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Objective: The therapeutic effect of celery, kale, and red chicory powders on colitis mice using non-group
feeding cages was investigated. Further, the efficacy of whole celery, celery soluble dietary fiber (CSDF), cel-
ery insoluble dietary fiber (CIDF), celery flavonoids (CF), CSDF + CF and CIDF + CF in IBD mice model was
assessed to dissect protective effect to attribute to which component(s) in such complex matrix.

Methods: 3% Dextran sulfate sodium salt (DSS) was used to induce mice colitis model. Multiple molecular
biological methods were employed to evaluate the severity of mice colitis and the gut microbial composition
of mice.
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Results: Administration of kale and red chicory significantly restored body weight, DAI score, and colon
length in colonic mice, and celery showed the weakest effects. Administration of either CSDF or CF markedly
improved the histological damage, increased colonic mucus expression, and reduced colonic MPO/iNOS

activities, and IL-6/IL-1 levels. However, CSDF + CF showed weaker improvement than CF or SDF in most
physical and biochemical signs. Furthermore, CSDF and CF decreased intestinal g_Escherichia-Shihella and
g_Clostridium_sensu_stricto_1 induced by DSS administration. Interestingly, celery flavonoid promoted
g Akkermansia proliferation both in vivo and in vitro, and which can be inhibited by CSDF.
Conclusions: This study revealed for the first time that CSDF can suppress the protective effect of CFon intesti-
nal health by inhibiting g_Akkermansia, and clarified that the decreased efficacy of celery whole food on colitis
was mediated by an antagonism between CSDF and CF. Moreover, this study presents for the first time that
interaction between soluble dietary fiber and flavonoids in vivo can ameliorate the efficacy of dietary fiber or
flavonoids when administered alone suggestive for an antagonistic effect.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Inflammatory bowel disease (IBD), mainly divided into ulcer-
ative colitis (UC) and Crohn’s disease (CD), is a chronic and
recurrent intestinal inflammatory disease with high risks of
developing colon cancer [1]. According to statistics, millions of
people are suffering from IBD worldwide, especially in America
and northern Europe [2]. Although the etiology of IBD is not
completely eliminated, studies have found that heredity,
immune and environment are key factors in the predisposal to
colitis [3]. Moreover, diet is a crucial environmental factor for
patients with colitis. Diets with high fat, high sugar, high pro-
tein, and low fiber have been proposed to increase the risk of
IBD [4]. Therefore, changing dietary habits is regarded as an
effective measure to manage colitis symptoms [5].

IBD is associated with the impairment of colonic intestinal
barrier function, and the production of inflammatory cytokines
by colonic infiltrating inflammatory cells [6]. Weight loss and
malnutrition may be developed due to inflammation, impaired
nutrient absorption, and nutrient loss from damaged tissues of
IBD patients [7]. Moreover, recent studies have shown that gut
microbiota dysbiosis is an important pathogenic factor in IBD
[8]. Clinical and experimental data have demonstrated changes
in gut microbiota, with observed expansion of inflammation asso-
ciated bacteria, such as Enterobacteriaceae [9]. Recently, dietary
fiber and flavonoids has been shown to reduce inflammation
and improve gut tight junction protein integrity [10-11]. Mean-
while, they can also improve the composition of intestinal flora,
inhibit harmful bacteria proliferation and promote the growth
of probiotics, such as Bifidobacterium and Akkermansia, which con-
tribute to the treatment of IBD.

Vegetables contain many functional nutrients beneficial to
intestinal health, especially dietary fiber and flavonoids, which
are considered to be beneficial to reduce the risk of colitis
[12]. Although some reports showed the non chemical adsorp-
tion between dietary fiber and flavonoids, few studies reported
the interaction of dietary fiber and flavonoids on intestinal
health in vivo. Therefore, we aimed to explore the effects of
three vegetables (celery, kale, and red chicory) rich in dietary
fiber and flavonoids on IBD [13], and further compare the effects
of celery soluble dietary fiber (CSDF), celery insoluble dietary
fiber (CIDF), celery flavonoids (CF) and dietary fiber-flavonoids
(CSDF + CF or CIDF + CF) mixture for colitis prevention. The
results of this study provided a new paradigm of the potential
adverse effects of dietary fiber-flavonoids interaction in the con-
text of colitis for the first time, and support the future dietary
choices and regimens design.
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Materials and methods
Materials and reagents

Celery (Apium graveolens Linn.) was produced in Weifang City,
Shandong Province. Red chicory aerial part (Cichorium intybus L.)
was produced in Chengde, Hebei province. Kale (Brassica oleraceae
L. var. acephala) was cultivated in Qingdao, Shandong province.
Reference standards of apigenin 7-O-apiosylglucoside (Apiin,
purity > 98 %), chrysoeriol 7-O-apiosylglucoside (CA,
purity > 98 %), and luteolin 7-O-apiosylglucoside (LA,
purity > 98 %), were purchased from Yongjian Pharmaceutial (Taiz-
hou, China). Dextran sulfate sodium salt (DSS) (My, 40-50 kp) was
purchased from MP Biomedicals (Santa Ana, California). Amyloglu-
cosidase from Aspergillus niger and heat-stable o-amylase were
purchased from Aladdin reagent (Shanghai, China). Protease was
purchased from Pangbo Bioen-gineering (Nanning, China). AIN93G
diet were customized from FBSH Biotechnology Co.Itd (Shanghai,
China). anti-Z0-1 and anti-Occludin antibodies were obtained from
Abcam (Shanghai, China).

Animals

Male C57BL/6] mice were used as experimental animals in this
study. Mice were purchased from Vital River Laboratories (Beijing,
China). Animal feeding conditions: room temperature was 25 + 0.
5 °C, relative humidity was 50 + 5 %, and light/dark cycle was
12 h/12 h. Mice were adapted for one week before experiments.

Ethics statement

All procedures involving animals were performed according to
the Guidelines for the Care and Use of Laboratory Animals pub-
lished by the United States National Institute of Health (NIH, Publi-
cation No. 85-23, 1996) and approved by the Animal Care Review
Committee (Animal application approval number 0064257) at
Nanchang University, China.

