Hz, 1H), 4.66

(d, J = 5.6 Hz, 2H), 3.93 (s, 3H), 1.42~1.20 (m, 2H);
"C NMR (151 MHz, DMSO-d,) 6. 156.81, 141.93,
141.35, 138.30, 131.37, 129.17, 125.01, 121.14, 40.46,
35.26; HRMS (ESI, positive) Calcd. for C,H,,N,O, [M+
HJ", 261.098 2; found, 261.097 7.

1.2 1-BAE-5-THE-N-(ILOE-4-5 B B)- 1 H-BRI-2- 5
BthZ (CL2) &R BIsEWN &R iESH S
Y CL1, 15 E A (231 mg), 77 % 4 88.6%. 'HNMR
(600 MHz, DMSO-d,) 6,: 9.63 (t, J = 6.3 Hz, 1H), 8.50
(d, J= 6.2 Hz, 2H), 8.20 (s, 1H), 7.30 (d, /= 6.1 Hz, 2H),
4.46 (s, 2H), 4.25 (s, 3H); "C NMR (151 MHz, DMSO-
d)) . 158.70, 149.99, 148.28, 141.48, 141.22, 131.53,
122.64, 41.92, 35.08; HRMS (ESI, positive) Calcd. for
C,H,N,O, [M+H]’, 262.093 5; found, 262.090 9.

1.3 2-iR-N-[(1-FF £-5-Fi B -1 H-PKme -2- ) B ) -5-
HEXRR (CL) MEaR HiIhEWHEmRITES
A A Y CLL, 15 9% 3 & [ 4 (271 mg), /™= % K
87.6%. 'H NMR (600 MHz, DMSO-d,) 6,: 11.02 (s,
1H), 9.24 (d, J = 2.1 Hz, 1H), 8.72 (dd, J = 9.2, 2.8 Hz,
1H), 8.32 (d, J = 9.2 Hz, 1H), 8.28 (s, 1H), 4.29 (s, 3H);
BC NMR (151 MHz, DMSO-d,) d.: 166.71, 157.95,
145.67, 143.65, 138.90, 134.94, 133.46, 131.65, 117.51,
35.27; HRMS (ESI, positive) Caled. for C,;H,N,O, M",
292.055 6; found, 292.058 0.

1.4 2-F-N-[(1-FF E-5-FH & -1 H-BR e -2- £ B K -5-
HEXRBBE (CLY) BNER UMLAEY 1N RS K
HE 4 5. '"H NMR (600 MHz, DMSO-d,) 6,: 8.07 (s,
1H), 4.99 (s, 2H), 3.93 (s, 3H). £ a1k 5 & i i)
& 6. HX 100 mL #fi & ke i, # v 8] 44 6 (200.00 mg,
1.28 mmol, 1.0 equiv) &1 DMF (10 mL) 1, i\ 2-%-
5-fil 3 2K B R (285.00 mg, 1.54 mmol, 1.2 equiv).EDCI
(294.00 mg, 1.28 mmol, 1.0 equiv). HOBt (208.00 mg,
1.54 mmol, 1.2 equiv) 1 N- Z, % — 5 4 fi% (DIPEA,
662.00 mg, 5.12 mmol, 4.0 equiv), 78/ V& 5, T H iR
NAEFE 4 h, TLC i AR W (& JF 7 % 14, PECEA =
1:1), R FEA . B R BN 50 mL 7K+, H 48 &
Mg (EA) 220U 3 8R4 IR, & IFAHLAH, F R £ 367K P ik
AR 2 2, 1A HUE I B IeK IR B, T, i
JERR ETOKBRER AN, WA, ok ZE TR R A LI,
FE AR T2 B R, RERAEE T (IEH), Vel 7
PE:EA =50:1, ] PEZ 2 K% PEEA = 50: 50, ¥/l
VIR 7518, 159 3] H ALE AR H AR 24 CL4 (369 mg), 1=
# )y 89.3%. 'H NMR (600 MHz, DMSO-d,) J,;: 9.28
(t,J=5.6 Hz, 1H), 8.47 (dd, J = 5.9, 3.0 Hz, 1H), 8.45~
8.40 (m, 1H), 8.08 (s, 1H), 7.63 (t, J= 9.2 Hz, 1H), 4.67
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(d, J = 5.6 Hz, 2H), 3.94 (s, 3H); "C NMR (151 MHz,
DMSO-d,) 6.: 162.46, 150.28, 144.27, 139.71, 132.52,
128.77 (d, J., = 11.0 Hz), 126.39 (d, J., = 5.0 Hz),
124.82 (d, J., = 16.9 Hz), 118.68 (d, J., = 25.2 Hz),
109.63, 36.92, 33.77; HRMS (ESI, positive) Calcd. for
C,,H,,FN.O, [M-H], 322.059 3; found, 322.061 0.

