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A B S T R A C T   

The industrial processing of Aconitum carmichaelii roots for use in Traditional Chinese Medicine generates a high 
amount of waste material, especially leaves. An acidic polysaccharide fraction isolated from these unutilized 
leaves, AL-I, was in our previous work shown to contain pectic polysaccharides. This study aimed to investigate 
the protective effect of AL-I on ulcerative colitis for the possible application of A. carmichaelii leaves in the 
treatment of intestinal inflammatory diseases. AL-I was found to alleviate symptoms and colonic pathological 
injury in colitis mice, and ameliorate the levels of inflammatory indices in serum and colon. The production of 
short- and branched-chain fatty acids was also restored by AL-I. The observed protective effect could be due to 
the inhibition of NOD1 and TLR4 activation, the promotion of gene transcription of tight-junction proteins, and 
the modulation of gut microbiota composition like Bacteroides, Dubosiella, Alistipes and Prevotella,. A regulation of 
serum metabolomic profiles being relevant to the bacterial change, such as D-mannose 6-phosphate, D-erythrose 
4-phosphate and uric acid, was also observed.   

1. Introduction 

During the industrial production of Traditional Chinese medicine 
(TCM), a huge amount of unutilized plant parts are generated without 
further usage, such as stems and leaves for traditional medicines based 
on roots. These plant parts could be suitable plant resources for the 
production of phytochemicals [1]. The lateral (“Fuzi”) and mother roots 
(“Chuanwu”) of Aconitum carmichaelii Debeaux (Ranunculaceae) are 
commonly used in TCM as analgesic and anesthetic agents, and to heal 
shock resulting from acute myocardial infarction and coronary heart 
disease [2,3]. After the roots of A. carmichaelii are harvested, the aerial 
parts are normally discarded, resulting in a vast amount of waste of this 
medicinal plant. To date, the aerial parts of A. carmichaelii have shown 
similar analgesic and anti-inflammatory activities as for the roots [4]. 
An acidic polysaccharide fraction composed of pectic polysaccharides 
isolated from A. carmichaelii leaves and structurally characterized in a 
previous study, was shown to possess immunomodulatory and intestinal 
anti-inflammatory activities in vitro [5]. 

Ulcerative colitis is a chronic intestinal inflammatory bowel disease, 

and the number of cases worldwide has increased during the last de-
cades. Inflammation of colonic epithelial cells and defects on mucous 
and epithelial barriers are factors strongly implicated in the pathogen-
esis of ulcerative colitis, in addition to microbiota dysbiosis [6]. The 
stability of gut microbiota is essential for human health and its inter-
action with the host determines the integrity of the intestinal mucosal 
barrier. In ulcerative colitis, the microbiota is characterized by reduced 
biodiversity, abnormal composition, and altered spatial distribution [7]. 
Further, certain classes of metabolites, deriving from bacterial meta-
bolism of dietary substances or other molecules, have been implicated in 
the pathogenesis of intestinal bowel diseases [8]. 

There are mainly three types of classic drugs used for treating in-
testinal bowel disease at present, including aminosalicylic acid de-
rivatives, glucocorticoids, and immunosuppressants. However, due to 
the possible side effects after long-term of treatment, new treatment 
options are needed. Natural plant polysaccharides, as indigestible 
polymers, have low toxicity and have been shown to affect the intestinal 
immune system and restore barrier function in ulcerative colitis [9,10]. 
Pectins, for instance, have attracted growing attention in treatment or 
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prevention of ulcerative colitis through regulation of intestinal micro-
biota composition, strengthening of intestinal barrier function, 
enhancement of antioxidant activities, promotion of short-fatty acids 
(SCFAs) production and reduction of pro-inflammatory mediators [9,11, 
12]. Therefore, based on the promising intestinal anti-inflammatory 
effects observed in vitro, we hypothesized that the pectic poly-
saccharides of A. carmichaelii leaves could alleviate dextran sulfate so-
dium (DSS)-induced ulcerative colitis in an in vivo mouse model. 

This study aimed to broaden the utilization of A. carmichaelii leaves 
from the aspect of polysaccharides and to investigate the protective ef-
fects on DSS-induced ulcerative colitis. Metabolomic and microbiota 
analysis were performed to study the underlying mechanisms of the 
protective effect. 

2. Materials and methods 

2.1. Materials 

The whole plant of A. carmichaelii Debeaux was collected from 
Jiangyou City, Sichuan Province, P.R. China in June 2019 
(31◦50’24.0"N/ 104◦47’24.0"E, 517 m. a.s.l.). The fresh leaves were 
separated and processed as earlier reported [5]. 