Non-group feeding cages

Mice have the habit of eating feces, and the intestinal flora of
mice will be affected by other individuals in the same cage [14].
In this study, all animals were raised in non-group feeding cages
to prevent mice from being affected by the same cage effect (Fg.
S1A). The cage was modified based on M1 type mouse cage
(290 x 178 x 160 mm). A partition board (Fg. S1B) was added to
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divide the cage into two independent spaces. Each mouse was
raised and given independent feed and water.Fig. 2

Experimental design of the three vegetables effects on DSS-induced
colitis mice

Mice were randomly assigned into 5 groups (n = 8), including
control group, DSS group, celery group (2 %), kale group (4.5 %),
and red chicory group (3 %). The normal control group and DSS
group were given normal AIN93G diet throughout the experiment,
and other groups were given customized diets containing veg-
etable powder adjusted based on AIN93G diet (Tab. S1). Fresh diets
were changed every-two days. From day 7th to day 14th, the DSS
group and vegetable treatment groups were given 3 % DSS sterile
water. Control group was given sterile water during the 16 days
experiment.

The equation (1) was used for calculating vegetables powder
content in customized mice diets.

300 g x (100% -PM) 1kgx3g

PV = + x 12.3 x 100% (1)
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Py represent vegetables powder content in customized mice
diets (%). Py represents moisture content of fresh vegetables (%).
The Py of celery, kale, and red chicory are 95.47 + 0.05 %, 89.6 + 0.
01 %, and 93.6 + 0.04 %, respectively. With reference to the nutri-
tional components of vegetables in the database (celery [15], kale
[15], and chicory [16]), the contents of protein, dietary fiber, fat,
vitamins and minerals in the feed were adjusted appropriately. It
is estimated that 300 g, 60 kg and 12.3 are the fresh weight of daily
intake of vegetables for human (g), body weight of human (kg) and
equivalent surface area dosage conversion factors between human
and mouse [17]. 20 g represent body weight of mice, and 3 g rep-
resent feed intake of mice every day. In summary, the vegetables’
dose for mice is approximately equivalent to 300 g/day fresh veg-
etables for 60 kg adult humans [17].

Evaluation of the disease activity index (DAI)

After giving DSS water, each mouse was evaluated for several
traits [18]: the scores of stool consistency (0, normal; 2, soft; and

60 kg 20¢g 4, diarrhea), the scores of hematochezia (0, none; 2, blood; and 4,
abundant bleeding) and the scores of body weight loss (0, < 1 %;
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Fig. 1. The effects of celery, kale, and red chicory intakes on basic physiological indicators of DSS-induced colitis mice. (A) animal experimental design; (B) body weight
change; (C) disease activity index (DAI) score. (D) representative photos and (E) length of colon. All values are expressed as mean + SEM (n = 8); * p < 0.05; **, p < 0.01; ***,

p < 0.001.
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Fig. 2. The flowchart of celery dietary fiber and flavonoids purification.

1,=1-5%; 2,=5-10%; 3,=10-20 %; 4, > 20 %). DAI score for each
animal is the average of these three indicators scores.

Extraction and purification of CF

The extraction and purification of CF were performed following
the protocol described [19], with some modifications. Briefly,
chopped fresh celery was oven dried at 50 °C, and pulverized. Cel-
ery total flavonoids were extracted using 80 % ethanol (w/v = 1/20)
at 50 °C for 1 h, centrifuged, and supernatant was obtained. The
extraction was performed four times. The marc left after flavonoid
extraction was further used for the extraction of dietary fiber. After
concentration and centrifugation, the supernatant was collected
for further flavonoids purification. 100 mL Celery flavonoid extract
was loaded in a 100 mL polyamide resin (80-100 mesh) column at
2 BV/ h, washed by 3 BV distilled water, and eluted with 3 BV 40 %
ethanol at 2 BV/h. After concentration of eluted ethanol and
lyophilization, purified CF was obtained.

Quantitative detection of flavonoids in CF and its content in celery
powder

The method of celery flavonoid detection was performed fol-
lowing the protocol described [20], with some modifications. The
purified CF is dissolved in 80 % methanol and filtered by 0.22 pum
organic filter membrane for detection. The flavonoid in celery pow-
der was extracted using 80 % methanol (25 mL/ 50 mg celery pow-
der) by ultrasonic for 1 h, centrifuged, and supernatant was was
filtered by 0.22 pm organic filter membrane for further analysis
using UPLC-MS.

Samples were detected using a UPLC-QQQ-MS/MS system (Agi-
lent Technologies, American) equipped with a pump with a vac-
uum degasser (1290 Bin Pump VL), thermostated column
compartment (1290 TCC), auto-sampler (1290 Sampler), a 6460
QQQ-MS/MS with ESI source, and a ZORBAX Eclipse Plus C18 col-
umn (4.6 mm x 100 mm, 3.5 pm). The mobile phase used con-
sisted of solvent A (99.9 % water and 0.1 % formic acid) and
solvent B (100 % methanol). The gradient elution of solvent B
was performed as follows: 5-30 % (0-5 min), 30-40 % (5-
11 min), 40-45 % (11-18 min), 45-50 % (18-23 min), 50-100 %
(23-24 min), 100-100 % (24-26 min), 100-5 % (26-27 min) and
5-5 % (27-30 min), and column temperature was set at 35 °C.
The seperation was performed using 2 plL initial injected volume
and 0.3 mL/min flow rate. The identification and quantification of
flavonoid were operated using electrospray ion source (ESI) posi-
tive ion and multiple reaction monitoring (MRM) detection

76

method. Standards including apiin, CA and LA were used to build
calibration curve, and the MRM parameters were list in Tab. S1.

Dietary fiber preparation

Dietary fiber was extracted by the methods in the references
and modified appropriately [21]. In short, the celery residue is
enzymatically hydrolyzed in 95 °C hot water containing 0.5 % (w/
v) heat-stable o-amylase for 1 h, in 60 °C hot water containing
0.5 % (w/v) protease for 1 h, and in 60 °C hot water containing
0.5 % (w/v) starch glucosidase (pH 4.5) for 1 h, respectively. All
enzymes were inactivated at 100 °C for 15 min. After centrifuged,
to obtain CIDF, hot water and 95 % ethanol were used to wash
the precipitate. 80 % alcohol was used to precipitate the super-
natant, and 8000-10000 Da dialysis membranes was used to dia-
lyzed in distilled water for 2 days. After concentration and
lyophilization, CSDF was obtained.

Chemical composition

The content of neutral sugar was detected by phenol sulfuric
acid method [22]. The content of uronic acid was determined by
sulfate carbazole method [23]. The official methods were used to
detected the contents of protein and ash [24]. A total starch detec-
tion kit (Megazyme, Ireland) was used to determine the starch
content.

