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Xinhui citrus fermentation liquor ameliorates acute ulcerative colitis
in mice via regulating intestinal bacteria homeostasis and Nrf2/
NLRP3 pathway to repair intestinal mucosa
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Abstract: This study investigated the protective effect and related mechanisms of Xinhui citrus fermentation
liquor on mice with ulcerative colitis. Animal experiments follow the rules of Animal Ethics Committee of
Southern Medical University. C57BL/6 mice were given 3% dextran sodium sulfate (DSS) for 6 days to induce
acute ulcerative colitis. During this period, Xinhui citrus fermentation liquor, decoction of Citrus reticulata blanco

Wk H 3H: 2022-06-07; &[5 H 3H: 2022-06-30.

FEETH: ) RE BRI RS TITE (2020A1515011339).

*JB IAE A Tel: 86-20-61648597, E-mail: zhaojie 0412@163.com;
Tel: 86-20-61648549, E-mail: zhuzb676@smu.edu.cn

DOI: 10.16438/7.0513-4870.2022-0704



- 3514 - 222224 Acta Pharmaceutica Sinica 2022, 57(12): 3513 3523

(both orally administrated with 300 mg-kg'-d" crude polysaccharide) or positive drug 5-aminosalicylic acid
(100 mg-kg'-d") were gavaged continuously for 9 days. Cecal contents were collected for 16S rRNA sequencing
analysis. The levels of inflammatory factors, tight junction proteins and nuclear factor erythroid 2 related factor 2 /
Nod-like receptor protein 3 (Nrf2/NLRP3) pathway related proteins in the colon were detected by real-time PCR
(RT-PCR), immunofluorescence and Western blot. Our results showed that Xinhui citrus fermentation liquor and
Citrus reticulata blanco protected against UC-induced weight loss, diarrhea, bloody stool, and colon shortening.
The mRNA and protein levels of pro-inflammatory factors, such as interleukin 6 (//-6) and CXC chemokine ligand
10 (Cxcl10) and NLRP3 inflammasome were significantly decreased; the mRNA levels of colon anti-inflammatory
factor (/I-10), tight junction protein [zonula occludens-1 (Zo-1), occludin, claudin-1], mucin 2 (Muc?2), Nrf2, as
well as the mRNA and protein levels of NAD(P)H quinine oxidoreductase 1 (NQO1) and heme oxygenase 1 (HO-1)
were significantly increased. In addition, Xinhui citrus fermentation liquor increased the abundance of Akkermansia
and reduced the abundance of harmful bacteria Enterococcus and Streptococcus. The correlation analysis showed
that the abundance of Akkermansia was positively correlated with anti-inflammatory factors, tight junction protein
and the related genes levels of Nrf2 signaling pathway. In summary, Xinhui citrus fermentation liquor ameliorates
acute ulcerative colitis in mice via regulating intestinal bacteria homeostasis and Nrf2/NLRP3 pathway to repair
intestinal mucosa.
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B 2 BESEE TR . AT S5 88 XCFL X S 35t
9 1t 45 Wy 9% (R OR3P AR FH L, B AE 9 b 25 R e i) &
TN B R A SR AR

R 5E%E

@5 F  XCFL (SC10644070503733). [ %
(20220228) (J7 A = 5 AV RHE A IR A 7)), 5-2 K
¥ (5-amino salicylic acid, 5-ASA, A79809-5G, Sigma
o), A e R ETR FREN (dextran sodium sulfate, DSS,
160110, MP Biomedicals 23 ] ); 2% {8 B i 2 A6 R 771
L (R21607-100T, Y AEY) A w]); o RNA FEHGA I &
(LS1040)- 52 %¢ 5t 5 f PCR AR £ (A6002) (Promega