1.5 2-3R-N-[(1-FR & -5-FH & -1 H-RR 0 -2- 5 ) B K| -5-
HEXRRK (CLS) MEaK HBiaWrHEmniEs
AV CLA4, 15 A B IE A (394 mg), 7% 80.3%.
'H NMR (600 MHz, DMSO-d,) d,;: 9.60 (t, J = 5.7 Hz,
1H), 8.56 (d, J = 2.8 Hz, 1H), 8.10 (s, 1H), 7.87 (d, J =
8.3 Hz, 1H), 7.78~7.70 (m, 1H), 7.61 (ddd, J = 8.2, 7.0,
1.0 Hz, 2H), 3.97 (s, 3H); °C NMR (151 MHz, DMSO-
d) d.: 163.28, 159.81, 150.35, 132.55, 130.41, 126.45,
126.19, 120.81, 115.20, 109.66, 37.03, 33.84; HRMS
(ESI, positive) Caled. for C,H,BN,O, [M+H] ",
383.993 8; found, 383.994 8.

1.6 4-T E-N-[(1-FRE-5-fg B -1 H-BRme-2-E ) E K
BZ (CL6) BIA& R K+ iH 44 5 (300.00 mg, 1.71 mmol,
1.0 equiv) ¥ T DMF (15 mL) ', Bl 4-1F & 25 2K %
(306.00 mg, 2.05 mmol, 1.2 equiv) 1 Cs,CO, (1 672.00 mg,
5.13 mmol, 3.0 equiv), 7E 85 °C I x it 7, TLC 55 #t
W, e S5 R K RO BTN 50 mL K, B 4R
LliE (BA) A3 84 IR, & FFA HUAH, - AT 2hK vk
VAN 2 K, A HUAE S D & IR K R B AN, T8,
T YRR O /KB R A, WO AR IRV, YR Z8 TR R 22 A WL
7, A5 EAA . ATk BRE, R E AT (IEAR), Vet
7l: PE:EA = 50: 1, # 1% 1% 30 i K % PE:EA = 70: 30,
e B ek R 2% TR, 19 B0 kR B A [ A B BR 77 ) CL6
(99.4 mg), P F ~20.2%. 'HNMR (600 MHz, DMSO-
d,) 6,: 8.04 (s, 1H), 6.90 (d, J = 14.2 Hz, 2H), 6.62 (d, J =
9.2 Hz, 2H), 6.02 (t, J = 5.8 Hz, 1H), 4.38 (d, J= 5.9 Hz,
2H), 3.92 (d, J = 8.6 Hz, 3H), 2.40 (t, J = 7.6 Hz, 2H),
1.48~1.42 (m, 2H), 1.24 (d, J = 7.3 Hz, 2H), 0.86 (t,
J = 7.4 Hz, 3H); "C NMR (151 MHz, DMSO-d,) 6.
151.96, 146.40, 139.64, 132.16, 130.80, 129.11, 112.95,
4122, 34.44, 34.03, 33.64, 22.14, 14.24; HRMS (ESI,
positive) Caled. for C,;H,)N,0O, [M+H] ", 289.165 9;
found, 289.167 2.