Molecular weight distribution

The molecular weight (M,,) of CSDF was determined by a liquid
chromatography system [25]. It includes Waters e2695 system col-
located with 2414 Rl refractive index detector and Waters Ultrahy-
drogel™ Linear (7.8 mm x 300 mm) column (Milford, USA). The
mobile phase was 0.02 % NaN3 and flow rate was set to 0.6 mL/
min. The standard curve were established with standards of T-10,
T-40, T-70, T-500 and glucose.

Fourier transform infrared spectrum

Dried potassium bromide was mixed with dried dietary fiber
and prepared into a transparent sheet. Then, using a Nicolet 5700
fourier transform infrared spectrophotometer (FT-IR) (Thermo
Electron, USA) acquire the signal with wavenumbers from 4000
to 400 cm.
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Monosaccharides composition

The methods of acid hydrolysis and monosaccharides determi-
nation were performed following the protocol previously described
[26]. In brief, samples were dissolved in 12 M H,SO4 (5 mg/0.5 mL)
in the condition of ice-bath for 0.5 h, respectively. 2.5 mL distilled
water was added to solution, and samples were treated with 100 °C
oil-bath for 2 h. The samples were diluted, filtered and tested with
a Dionex ICS-5000 ion chromatography (Dionex, USA). Dionex Car-
boPac™ PA20 column (3 mm x 150 mm) and guard column
(3 mm x 30 mm) were used for sample separation. 1 M CH3COONa,
250 mM NaOH and H,0 were used as the mobile phase. The stan-
dard curve were established with standards of rhamnose (Rha),
fucose (Fuc), galactose (Gal), arabinose (Ara), xylose (Xyl), glucose
(Glc), fructose (Fru), mannose (Man), galacturonic acid (GalA) and
glucuronic acid (GIcA).

13C NMR analysis

CP/MAS '>C NMR spectra were measured on a Bruker Avance
400 M spectrometer (Bruker, Germany) at 100.61 MHz. Samples
were pulverized, loaded into clean rotors, and placed in a catheter
on the upper part of the magnet. A CP/MAS mode was used for
sampling. The sampling temperature was set at room temperature
and the grinding angle rotation frequency was at 12 MHz. The con-
tact time was 2.0 ms. Acquisition time was 0.0127 s. The cycling
delay was set at 4 s. The number of scans was 1500.

Experimental design of celery dietary fiber and flavonoids effects on
DSS-induced colitis mice

Mice were randomly assigned into 8 groups (n = 10), including
Control group, DSS group, Whole celery group (2 %), CSDF group
(0.052 %), CF group (0.004 %), CIDF group (0.64 %), CSDF + CF group
(0.052 % CSDF and 0.004 % CF), and CIDF + CF group (0.64 % CIDF
and 0.004 % CF). In this experiment, dietary fiber and flavonoid
were added to diet, which is obviously not applicable to common
drugs. For this reason, drug control group was not set.

Control group and DSS group mice were given normal AIN93G
diet, whereas other treatment groups were administered adjusted
AIN93G diet (Tab. S3). From the 7th day till the 13th day, 3 % DSS
water was given to mice except for Control group. Normal water
was given to Control group mice(Fig. 3A). Based on equivalent sur-
face area dosage conversion factors, the vegetable intake of a
mouse is equivalent to a daily intake of 300 g of fresh vegetables
for a 60 kg adult [17]. Celery dietary fiber or flavonoid content in
adjusted AIN93G diets was calculated using the equation (2).

PD = 2% x PCx 100% (2)

Pp is celery dietary fiber or flavonoid content in adjusted
AIN93G diets. 2 % represents celery powder content in adjusted
AIN93G diets. Pc is the detected content of celery dietary fiber or
flavonoid in celery powder.

Analysis of intestinal permeability

Mice received intragastric administration of FITC-dextran (Mw
4kd, Sigma-Aldrich) to trace intestinal permeability at 500 mg/kg
body weight. Serum was collected after 4 h gavage, and FITC-
dextran (4 kDa) was detected by a multifunctional spectropho-
tometer (Varioskan, Thermo Fisher Scientific Co., American).

HE&E staining and histological damage score

Colon sections were stained with hematoxylin and eosin (H&E).
The H&E staining results pictures were obtained by a camera
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(Nikon Co., Japan) and a Zeiss Primo Vert microscope (Carl Zeiss
Suzhou Co., Itd). Three scoring criteria of Wlodarska et al. were
referred to score the histological damage [27]: crypt damage
(0 = normal, 3 = severe crypt damage), inflammation (0 = normal,
3 = severe inflammatory infiltrate), muscle thickening (0 = no mus-
cle thickening present, 3 = significant muscle thickening present).
Histological damage score for each animal is the sum of these three
scores.

Measurement of mucus expression area

Alcian blue/periodic acid-Schiff (AB-PAS) method was used to
stain the mucus expression area of colon tissues [28]. The AB-
PAS staining results pictures were obtained by a camera (Nikon
Co., Japan) and a Zeiss Primo Vert microscope (Carl Zeiss Suzhou
Co., 1td).

Image pro plus software 6.0 was used to measure the mucus
expression area. The mucus expression area was calculated using
the equation (3).

_ Mucin area

~ Total tissue area 100%

Area of mucus expression (%)

3)

Immunofluorescence

Paraffin-embedded tissues Carnoys-fixed were dewaxed and
rehydrated[29]. The tissue antigen was repaired by microwave.
Immunostaining was carried out with anti-ZO-1 and anti-
Occludin primary antibodies followed by the incubation with
a Alexa Fluor 568-conjugated or FITC-conjugated secondary
antibody, and 4',6-diamidino-2-phenylindole (DAPI) were used
for DNA counter-stain. Images were acquired using an inverted
fluorescence microscope (Nikon Eclipse Ti-SR, Nikon Co.,
Japan).

ELISA analysis

100 mg Colon tissue was mixed with 1 mL PBS and then homog-
enized using a KZ-II high speed tissue grinder (Servicebio Co.,
Wuhan, China). The tissue homogenate was centrifuged at
3,000 rpm/min for 20 min, and the supernatant was obtained for
ELISA detection. The concentrations of IL-6 and IL-1B and the activ-
ity levels of MPO and iNOS inside the colon tissue were measured
using commercial ELISA kits (Nanjing SenBeiJia Biological Technol-
ogy Co., Nanjing, China). The data were normalized to protein con-
tent measured by a BCA protein assay kit (Beyotime Biotechnology
Co., Shanghai, China).