A, W SR A (R323-01, Vazyme 2 #)); 10%
PR AC BT & (PGL12, [ MBS I A= M0 R B A IR 2
A]); occludin L /& (A12621). claudin-1 $iL 1 (A11530)
(Abcam 2 #]); Nod ¥ 5% #& 45 1 3 (Nod-like receptor
protein 3, NLRP3, A11369). ] T 4 5% BE /5 FE & A
(apoptosis-associated speck-like protein, ASC, A1170).
Caspase-1 (cysteine-aspartic protease 1, A16792). H /&
18 (interleukin 18, IL-18, A16737).GSDMD (gasdermin
D, A18281). 1% A E2 #H 5% [A F 2 (nuclear factor ery-
throid 2 related factor 2, Nrf2, YT3189). i & AL ifs J5 i 1
[NAD(P)H quinine oxidoreductase 1, NQO1, A19586]. Il
AR A 1 (heme oxygenase 1, HO-1, A1346) ZE P14
(7 M3 ik B2 AR W BHE A BR 2 #D); 2 9t %R 1gG it
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REHYMC TR R E .
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JK R X CFL HofH 205 5 843 14 16.45.20 mg'mL ™.
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%300 mg-kg' i) A 5-ASA (100 mg-kg"), fF K 11K, &
229K B HdT/ Bk & DSS A & AR, WgE
SEAEPEARANE AL, FFAR AR A BT P S PR AT 5
I L IEAT 7993 1 3l FE £ (disease activity index, DAT)
P43 9206 45 OR S5 4% B R Bk B, 35 36 % B 15 min,
8 000 rmin” B§.0r 5 min, YA ML7E; B0 AL FE /N B, i
SERF VB VE N RIS i 4, B T80 °CHR AT ¥
oL B U B L T ) LB T s O TN $E 2 UL &
FE R H LRI RIS LK E . WEEBN
BYREAT 16S TRNA I FF 73 A1 o BT B LT AL 1) 45
(2 cm), B T 10% r k22 i A I, K B0t
VR, i BB bR S I R AR HEAT IR OR RS - R 4L (H&E) &
TR GG

DALIES LA/ B E 365 oK B A 1 1575 95 A
fabr, AN (1).(2) 200 1H 5 DAL AR H R REE,
AT DALV (R 1).

DAI = (B E P73+ F PRI VP A+ ML BLPE57)/3 (1)

Fn KR
Bt n
AR PR (%) = ————— x 100% )
FORM
Table 1 Disease activity index (DAI) score
Weight DAI
Stool property Bloody stool c1e
loss score
Normal Negative of occult blood None 0
Mild soft stool ~ Occult blood weakly positive (+)  1%-5% 1
Severe soft stool Occult blood positive (++) 6%-10% 2
Mild diarrhea Blood to the naked eye 11%-15% 3
Severe diarthea  Worse and bloody naked eye > 16% 4

FERHELREZ VRN BT L] I 45 i 4 21
(2 cm), BT 10% g2 o R, o BE K, A e
B, PI R, H&E G, T2 WA T~ M 22 K 4
1B, 45 i 40200 B2 VA 2 R 45 i 6 T4 40 48 H ) v
IrhRiE (R 2)o

RT-PCR (real-time PCR) 3238 [l 5 RNA 2
HE R S FE BN 45 1 2 2305 RN, Wl e 9 5 e f L
10 5% B cDNA; i J HEAT S I %2 0l %€ & PCR ALl .
DL = 8 BR H 9 B85 i S 1§ (glyceraldehyde 3-phosphate
dehydrogenase, Gapdh) {£ AN Z, 2L THE X BN
FE mRNA FH0 KRB & & EEE K BRI Y5
WL 3 PR .

Table 2 Pathological score of colonic mucosa

Indicator Judgment standard Score
Inflammation Normal 0
Mild adhesion 1
Severe adhesion 2
Cytopathic effect None 0
Submucosa 1
Muscular layer 2
Serosal layer 3
Degree of crypt Crypt destruction 0
damage 1/3 basement membrane 1
2/3 basement membrane 2
Only complete surface epithelium 3
All crypts and epithelium are destroyed 4
Extent of disease 0 0
1%-25% 1
26%-50% 2
51%-75% 3
76%-100% 4

RRRANFLRE AL AED ), B EK,
3%, B, 5Pt [anti-occludin.anti-claudin-1 (1:100)]
fE 4 °C N E R A 1B R £ 22 W (phosphate
buffer solution, PBS) 1% 3 X 5 5B J5 0 9¢ Y R 18
I UBLIE E 1~2 h; 1xPBS YL 3 Wk, R 79 ik
B R AE MG 1 H Image J B3 B AT 2% 8 &
3T

RRENIE S FRELSS 223 15 mg, A& H
A B A 7 (1) RIPA 2L WS, 12 000 rmin™ 250
15 min J5 U 3% i ; 2R H BCA (bicinchoninic acid) 7%
PR E s IN EREGE P A & SR IR R,
4 JE ¥ 15 min ff 5 A, BEE B O 5 o R AT
—80 °CUKARHH . FAR IR o) 58 4 Ms e e Bt i, B 5L
R ER 48 pg, HLVK; K EEIR B %I % PVDF
JIBE ;R MR 33 PR 4] 30 ming —$HT 4 CiR B TR,
TBST (Tris buffered saline with Tween) Pt & 5 min, 5
H3UG ZPUEERE 1 h, TBSTYEAR S min, HE 3K;
N B UL 22 R % (electrochemiluminescence, ECL)
RBEBOR Y6 5 A8 FH Tmage J #AF3EAT 2K B 3 # o