1.7 N-[(Q-BRE-5-FEE-1H-DRM-2-F) R R | 4- R E XK
Bz (CL7) &R HI &M & RIS E NG
CL6, A7 ([ 14 (96.8 mg), F“F N 18.7%. 'HNMR
(600 MHz, DMSO-d,) 6,;: 8.04 (s, 1H), 6.89 (d, /= 8.4 Hz,
2H), 6.62 (d, J = 6.4 Hz, 2H), 6.07~5.95 (m, 1H), 4.38
(d, J=5.8 Hz, 2H), 3.92 (d, J = 8.9 Hz, 3H), 2.39 (t, J =

7.6 Hz, 2H), 1.47 (p, J = 7.5 Hz, 2H), 1.25 (dt, J = 22.4,
7.8 Hz, 4H), 0.84 (t,J = 7.2 Hz, 3H); ®C NMR (151 MHz,
DMSO-d,) d.: 151.96, 146.40, 139.64, 132.16, 130.83,
129.11, 112.95, 41.22, 34.74, 33.64, 31.51, 31.32, 22.43,
14.39; HRMS (ESI, positive) Calcd. for C,;H,,N,O, [M+
HJ', 303.181 6; found, 303.181 8.
2 RSN FoEME LK

H A5tk A4 B4R S0 Fo il 4 R T CLST 7
(PIARAE AL IR 32 5 R 25 TR 38V -
2.1 ERRIE M-80 °CHIVKAE B H 3445 Fn (14 17
LW 0.5 mL AR A ZE 7 mL BHI A, 78 6 A 41
TEE 24 h)g, AT, WH 1 mL FE OB E 6 mL i O
BRRAG (IKIEAL), k8 A R H 24 h, f
B IA B R A KA T T 5 2R e e .
22 MICHE FFHEEFHREAEKE, BB 085K
ABLOHLH, 8 000 rmin™ fig#% 5 min, 7 3, A 1 mL
i RPRZIRS) o bt LG T8 b I, F 3 B A AN
EEIAR, N 6 mL A [K A iz, FH A 28 I BCAE K R4F (1)
B, AR N BERE 0.5 F M (K IE N
1x10° CFU-mL™"). M Iiaf i A KWz F N H
40 mL A7 IR BE I, SE N 4.4 mL 4 4E 5 i,
TR TENR 2 5 VR ) (B iz - Dhlfn = 1:9:1.1) B AsE
6 P B AW o TR ) 4 ) T R VI N 96 FLAH i 5 7R AR
W, BEFLINN 100 uL, L& 90 M 64 pg-mL™ FF AR K IR A
FRE, AR N 64~0.125 pgmL”'. K596 4L
4 3G 7R R E T IR A TR RN 37 °CHE R 85 7746
i B 5L 9% 48 h, 15 77 56 UG (8 F A A I 5E B FL 40 A
£ 630 nm Ak [ 35 B H (ODy,,), “FAT I 5E 3 k. HUM
2 = 50% B BTt B 9 B R Z A0 S MIC.
PB4 B, 23 IR 9 B 0 HEORT So0f B
3 EKHESE

S B R TE AL, SRR R AR L, AR,
B3R BN EL A, N 4 mL BHI A, R 25 51
HUA K RUF R, 73R P R 2 0.5 2 IRMLE
(T [ BE 9 1x10° CFU-mL™"). ¥t 4 1) 56 & A BHI
A9 F B 28 W 1x10° CFU-mL™ 1 B VR, WA 4R 7%
PV . NPy BL6 A 15 mL B0, A BN 7 mL
WIE N 1x10° CFU-mL" W B, (568 B0 Fn2h
WY FR SR 43 ) N 2.1.0.5.0.25.0.125 F10 pg-mL".
BB OB BN IR A GE S, ELA KM, 37 °CiFE, IF
T INZJ5 0.4.8.12.24 .48 F11 72 h i F3 485 B8 0 B W HY
100 LRSI E T 96 LR, 3N 1L, F £ ThBERg
PRI 0D, 103 -
4 {HAEITF5 (transwell) SEIG