Fecal microbiome composition analysis

A DNA extraction kit (TianGen DNA Stool Kit, TianGen Biotech
Co., Itd., China) was used to extracted feces microbial DNA. The
V4 hypervariable region of bacterial 16S rDNA gene was amplified
using primers 515F 5-GTGCCAGCMGCCGCGGTAA-3’ and 806R 5’-
GGACTACHVGGGTWTCTAAT-3'. The amplified DNA was recovered
using agarose gel electrophoresis. DNA libraries of the V4 hyper-
variable region were constructed. A MiSeq platform (Illumina Co.,
American) was used to sequence paired-end (2 x 250 bp)
amplicon.

In vitro faecal fermentation experiments

C57BL/6] mice feces were collected, and added to the sterilized
BHI medium (without glucose) according to 5 mL/g. After homog-
enization, it was filtered with a 40 um filter screen. 1 % bacterial
solution was added into BHI medium (without glucose). Then
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Fig. 3. The effects of celery dietary fiber and flavonoids on basic physiological indicators of DSS-induced colitis. (A) animal experiment design; (B) Body weight change after
DSS on the last day; (C) DAI score on the last day; (D-E) Colon image and colon length. CSDF, celery soluble dietary fiber; CF, celery flavonoids; CIDF, celery insoluble dietary
fiber; CSDF + CF, celery soluble dietary fiber plus celery flavonoids; CIDF + CF, celery insoluble dietary fiber plus celery flavonoids. All values expressed as mean + SEM (n = 10).
* p <0.05; **, p <0.01; *** p < 0.001. Data with no identical letter denotes a significant difference.

add different doses of apiin (10 M and 100 pM) and CSDF (3 mg/
mL). After incubation at 37 °C in an anaerobic incubator for 48 h,
the bacterial fluid was collected. Akkermansia muciniphila (A. muci-
niphila) and all bacteria (All) were quantified by quantitative real-
time PCR using specific primers, A. muciniphila: F: 5-CCTTGCGG
TTGGCTTCAGAT-3', R: 5'-CAGCACGTGAAGGTGGGGAC-3'[30], and
All: F: 5-ACTCCTACGGGAGGCAGCAG-3', R: 5'-ATTACCGCGGCTGC
TGG-3'[31].

Statistical analysis
Statistics were obtained using IBM SPSS statistical software 23
(SPSS Inc., Chicago, IL, USA). T test and Duncan’s multiple range test
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were performed. Results were expressed as the mean + SEM. Data
with *p < 0.05, **p < 0.01, **p < 0.001 or no identical letter
between samples were considered statistical significant.

16S rDNA sequencing data analysis was performed in QIIME2
(https://giime2.org) platform. The DADA2 software package was
used to splice data and remove primer and chimeric sequences.
Species annotation was performed basing Silva_132 database.
LEfSe analysis and PICRUSt analysis were performed via galaxy
platform (http://huttenhower.sph.harvard.edu/galaxy). PCA analy-
sis and heatmap were performed via a Personalbio gene cloud plat-
form (https://www.genescloud.cn) and R software (3.6.3),
respectively.
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Results
Celery slightly alleviated DSS-induced colitis

In this study, vegetable powder was added to mice diet, and 3 %
DSS water was given to induce mice colitis model (Fig. 1A). Results
showed that DSS group showed significant weight loss, severe
loose stools and hematochezia after given 3 % DSS water (Fig. 1B
and C). The administration of celery, kale and red chicory signifi-
cantly decreased DAI score, but only kale and red chicory that
led to increased body weight compared with DSS group. Represen-
tative photos of colon are shown in Fig. 1D. Kale and red chicory,
but not celery that significantly alleviated DSS induced colon short-
ening in this experiment (Fig. 1E).

CF chemical composition

Subsequently, celery was selected to study the interaction
between dietary fiber and flavonoids, and tried to investigate fur-
ther why celery was the least effective among the 3 vegetables
to alleviate colitis. Prior to exploring the biological functions of
dietary fiber and flavonoids, it is important to know the chemical
composition and structure characteristics.

In this study, CF was obtained using ethanol extraction and
polyamide purification. The main composition of CF is listed in
Table 1. CF encompassed 67.85, 9.76, and 10.2 mg/100 mg of apiin,
CA, and LA, respectively. Moreover, celery powder contained 0.13,
0.02, and 0.02 mg/100 mg of apiin, CA, and LA (Table 1). These
results showed a high purity of CF fraction obtained by purification
in this study with ca. 88 % flavonoids content. The chemical struc-
ture and extracted ion chromatograms of major flavonoids in CF
are shown in Figure S2.

CSDF and CIDF chemical composition

Dietary fiber (CSDF and CIDF) were obtained using an enzy-
matic method [21]. The yields of CSDF and CIDF in celery powder
were at 2.28 % and 27.16 % (Table 2). CSDF possessed 49.27 % neu-
tral sugar and 39.95 % uronic acid, and CIDF consisted of 49.45 %
neutral sugar and 17.58 % uronic acid. These data indicated that
carbohydrate accounted for ca. 90 % in CSDF and 67 % in CIDF.
There was a small amount of starch detected in CSDF and CIDF,
while a relative high content of protein was present in CIDF
(6.04 %).

Structure characterization of CSDF and CIDF

The monosaccharides composition of CSDF and CIDF is listed in
Table 2. CSDF mainly consisted of 6.53 % Rha, 21.85 % Ara, 30.78 %
Gal, 2.32 % Glc, 36.56 % GalA, 1.96 % GlcA, while CIDF contained
8.88 % Rha, 5.43 % Ara, 4.15 % Gal, 55.18 % Glc, 3.51 % Xyl, 4.47 %
Man, 18.37 % GalA.

The HPGPC chromatogram of CSDF showed that there were
three distinct peaks with peak Mw of 482 kmajor peak, Peak 1),
29 kDa (Peak 2), and 2.1 kDa (Fg. S3A).

The structural features of CSDF and CIDF were measured using
FT-IR spectroscopy. As shown in Fg. S3B, in FTIR spectra of CSDF

Table 1
The content of the three major flavonoids in CF and celery powder (dry weight).