16S rRNAF WHESHNREMAEYD, &
DNA #2H¢, PCR ¥ 4 4li4k,, 3T Illumina - & 56 B % Ff
A 16S rRNA Pl P3[R V3-V4 [X i &l 5, Hadktr
AW 2 MR RS A R S A Y
IERSN=c e

FIHFSH BELLTME £ L x5 &
7R, K Fil SPSS Statistics 19.0 4 i+ 2= AF 4T i it 2 4
Mr, 2RI bR F B R 8 5 2253 AT (one-way ANOVA),
P <0.05 A6 Gt it % 7% 5, K H GraphPad Prism 6 £ fF
HIE . K RIES (v.3.6.1) X 16S rRNA Wl /5 45 5 i3k
AT 53 AT RSB AT AL
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Table 3 Gene primer sequences. 7nf-a: Tumor necrosis factor a;
1I: Interleukin; Cxc/10: CXC chemokine ligand 10; Nlrp3: Nod-like
receptor protein 3; Asc: Apoptosis-associated speck-like protein;
Caspase-1: Cysteine-aspartic protease 1; Nrf2: Nuclear factor
erythroid 2 related factor 2; Ngol: NAD(P)H quinine oxidoreduc-
tase 1; Ho-1: Heme oxygenase 1; Zo-1: Zonula occludens-1; Muc2:

Mucin 2; Gapdh: Glyceraldehyde 3-phosphate dehydrogenase

Gene Primer sequence (5'-3")
Tnf-a Forward AGGGTCTGGGCCATAGAACT
Reverse CCACCACGCTCTTCTGTCTAC
1-6 Forward ATCCAGTTGCCTTCTTGGGACTGA
Reverse TAAGCCTCCGACTTGTGAAGTGGT
Cxcll0 Forward CTCATCCTGCTGGGTCTGAG
Reverse =~ CCTATGGCCCTCATTCTCAC
1-10 Forward GCCAGAGCCACATGCTCCTA
Reverse  GATAAGGCTTGGCAACCCAAGTAA
Nirp3 Forward ATTACCCGCCCGAGAAAGG
Reverse TCGCAGCAAAGATCCACACAG
Asc Forward GTTAATCCCAGCAACCAGGA
Reverse CTTGAGTTAGGCCAGCCTTG
Caspase-1 Forward CACAGCTCTGGAGATGGTGA
Reverse  ATGATCACCTTGGGCTTGTC
1-1p Forward GGGCCTCAAAGGAAAGAATC
Reverse TACCAGTTGGGGAACTCTGC
1-18 Forward GCTGTTCGGTTTGGTTTGAT
Reverse  TTGATTTGCCAGCTCTTCCT
Nrf2 Forward CCTCGCTGGAAAAAGAAGTG
Reverse =~ CCGTCCAGGAGTTCAGAGAG
Ngol Forward TTCTCTGGCCGATTCAGAGT
Reverse  AGGCTGCTTGGAGCAAAATA
Ho-1 Forward ACGCATATACCCGCTACCTG
Reverse CCAGAGTGTTCATTCGAGCA
Zo-1 Forward ACGATCTCCTGACCAACGTT
Reverse  GCTTTGGGTGGATGATCGTC
Occludin Forward ACAGTCCAATGGCCTACTCC
Reverse TACCATTGCTGCTGTACCGA
Muc?2 Forward AAACTGCTCTCTGGACTGCC
Reverse TTGGTTGGTGTGCTGAGTGT
Claudin-1 Forward GCCATCTACGAGGGACTGTG
Reverse = CCCCAGCAGGATGCCAATTA
Claudin-5 Forward GTTAAGGCACGGGTAGCACT
Reverse TACTTCTGTGACACCGGCA
Gapdh Forward TGCCCCCATGTTTGTGATG
Reverse TGTGGTCATGAGCCCTTCC
EEES

1 XCFLA¥ENRIMRBH LR
AW 5T % %2 7 XCFL & CRB Xf DSS %5 5 1) 2tk
5t VE 45 i 9% /N BBV R TP, B AR S Be 5 o L
1A. 25 BIR, /N H HH DSS I 4 K B tH 34
R RS FIE MAEAR; BESE DSS i 3 I 8] i 1E £
E R H N, 55 9 RN /I BRAH X R T PR 2 67%,
DAIVF 434 3.7 43, B /I B 201 45 i 98 455 1Y 4 ST
e it — SR I, B4 I 28 /) BRAE 242 XCFL.
CRB J 5-ASA T 9 K Ja, MXS R EAH T DSS 4177
B KT 12% (P < 0.001).7% (P < 0.01). 11% (P <