HCT116 L 3x10* 1) % Bf 45 35 72 75 & 5% FBS |
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DMEM K F2 He b o P B 200 I IC B - 98 35 b v Bk
B, B R, BB N A, I 4 mL F 5%
FBS 1] DMEM #% 7% £ (AR ImXUt), FH i 28 &) B A &K
RAFHITE, B e N R 2 0.5 2 IR E (Y
W N 1x10° CFU-mL™"). % FC 4 19 ) 46 B8 W &
5% FBS ] DMEM #% 77 5& 7 B¢ 10 £, 8 B K FE N
1x10” CFU-mL"e BT B 4 1 B SR8 T 24 £L transwell
B R =, 4L 600 L, [F] A 15 B AFFL 2590 o i FE 43
HN2.1.0.5.0.25 F10 ug-mL"'s ¥ HCT116 40 fifg V& &
WG TR T 24 FL transwell i 1 B . 48 h [5G W H S 3%
5, PBS U, 4% % 5K HEE[H %€ 15 min, 0.1% 25 & %
et 5 min, FHHE R8T 5, 80 B 2% 0 S 10 W ¢
(200%).
5 HRANEILE

Sl B RIE AL, R A BB B KIS, 108
FENEOHLH, 8 000 rmin HEFE 5 min, 37 3%, fIA 1 mL
BHI WS o brd E i e b 5, 5 388 U TN
Fedids, InN 4 mL BHI P37, F A 28 &1 A K R AF 1
B, 7E B IR N BE R A 0.5 2 IR (IR IE N
1x10° CFU-mL™") Bl Jy S 56 F 1 B v o K L B 45 1 18
BN 96 LA R, 4L 100 pL, H: [ B A A ] iR
HIKERILEY) CL6 (4.2.1.0.5.0.25.0.125 pg-mL™)
T Fn. 7837 °CIRAE KM T E 48 h, FALH L&
PBS a4 3 IR 2B A& WS BE ) F, SR )5 F 4% 22 5% FH % [
SE 15 min. PBS AEFLIHUE 2 WK, 1 0.1% 45 5 48 %5 i e
5 min &, NI 33% ZFR (100 pL) %R A, 37 °C
% H 15 min 5, ¥ B 281096 fLIR, 5, F £ DRt
FRACI & 570 nm 4L 1) ODMHE, & E AV Y &= .
6 FIHEBIRRIESTRREEN

BRI PRV A B B VR T B B TR AR K 2R s 58 . K s
BN IR A T, 2T ST R, 15 mL B0 i n
A 8 mL ¥ JE 4 1x10° CFU-mL™ ) B ¥ 3£ hn A\ 3.5 uL
CL6 (1.0.0.5 ug'mL™") 37 °CHF & 48 ho W H L H )5,
BB O EE T 5 0L, 8 000 rmin' B0 S min, FF L
iE, W I PBS B2 8205 ¥ 2 I 5, 7 PBS, A HL 8% [H]
TE TR B W8 &), B T I v, SR R A E 2 h, T
B9 HUTTE 28 B R IR B A R A R 2 B 4 4
7T ZRHERE

of A LB AT AR 3 UK, S IME + bR 2 ROR,
{4 Ff GraphPad Prism 10.1.2 85 1F B F043 #r, @ it 5
KRS MH R B EEZE R, P<0.05 R RERAG ST

1R BRAk: T 5T A A BT S5 BRI
BTG I B R AT B A A P ST s 3 PR 2 G

B IR, 18 RSP BT KR ST BN .
MRS AT AR FF IR P RK R
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