Compound name CF (mg/100 mg) Celery powder

(mg/100 mg)
Apigenin 7-0-apiosylglucoside (Apiin) ~ 67.85 + 0.89 0.13 £ 0.01
Chrysoeriol 7-0-apiosylglucoside (CA) 9.76 + 0.23 0.02 + 0.00
Luteolin 7-0-apiosylglucoside (LA) 10.22 + 0.05 0.02 + 0.00
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Table 2
The chemical composition and monosaccharides composition of CSDF and CIDF.
CSDF (%) CIDF (%)

Yield® 2.28 £ 0.00 27.16 £ 0.81
Neutral sugar 49.27 £ 1.19 4945 +1.92
Uronic acid 39.95 +0.79 17.58 + 1.19
Protein 2.39+0.27 6.04 + 0.62
Ash content 7.72 £ 047 8.89 £ 045
Starch 0.24 + 0.00 0.26 + 0.00
Rhamnose 6.53 + 0.08 8.88 + 0.84
Arabinose 21.85 £ 0.34 543 £ 0.35
Galactose 30.78 + 1.30 4.15+0.17
Glucose 2.32+049 55.18 £ 1.11
Xylose - 3.51 £ 0.57
Mannose - 4.47 £ 0.5
Galacturonic acid 36.56 *+ 1.46 18.37 £ 0.91
Glucuronic acid 1.96 £ 0.16 -

- means not detected.
2 Yield of dietary fiber is presented by mass percentage based on the dry celery
powder.

and CIDF, there were absorption bands at 3400 cm~!, 1621 cm™},
1421 cm™', 3000-2800 cm~' and 1760-1700 cm™". In addition,
In the FTIR spectra of the CSDF, the characteristic absorption bands
existed at 1099.2 cm~! and 1020.2 cm™'. In the FTIR spectra of the
CIDF, the characteristic absorption bands existed at 1062.6 cm~".

To further compare structural differences of CSDF from that of
CIDF, a solid-state NMR was employed to better characterize CSDF
and CIDF. Firstly, the 3C solid-state NMR spectra results of CSDF
are shown in Fg. S4A. The signal peak at 68.61 ppm corresponded
to chemical shifts of C-2, C-3, C-4 and C-5. The signal peak at
101.25 ppm corresponded to the chemical shift of anomeric C1,
whereas downfield chemical shifts at 171.12 ppm and
175.17 ppm were assigned to C6 (-COOH) of GalA and GIcA,
respectively and confirming the presence of uronic acids as typical
in SDF. Methoxylation and acetylation in CSDF was evident from
signal peak at 53.57 ppm attributed to the chemical shift of OMe
and that at 21.08 ppm corresponding to the chemical shift of
OAc, respectively. The '3C solid-state NMR spectra of CIDF is pre-
sented in Fg. S4B. The signal peak at 72.23 ppm corresponded to
the chemical shifts of C-2, C-3, C-4 and C-5, whereas anomeric
sugar peak was detected at 104.97 ppm assigned to the chemical
shift of C1. Likewise, signal peak at 173.75 ppm corresponded to
the chemical shift of C6 (-COOH) of GalA, whereas methylation
was evident from signal peak at 53.62 ppm as observed in CSDF.
The signal peak at 21.26 ppm inferred for OAc in CIDF. Compared
to NMR signals of CSDF, there were several characteristic signal
peaks in the NMR signals of CIDF including that at 62.63 and
83.55 ppm assigned to the chemical shift of C-6 [32] and C-4 in
amorphous cellulose, respectively [33]. The presence of lignin moi-
ety in CIDF was evident from signal peak at 128.98 ppm in the aro-
matic region [34], and absent from CSDF.

CSDF or CF alleviated physiological parameters indicative of
DSS induced colitis

The effects of celery dietary fiber (CSDF and CIDF) combined CF
on DSS induced colitis mice were assessed. Treatment with CSDF or
CF alone significantly increased body weight change of colitis mice
compared to DSS group (from 88 % to 94 % and 93 %), while body
weight change of CSDF + CF group was significantly lower than that
in CSDF or CF group, only 90 % (Fig. 3B). All treatment groups sig-
nificantly alleviated the symptoms compared to DSS group, though
with DAI score of CSDF + CF group (about 2.5 points) found mark-
edly higher than that of the CSDF group (about 1.7 points) (Fig. 3C).
In addition, colonic shortening by DSS was significantly improved
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Fig. 4. The effects of celery dietary fiber and flavonoids on microstructure levels of DSS-induced colitis. (A-B) H&E staining of the colon tissues and histological scores (n = 10);
(C-D) AB-PAS staining of the colon tissues and area of mucus expression (n = 10); (E) Immunofluorescence sections of colon were stained for ZO-1 (red) and occludin (green),

and nuclei were stained with DAPI (blue); (F) FITC-dextran (4 kDa) level in serum (n = 6). Values expressed as mean = SEM; *, p < 0.05; **,

identical letter denotes a significant difference.

in all treatment groups, with no significant difference among the
treatment groups (Fig. 3D & E).

Combined use of CSDF and CF antagonized the effect of improved
barrier function

To visually characterize the lesions, colon tissues were sub-
jected to pathological examination using H&E staining. Severe
inflammatory cell infiltration, crypt damage, and intestinal wall
thickening were observed in the colonic sections of the DSS group
(Fig. 4A). Our study showed that all treatment groups showed a
significant improvement in colonic pathological damage (from 9
points down to<5 points), except for CSDF + CF group (Fig. 4B).

Mucus is secreted by goblet cells to maintain intestinal barrier
function and limit the translocation of intestinal flora [35]. There-
fore, mucus was examined using AB-PAS staining. Results showed
that CSDF and CF significantly increased area of mucus expression
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p <0.01; *** p <0.001. Data with no

in colon with comparison of the DSS group (from 2.2 % up to 4.5 %
and 7.2 %), while the promoting effect was not observed in
CSDF + CF group (only 3.7 %) (Fig. 4C-D).

Intestinal barrier function damage typically leads to an increase
of FITC-dextran (4 kDa) in serum after gavage of FITC-dextran
(4 kDa) [36]. Our study showed likewise that serum FITC-dextran
(4 kDa) level was remarkably elevated in the DSS group compared
to normal group, while CF markedly reduced FITC-dextran (4 kDa)
level in serum (from 6.9 pg/mL down to 1.6 pg/mL) (Fig. 4F). How-
ever, CSDF weakened the decreasing effect of CF on serum FITC-
dextran (4 kDa) level (up to 6.2 pg/mL).

It has been shown that tight junction proteins play a vital role in
preserving epithelial barrier functions [37]. Hence, expression of
tight junction protein, including ZO-1 and Occludin, was deter-
mined using double-immunofluorescent stain. Colitis resulted in
reduction in ZO-1 and Occludin expression levels, failing to form
a continuous linear distribution above the nucleus (Fig. 4E). Com-
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pared with DSS group, expression of Occludin and ZO-1 was dis-
tinctly increased in CSDF and CF groups, albeit not in CSDF + CF

group.