2.2. Isolation, chemical composition and average-molecular weight of an 
acidic polysaccharide from A. carmichaelii leaves 

A major acidic polysaccharide fraction, AL-I, was isolated from the 
water extract of dried leaves of A. carmichaelii by anion exchange 
chromatography, as earlier described [5]. The monosaccharide compo-
sition of AL-I was determined as trimethylsilylated (TMS) derivatives, 
after methanolysis by GC (Trace™ 1300 GC, Thermo ScientificTM, Milan, 
Italy), as described by Chambers and Clamp [13] with modifications 
[14]. The total amounts of phenolic compounds and proteins of AL-I 
were determined by Folin-Ciocalteu [15] and Bio-Rad protein assay 
[16], respectively. The average-weight molecular weight (Mw) was 
determined by size exclusion chromatography and calculated by known 
dextran standards as previously described [5]. 

2.3. Protective effects of AL-I on ulcerative colitis mice 

2.3.1. Animal care and experimental design 
Thirty-six male SPF C57BL/6 mice (6 weeks old) were purchased 

from Beijing Vital River Laboratory Animal Technology Co., Ltd (Beijing 
China) and maintained for adapting to the new environment (24 ± 1 ℃) 
for one week. All experiments were performed under the supervision of 
the Ethics Committee for Animal Experiment at Sichuan Agricultural 
University (Confirmation number: DYXY141642008). 

As shown in Fig. 1, mice were randomly divided into 6 groups, with 6 
mice in each group. The mice were pre-administrated with the com-
mercial drug Mesalazine Enteric Coated Tablets (containing mainly anti- 

inflammatory 5-aminosalicylic acid, Sunflower Pharmaceutical Industry 
Co. Ltd, China), as the positive control, or different dosages of AL-I for 14 
days (D1 to D14, dissolved in germ-free distilled water) by gastric 
gavage. One week after administration, 2.5 % (w/v) of dextran sodium 
sulfate (DSS) (dissolved in germ-free distilled water, with Mw 
36,000–50,000 Da, MP Biomedicals, Ontario, CA, United States) was 
used to induce acute ulcerative colitis [17], given through drinking 
water for 7 days (from D8 to D14). The mice with no treatment of DSS 
during the whole experimental period was set as negative control 
(control group), while those treated only with DSS was set as colitis 
control (model group). Body weight, stool characteristics and the pres-
ence of occult blood in the feces were recorded daily after DSS was given 
(D8 to D14), by which the disease activity index (DAI) was calculated 
according to an evaluation system (Table S1) [18]. 24 h after the last 
administration, mice were euthanized with carbon dioxide followed by 
cervical dislocation, and blood, cecal content and colonic tissues were 
collected. Colon length was measured immediately before being 
collected, as shown in the following sections. 

2.3.2. Determination of myeloperoxidase (MPO) level and secretions and 
gene expressions of pro-inflammatory cytokines 

Colon tissues were ground under liquid nitrogen (N2). 40 mg of tis-
sues were homogenized in 2 mL Phosphate Buffered Saline (PBS, 1 ×), 
centrifuged at 1500g for 15 min, and the supernatants were used for the 
analysis of secretions of MPO, IL-1β, IL-6, and TNF-α by ELISA kits ac-
cording to manufacturer’s instructions. Serum cytokine IL-1β, IL-6 and 
TNF-α, as well as the levels of LPS, were also quantified by ELISA kits. 

Around 10 mg of colon tissues were used for the analysis of gene 
expressions of NOD and TLR4 receptors and tight junction proteins by 
qRT-PCR. Briefly, total RNA of colonic tissues was isolated using Trizol 
Reagent (Biomed, RA101-12, China), and reverse transcribed into cDNA 
using M-MLV 4 First-Strand cDNA Synthesis Kit (Biomed, RA101-12, 
China). All real-time PCR analysis were performed by SYBR Premix Ex 
Taq™ II (Tli RNaseH Plus) (Mei5Bio, China), and the gene expressions 
were quantified as relative regulation fold compared with β-actin 
(normalizing reference). Primers are shown in Table S2. 

2.3.3. Histological evaluation 
After fixation with 4 % paraformaldehyde solution for more than 

24 h, paraffin slices (4 µm) of colon tissues were cut and stained with 
hematoxylin and eosin (H&E). The colon slices were further analyzed in 
a blinded fashion, and the histological assessment index (HAI) was 
scored according to the evaluation system listed in Table S3 [18]. 
Brightfield images at 200 × magnification were captured on Nikon 
Eclipse Ti microscope (Melville, NY, USA). 

2.3.4. Analysis of short-chain fatty acids (SCFAs) and branched-chain 
fatty acids (BCFAs) in the cecal content 

The content of SCFAs, including acetic, butyric, and propionic acids, 
and BCFAs such as isovaleric and isobutyric acids of cecum content were 
analyzed by GC based on methods described previously [19] with minor 
modifications. See details for sample preparation and GC in supple-
mentary methods. Crotonic acid (internal standard) and standards were 
used as shown in Table S4. 