0.001), & B XCFL.CRB % 5-ASA ¥ 1] 035 25 Jigg 4 /)N
B E T B, HSCi0 58 3 R &4 4 4H DALV 7 B E 1K
F DSSHH, %9 KWL T 2.9 (P<0.001) (K 1B.C),
F W] XCFL.CRB J 5-ASA 7] i % o 3% 2V 45 g SO
Ko Mo, BERK T HHNREHDSSHAHRSHE
&2, RSN, SA/NREHEAR DSS T #E %=
S, Wi AR 4 F — 2 (B 1D); SR, XCFL 41/ iR 7E
SRR (BE2~5R) T EEH 2L T DSS4A,
{BAE 245 g K (55 8~9 K) A1 iR 2 T DSS 41
(B 1E); 1fi CRB 1 5-ASA 20 5 DSS 4 7o it & 1 % 5+ .
JE W 82 4k g 2 AT S A, R I control ZH /)N BRI
B p A4 R e, 45K E 27 om; i DSS 41/
BUE A R, ELE NS5 W b 24 PR T A I A
45 17 1 AR BE T control ZH 45 K24 3 cm (P < 0.001); 1H
22 XCFL.CRB J% 5-ASA Tl J5 45 W K FE B & 3 1~
2 cm, H 3AF 4 A G 35 % 7 & K I XCFL #l
CRB ¥ W A &% 5 W Z4 (B 1F). 45 b, XCFL &
CRB ¥ A {2 3 ik % DSS % S 10/ B 2tk it 25
RAEAR, H XCFL 7 0% A4 5T P | ifi (58 55 1 AR AR T
CRB.
2 XCFLALBRE2MRH LK RS AE R

YT UC A2 R AEAE 45 R A0 B B 1) 98 RE 1 B, A
W Fe 3 — 20 DL G5 I i 125 0508 U 8 50055 F s DA%
XCFL % CRB X 45 i % iE 1 2 i /E )« H&E % i 4%
R IEIR, control 21 /)N FR 45 % AT L3 FHE i A RIR %, B
FhBRN 5 5T e, R L 4% ME 40 MR T DSS 41/ R
LR TNZ SUR TR T E I SRR I N DN =R R
AT D K T AR 4 A B R, P B4R N 12 4 T
XCFL.CRB & 5-ASA T il J& 45 o 4% 93 15 L 15 21 A 2%
W, R BEVE 2 PRI T 8 43 (K12A.B), H XCFL XJ /) i
45 i e 53 PR DR 248 16 1) Wik 52 288 SR 5 B 1 24 1 Y 3 1k 22
S, (HB B AL T CRB, % 8 XCFL &8 & 45 W 6 45 1 30R
fit-F CRB.

JIR A 45 H5 RN 98 RE DR 17K P AT e B 8 0 2 BE, DSS
21 /0N BRI B S O (B LF), R IE £ (36.03 + 4.42)
AT control 4 (27.95 + 1.99) &3 7 (K20); 45
1R R T Tnf-adl-6 (P < 0.001). Cxcl10 mRNA 7K 3
In (B 2D~F) ; Tl XCFL 417> S R AR IO, B+
# (25.58 +3.87) M EL T DSS 41 & & P&, H 5 5-ASA
41 (21.80 = 1.80) o & & M2 = bAh, G g e & I8 1
11-6 Cxcl 10 3235 . 35 BEAK, 1Bt 28 B - 11-10 2. 35 5
(BE2D~G). FidR45REM, XCFL & & 4% DSS i 3
() PRI M 45 W 9 /0N BR 45 W 98 i
3 XCFLAEaMRm SR RAFESRA

g0y 528 L ) Be R U 10 Mg 6 IS T HKAE g B P O
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Figure 1  Xinhui citrus fermentation liquor (XCFL) and Citrus reticulata blanco (CRB) can significantly reduce dextran sodium sulfate

(DSS)-induced colitis. A: Experimental scheme diagram; B: Daily relative body weight changes; C: Disease activity index (DAI) was scored

according to relative body weight change, stool characteristics and hematochezia; D: Daily DSS intake per cage; E: Changes in daily food

intake per cage; F: Colon and spleen images and colon length quantization of each group. n = 6-9, x £ 5. "P < 0.05, P < 0.01,