CSDF ameliorates the suppression of inflammation related proteins by
CF

To further explore the molecular mechanism of CSDF + CF atten-
uation of the ameliorative effect of CSDF or CF in DSS-induced col-
itis mice, inflammation related proteins in mice colon were
assessed. Compared with the DSS group, administration of CSDF
or CF markedly reduced MPO and iNOS activities and the levels
of IL-6 and IL-1B inside the colon, while administration of CIDF
and whole celery only inhibited iNOS activity and IL-1B levels,
respectively (Fig. 5A-D). More importantly, significant differences
in colonic MPO activity, IL-6 and IL-1B levels were observed
between CSDF + CF group and CF group (Fig. 5A-D) indicating that
CSDF attenuated the suppressive effect of CF on inflammation
related proteins in colon (Fig. 5A-D).

Combined use of CSDF and CF antagonized regulating gut microbiota
composition

To further investigate the mechanisms underlying the weak-
ened ameliorative effect of CSDF or CF in mice with DSS induced
colitis, we performed 16 s rDNA microbiota analysis of mice feces.
The shannon index was used to analyze the o diversity of the gut
microbiota. Results showed that the shannon index was markedly
decreased after giving DSS water (from 5.5 down to 3.9). The shan-
non index of CSDF + CF group (3.5) was significantly lower than
that of CSDF or CF group (4.6 and 4.5) (Fig. 6 A). Moreover, PCA
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analysis was used to analyze the similarities in microbial commu-
nity composition. Results showed that gut microbiota composition
in DSS group was significantly different from that in control mice.
Whereas, CF treatment not CSDF + CF that markedly regulated the
changes in the gut microbiota of colitis mice (Fig. 6 B). Moreover,
CIDF + CF group samples in PCA analysis were far away from sam-
ples of the control group and DSS group (Fig. 6 B). Results of gut
microbial compositions at phyla levels and top 35 gut bacteria at
genus levels are depicted in Fig. 6 C and D, respectively.

To screen out the key bacteria in mice after dietary fiber com-
bined CF administration, LEfSe analysis was performed for two
parts, CSDF part and CIDF part. Results showed that the character-
istic bacteria in the CSDF + CF group were g_Escherichia-Shigella,
g _Paraclostridium, g_Clostridium_sensu_stricto_1, g_Paeniclostridium
and g_Enterococcus (LDA > 2), whereas characteristic bacteria in the
CIDF + CF group were g_Bacteroides and g_Muribaculum (LDA > 2)
(Fig. 7A-B). Moreover, g_Akkermansia (LDA > 2) was found as a
key bacterium in CF group in both CSDF and CIDF analysis parts
as revealed from LEfSe analysis.

To further validate the relationship between the characterized
bacteria at the genus level and disease status, spearman correlation
analysis was performed. Our results showed that the abundance of
g _Escherichia_Shigella, g_Clostridium_sensu_stricto_1, g _Ter-
risporobacter, g_Paraclostridium and g_Enterococcus were positively
associated with FITC-dextran (4 kDa) level in serum, DAI score and
H&E score, and negatively with body weight change (Fig. 8A). The
relative abundance of g_Escherichia-Shigella and g_Clostrid-
ium_sensu_stricto_1 was correlated positively with IL-6 and iNOS
levels. Whereas, the abundance of g_Akkermansia was negatively
associated with IL-1B, MPO and iNOS levels, but positively associ-
ated with mucus expression area.

iNOS (nU/mg)

D 300-

[
(=4
h

IL-1p (pg/mg)

100

Fig. 5. The effects of celery dietary fiber and flavonoids on inflammatory-related protein levels of DSS-induced colitis. Activities of (A) MPO and (B) iNOS, and levels of (C) IL-6
and (D) IL-1B in colon tissue. All values expressed as mean = SEM (n = 6); *, p < 0.05; **, p < 0.01; ***, p < 0.001. Data with no identical letter denotes a significant difference.
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Moreover, our results showed that the relative abundance of
g_Escherichia-Shigella, g_Clostridium_sensu_stricto_1, g_Paraclostrid-
ium and g Enterococcus in DSS group significantly increased
from<2.5 % to 24 %, 4.9 %, 9.3 %, and 0.12 %, respectively. After giv-
ing CSDF or CF separately, g_Escherichia-Shigella (down to 14.5 %
and 9.5 %), g_Clostridium_sensu_stricto_1 (down to 0.4 % and
0.9 %), and g_Paraclostridium (down to 3.5 % and 5.6 %) were signif-
icantly inhibited. The relative abundance of g_Escherichia-Shigella,
g_Clostridium_sensu_stricto_1, g_Paraclostridium and g_Enterococcus
in the CSDF + CF group was significantly higher than that in CSDF
and CF groups, up to 26 %, 3.8 %, 12.8 %, and 0.32 % (Fig. 8B-G).
CF can greatly promote the relative abundance of g_Akkermansia
(from 3.2 % to 20 %) (Fig. 8F). CSDF had no significant effect on
the relative abundance of g_Akkermansia (5.6 %). Nevertheless, it
was interesting that combined use of CSDF and CF (only 3.3 %) sup-
pressed the response observed of g_Akkermansia for CF. There was
no significant difference in the relative abundance of g_Akkerman-
sia between CIDF + CF group (12 %) and CF group (20 %).

Functional prediction of changes in gut microbiota composition

To further predict functional changes of intestinal flora, a
PICRUSt analysis was performed. Alterations in multiple KEGG
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functional pathways were detected in the DSS group compared
with the normal group, such as amino acid metabolism, carbohy-
drate metabolism, energy metabolism, immune system (Fig. 9A).
In cluster analysis of the function prediction result across all
groups, treatment groups were divided into two clusters
(Fig. 9B). The CF, CSDF and CIDF + CF group were distributed in
the same cluster showing generally improvement in most func-
tional pathways, such as immune system, cell growth and death,
amino acid metabolism, and energy metabolism.

CSDF inhibited the pro-proliferative effect of apiin on A. Muciniphila
in vitro

In order to further explore the mechanism of CSDF inhibiting CF
activity in vivo, in vitro mixed fermentation was used to explore the
effect of the combination of CSDF and apiin (the main component
of CF) on A. muciniphila. The results are as shown in the Fig. 10. In
the mixed fermentation experiment, 10 1 M and 100 uM of apiin
significantly promoted the abundance of A. muciniphila (4-fold
and 5.5-fold of control group). Treatment with CSDF alone also sig-
nificantly promoted A. muciniphila abundance (1.8-fold of control
group), but it was much lower than that of apiin group. However,
when 10 pM apiin and 100 pM apiin were mixed with CSDF, the
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Fig. 7. Analysis of the significantly differential intestinal bacteria of colitis mice. Taxonomic cladogram generated from LEfSe analysis of CSDF with CF part (A) and CIDF with

CF part (B).

abundance of A. muciniphila decreased significantly (only 1.2-fold
and 0.9-fold of control group). In addition, the proportion of A.
muciniphila in total bacteria was consistent with the trend of rela-
tive quantitative results (Fig. 10B).

Discussion

Colitis is a serious threat to human health worldwide, and it is a
typical intestinal inflammatory disease. Numerous studies have
shown that treatment with dietary fibers or flavonoids alone that
can effectively regulate intestinal barrier function and inhibit
intestinal dysfunction. Our data herein indicated that the com-
bined use of CSDF and CF can weaken the effect of CF on alleviating
colitis via inhibiting g_Akkermansia.

Flavonoids and dietary fiber in vegetables are considered bene-
ficial for intestinal health. Dietary control is one of the important
intervention to ameliorate colitis. A lot of reports about dietary
fiber [38] and flavonoids [39] improving colitis present strong evi-
dence for such management. Previous studies confirmed the
enrichment of flavonols i.e., kaempferol (46.8 mg/100 g), quercetin
(22.6 mg/100 g), and isorhamnetin (23.6 mg/100 g) in raw kale
[13], whereas high levels of procyanidin A2 (24.0 mg/100 g) and
rutin (5.4 mg/100 g) predominated in red chicory [40]. Meanwhile,
raw celery is rich in flavones i.e., apigenin and its derivatives (1.7-
24.0 mg/100 g) [13]. Moreover, according to the USDA database
[15] and China Food Composition [16], the content of dietary fiber
in celery, kale, and chicory was estimated at 1.6 %, 4.1 %, and 0.9 %
wet weight, respectively. In the database, the content of flavonoids
in specific categories of these three vegetables is the highest. Con-
sequently, celery, kale, and red chicory were selected as treatments
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in this study according to phytochemical screening to compare the
effects of vegetables on colitis. Our results showed that administra-
tion of kale and red chicory significantly increased body weight
and colon length, concurrent with a decreased DAI index (Fig. 1-
B-E) suggestive for their potential for prevention of colitis, which
may be explained by the abundant flavonoids in these vegetables.
Interestingly, celery only slightly alleviated colitis and in accor-
dance with reports in parsley (Petroselinum crispum) for relieving
colitis basal physiological indexes [41]. Moreover, it has been
reported that apigenin (5 mg/kg) was beneficial for the control of
IBD in mice [42]. However, in our results, the efficacy of celery
whole food with a comparable content of apigenin for colitis was
not prominent.

We speculated that ome joint effects between the different
components in celery exist to interfere with the function exerted
by celery flavonoids. Considering that dietary fiber and flavonoids
are the most common functional nutrients in vegetables [43], cel-
ery dietary fiber (CSDF and CIDF) and flavonoids were obtained for
investigating the interaction between dietary fiber and flavonoids.
In this study, flavonoids in CF is enriched to reach 88 %, with apiin
as main component (68 %) (Table 1). Moreover, results showed that
the main components in CSDF and CIDF were sugars (Table 2).
CSDF contained a higher content of uronic acid (39.95 %) than that
in CIDF (17.58 %) (Table 2), which was also confirmed in the
monosaccharides composition analysis results (36.56 % GalA and
1.96 % GlcA in CSDF; 18.37 % GalA in CIDF) (Table 2). The CSDF con-
tained 30.78 % Gal, 21.85 % Ara and a small amount of Rha and Glu
(Table 2). These results indicated that CSDF was mainly a pectin-
based dietary fiber [44]. Furthermore, 55.18 % of CIDF in the
monosaccharides composition results was Glc (Table 2).
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In the result of FTIR spectra (Figure S3 B), there was a major
absorption band at 3400 cm™! corresponding to the absorption of
an O—H stretching vibration [45]. Absorption band 3000-
2800 cm™! could be attributed to C—H stretching vibration [46].
Absorption band at 1760-1700 cm~' corresponded to COOH
stretching vibration associated with the uronic acid residues [47].
Moreover, in FTIR spectra of CIDF, the absorption band at
1062.6 cm~! was characteristic for cellulose [48]. In FTIR spectra
of CSDF, the specific bands in the 1099.2 and 1020.2 cm™' region
corresponded to ring vibrations overlapping with stretching vibra-
tions of (C-OH) side groups and the (C—0—C) glycosidic band
vibration [49]. Bands around 1621 cm™~! and 1421 cm™! might be
linked to —OH flexural vibrations [50]. Combined FTIR spectral
results (1062.6 cm™! of cellulose characteristic peak) (Figure S3
B), 3C NMR characteristic signals of amorphous cellulose
(62.63 ppm chemical shift of C-6 and 83.55 ppm chemical shift
of C-4) (Figure S4 B), along with CIDF insolublity in water indicated
that the main component in CIDF was amorphous cellulose [33].

Treatment alone with celery dietary fiber (CSDF and CIDF) or
flavonoids was compared with the combined use of celery dietary
fiber and flavonoids in alleviating DSS-induced colitis (Fig. 3A). Our
results revealed that the administration of CSDF, or CF alone and
CIDF + CF were effective in protecting against DSS-induced acute
intestinal injury by ameliorating body weight loss, DAI and colon
shortening (Fig. 3B-E). However, whole celery, CIDF and
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CSDF + CF did not alleviate body weight loss. On the other hand,
enterocyte can express mucus and tight junction proteins, includ-
ing Occludin, and ZO-1, which shape a natural gut barrier, prevent-
ing microbial antigens and toxins through the lamina propria [51].
It was proved that a decrease of mucus or tight junction protein
expression contributed to the development of experimental colitis
[52]. Our data showed that CSDF and CF ameliorated crypt damage,
reduced infiltration of inflammatory cells and enhanced the
expression of mucus (Fig. 4A-D). Furthermore, CF recovered
intestinal tight junction proteins expression and distribution in
colon of colitis mice and significantly reinforced intestinal barrier
function (Fig. 4E-F). Unexpectedly, the combined use of CSDF and
CF showed significantly lower ameliorated effects than CSDF group
or CF group alone, while similar results were not observed in the
CIDF + CF group (Fig. 4F). Additionally, whole celery did not
increase the expression of mucus and intestinal barrier function
suggestive that there are indeed some interactions between celery
CSDF and CF in colitis mice to weaken celery effect in alleviating
colitis (Fig. 4D).