Ak

P <0.001,

DSS group vs XCFL group; “P < 0.05, ““P < 0.01, “**P < 0.001, DSS group vs CRB group; “P < 0.05, P < 0.01, **P < 0.001, DSS group
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Figure 2 XCFL alleviates DSS-induced colonic inflammation. A: Colon hematoxylin eosin (H&E) staining. Scale bar: 100 pm; B: Histo-
pathological score (n = 3); C: Spleen index; D—G: The mRNA relative expression levels of Tnf-a (D), 1I-6 (E), Cxcl10 (F) and 1/-10 (G) in

Fkk

colon (n=6). x+s. "P<0.05, "P<0.01, P <0.001

JE B B A F S N UG 3R, A 4E 4 L AR A PR 5T
FRAHERY . T RS 1 /2 UC (1) 5 2E4F1E, VR
Ft XCFL %t i Zh I8 1) OR 374 FH, Rl 1 &85 i vh 5 %5 3
BEASFEAMEKIE. 4R ER: # T control

21, DSS 41 /) R 45 W '8 %5 7% $: 52 [ Zo-1+ occludin.
claudin-1 . claudin-5 1 % & A Muc2 & & W b ; M
XCFL THiJg, Zo-1occludin.claudin-1 Al Muc2 ik .
FE I, AR EL T DSS A B MG N 1 44.2.8.04.3.91 Al
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5.6 f% (B 3A~E); f% 5 ot G (i 25 L 7R, control ZH
/INER 25 1 occludin & claudin-1 [ %¢ Y6 52 3E SR 40 A T
Jon b JE - R A P 1), 2 W iz % 6 o e 45 ) 55 % T DSS
AL B % B 96 o0 A, H98 i B K B s 2
T35 R 25 PRI (5 XCFL 2H m) DL aZe 4 L KT AR 1 98 6 43
i, Hoo B K e 5 S a5 B & 1 (BI3F.G). DA b4
KW, XCFL n[ 12 & DSS i 5 1 2 M 5t Y 45 W %8
/IN B R P A543
4 XCFL 7 i& T %5 Nrf2/NLRP3 15 S8 B & #E i
RIEERFIRIER

Il PR 75 & B0 UC B35 45 I 6 IS vh & PR 4R (reac-
tive oxygen species, ROS) 7K *F- 5 %5 3 /™ 5 £ & 2 IE
AHOEM, ROS 15 3 1 S 2 IR (2 JF 98 E S B2, Jin B
il 540 . ROS A% i 8004 B B AH BLAE I 2
F 5 NLRP3 45 14 5 H 45 &, /v % NLRP3 #iE /) &
(NLRP3.ASC 5 pro-Caspase-1) FJZH % ; 4 5E /IMAE B
% AL 3k Caspase-1 35 46 M2 TL-18.IL-18 25412 % K 7 B
O 4l Caspase-1 7] ¥4 5E GSDMD 2 i, 75 5 4l fiu i
R, BIL-18.IL-18 55 R K 1 2= 4H M 4, 51 & 40 o
FETT, X2 N 90 S B AN B R A A5 Ak
ROS & &I = N TR R AR 52 L 82 1 0 X DNA . Nrf2 {f
N ROS ¥5 B B BURAS =, HoB0E T 38 0 T i HO-1 Al
NQO! 5t E LB I ik, T HEHT AR . HO-1
A e i3k 1M 21 2 PR O BB 20 3R ; 1 AE 40 3R T B B 4
NADPH %L1 1) 3E P, AT A Z0E B ROS. b4k, B
¥ Ak Dy 2 AR 5 r] 3 A 8 SR A BA 7 AR ROS; T
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Figure 5 Diversity analysis of intestinal flora and difference in dominant microorganisms between groups. A: The a-diversity: Shannon

and Simpson index; B-D: The f-diversity: nonmetric multidimensional scaling (NMDS) plots (B), principal coordinates analysis (PCoA)

plots (C) and diversity heatmap (D); E: Linear discriminant analysis effect size (LEfSe) analysis. n = 6-8, x + s
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Figure 6 Effects of XCFL on relative abundance of gut microbial. A: Bar diagram of relative abundance of flora at phylum level and

relative abundances of bacteria at phylum level; B: Bar diagram of relative abundance of flora at genus level; C-E: Relative abundance of

Bacteroidota (C), Firmicutes (D) and Verrucomicrobia (E) at the phylum level; F-N: Relative abundance of Desulfovibrio (F), Enterococcus
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Figure 7 Spearman's correlation between microflora and colitis related indexes. The spot with asterisk in red refers to the significant
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