Pro-inflammatory cytokines (such as IL-1p and IL-6) have been
proved to be involved in the pathogenesis of IBD [53]. An increase
in iNOS activity can produce large amounts of NO known to be
involved in inflammatory response. Furthermore, MPO is an
enzyme mainly present in neutrophils [54]. Its activity is a reliable
indicator to evaluate the degree of neutrophils infiltration in tis-
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sues. Our results showed that MPO activities

levels in CSDF + CF group were markedly higher than CF group,
although colonic MPO and iNOS activities and IL-6 and IL-1p levels

in DSS-induced mice were significantly reduce
CF (Fig. 5A-D). Meanwhile, whole celery only

effects related to colon inflammatory levels,
(Fig. 5D). Several studies have reported the inhibition of intestinal
inflammatory factors by dietary fiber i.e., pectin or flavonoids alone

and IL-6 and IL-1B
[55], [56]. However, the
between dietary fiber and
d by giving CSDF or
weakly suppressed
such as IL-1B

alleviating colitis

host, and intestinal flora d
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i.e., galangin, which can inhibit colon IL-6 and IL-1 in colitis mice

re are few reports on the interaction
flavonoids. The results presented herein

further suggested that CSDF exerted an antagonism effect against
effects
inflammation-related proteins expression levels.

There is a symbiotic relationship between gut microbiota and

of CF based on monitoring of

isorder is one of the whole marks of col-
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itis pathogenesis [57]. Based on the results of 16 s rDNA high-
throughput sequencing, it was found that intestinal flora balance
of colitis mice was disrupted. The o diversity (the shannon index)
and the B diversity were used to characterize the diversity of
intestinal flora and analyze the overall difference between groups.
Results showed that CSDF and CF improved the diversity or compo-
sition of intestinal flora induced by DSS administration, but
CSDF + CF did not play a role (Fig. 6A-B). Further, in LEfSe and cor-
relation analysis, some bacterial genera found to be affected by the
interaction between CSDF and CF were screened out (Fig. 7A-B).
Most Proteobacteria are thought to be opportunistic bacteria in
ulcerative colitis [58], with Escherichia-Shigella as the typical genus
of Proteobacteria. g_Clostridium_sensu_stricto_1 was associated
with intestinal inflammation and found to increase in patients with
colitis [59]. In addition, present studies have shown that the strains
of g_Paraclostridium (Paraclostridium bifermentans)|60] and g_Ente-
rococcus (Enterococcus faecalis)|61] exacerbated experimental coli-
tis in mice. After treatment with CSDF combined with CF, the
inhibitory effect of CSDF or CF alone on g_Escherichia-Shigella,
g_Clostridium_sensu_stricto_1, g_Paraclostridium, and g_Enterococ-
cus disappeared (Fig. 8B-G). Moreover, the correlation analysis sug-
gested that the relative abundance of Akkermansia was positively
correlated with the mucus expression (Fig. 8A), but negatively cor-
related with pro-inflammatory cytokines suggestive for its protec-
tive role in colitis [62]. CF significantly increased the relative
abundance of g_Akkermansia. Similarly, epigallocatechin gallate
(EGCG) has been reported to effectively relieve colitis, and enhance
the Akkermansia colonization [63]. However, CSDF inhibited the
promotion of CF on the g_Akkermansia abundance (Fig. 8F), which
may be the potential mechanism by which CSDF weakened the
improvement of CF on DSS-induced colitis in mice. Such effect
was interestingly not observed in case of combined CF and CIDF
combination suggestive that soluble dietary but not insoluble
fibers that show such antagonistic effect. Subsequent PICRUSt
analysis further demonstrated that CSDF interfered with the
intestinal flora function, especially immune system, to decrease
colitis alleviating effect of CF (Fig. 9B).

Finally, in order to verify the promoting effect of CF on A. muci-
niphila in vivo and the weakening effect of CSDF in this process. The
effect of apiin (the main component of CF) and CSDF on A. mucini-
phila abundance was studied by fecal bacteria fermentation
in vitro. Our results show that celery flavonoids can dramatically
promote the abundance of A. muciniphila in vivo and in vitro (Figs. 8
and 10). This again showed that celery flavonoids can alleviate col-
itis by promoting the proliferation of A. muciniphila. However, it is
interesting that CSDF also interfered with A. muciniphila prolifera-
tion in this process, both in vivo and in vitro. This demonstrated
that, in gut microbiota, CSDF directly inhibited the response of A.
muciniphila, thereby weakening the relieving effect of celery flavo-
noids on colitis.

Conclusion

The present study revealed for the first time that CSDF and CF
can significantly relieve DSS-induced colitis, but CSDF weakened
the ameliorative effect of CF on colitis. Specifically, CSDF and CF
significantly decreased the concentration and activity of colonic
inflammation related proteins and intestinal permeability,
increased mucus expression, and regulated intestinal flora disor-
ders of colitis mice. However, after combined use of CSDF and CF,
the effects of suppressing intestinal inflammation and abundance
of harmful bacteria and enhancing intestinal barrier function and
the abundance of beneficial bacteria (especially g_Akkermansia)
by CF were weakened. In addition, CIDF is mainly composed of cel-
lulose, while CSDF is pectin-type dietary fiber. Compared with
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CSDF, CIDF had a weaker effect on the remission of colitis and
the interference of CF in colitis mice, which was related to their
structural differences. More importantly, we verified the promot-
ing effect of celery flavonoid on g_Akkermansia, as well as the inhi-
bition of this effect by CSDF, both in vivo and in vitro. This study
illustrated for the first time that the interaction between CSDF
and celery flavonoids in vivo can weaken the efficacy of flavonoids
when administered alone by inhibiting the proliferation of
g_Akkermansia. Therefore, the activities in vivo of purified func-
tional nutrients may be influenced by other components of the
whole food. This study provides a reference for elucidating the
interaction between different dietary components on intestinal
health and further in other diseases. For the population with
intestinal inflammation, increased vigilance may be necessary
when they have a diet with high amounts of both dietary fiber
and flavonoids. In the future work, deeper action mechanisms of
the combined CSDF and CF antagonism in alleviating colitis will
be further explored and in other diseases to be more conclusive.
Examination of such antagonism in other dietary sources rich diet-
ary fibers and flavonoids should also be considered to provide
improved formulation or extract targeting a certain effect to be
considered as nutraceuticals.
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