2.3.5. Serum untargeted metabolomics analysis 
Fresh serum samples (100 µL) were analyzed by Novogene Co., Ltd. 

(Beijing, China) for a host metabolomic study. Briefly, processed sam-
ples were injected into an LC-MS/MS system with a Vanquish UHPLC 
system (ThermoFisher, Germany) and were processed using the Com-
pound Discoverer 3.1 (CD3.1, ThermoFisher). All metabolites were 
identified with mzCloud (https://www.mzcloud.org/), mzVault and 
MassList, and annotated using the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) (https://www.genome.jp/kegg/pathway.html), 
HMDB (https://hmdb.ca/metabolites) and LipidMaps (http://www. 
lipidmaps.org/) databases. Principal Components Analysis (PCA) and 

Fig. 1. Schematic overview of experimental design. Mesalazine and AL-I were 
given by gastric gavage. 
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Partial Least Squares Discriminant Analysis (PLS-DA) were performed 
by metaX. The functions of these metabolites and metabolic pathways 
were screened in the KEGG database. Details can be found in supple-
mentary methods. 

2.3.6. Gut microbiota analysis 
Fresh feces of mice were processed and analyzed by Beijing Novo-

gene Science and Technology Co., Ltd, as predicted in supplementary 

material. Briefly, the 16 S rRNA genes of the V4 regions were amplified 
from feces genome, and were further sequenced and analyzed. Se-
quences with ≥ 97 % similarity were assigned to the same operational 
taxonomic units (OTUs). Alpha and beta diversity analysis were used to 
evaluate microbiota diversity and differences. Cluster analysis was 
performed by PCA, principal coordinate analysis (PCoA) and non-metric 
multi-dimensional scaling (NMDS) by R software. Different and 
enriched bacterial species among groups were analyzed by MetaStat and 

Fig. 2. Effects of AL-I on body weight (A, D1 to D14), DAI scores (B, D8 to D14), colon tissues (C, D14) and lengths (D, D14), HAI scores (E, D14) and histological 
changes (F, D14) of DSS-induced ulcerative colitis mice. # p < 0.05 versus control group; ## p < 0.01 versus control group; ### p < 0.001 versus control group; 
* p < 0.05 versus model group; * * p < 0.01 versus model group; * ** p < 0.001 versus model group; n = 6. 
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LDA effect size (LEfSe) with statistical analysis of t-test. 

2.4. Statistical analysis 

Besides the statistical analysis used in metabolomic and microbiota 
experiments, the rest of data were expressed as the mean± S.D. and 
analyzed using one-way ANOVA analysis of variance and LSD test (IBM 
SPSS Statistics version 24, IBM Corp., Armonk, New York, USA). #, 
p < 0.05 versus control group; ##, p < 0.01 versus control group; ### 
p < 0.001 versus control group; * , p < 0.05 versus model group; * *, 
p < 0.01 versus model group; * ** , p < 0.001 versus model group; ns, 
no significant difference was observed. 

3. Results and discussion 

3.1. Isolation, chemical composition and molecular weight determination 
of AL-I 

A crude polysaccharide from A. carmichaelii leaves, ALP, was isolated 
after water extraction and ethanol-precipitation, and an acidic fraction 
AL-I was further obtained after anion exchange chromatography [5]. A 

protein content of 1.0 % was determined in AL-I, while no phenolic 
compounds were found. It was further shown that AL-I was composed of 
mainly galacturonic acid (GalA, 50.3 mol%), followed by arabinose 
(Ara, 15.1 mol%), galactose (Gal, 14.3 mol%), xylose (Xyl, 6.9 mol%), 
rhamnose (Rha, 6.3 mol%), and minor amounts of glucose (Glc, 2.9 mol 
%), glucuronic acid (GlcA, 1.9 mol%), fucose (Fuc, 1.2 mol%) and 
mannose (Man, 1.0 mol%) (Fig. S1). AL-I could consist of typical pectic 
polysaccharide units due to the high amount of GalA and the presence of 
Rha which are the main monomers in type I rhamnogalacturonan (RG-I) 
domains [20]. This is consistent with previous results showing that AL-I 
was composed of pectic polysaccharides where Gal and Ara could be due 
to the pectic structural elements arabinogalactans, galactans and/or 
arabinans [5]. Additionally, AL-I was shown to be a fraction with wide 
range Mw, from 26 kDa to 270 kDa, after determination on size exclu-
sion chromatography packed with Superose 6. 

3.2. AL-I protected ulcerative colitis mice from severe colitis symptoms 

Compared with mice in the control group, a significant reduction of 
bodyweight (Fig. 2A), increase in DAI index (Fig. 2B), and shortening of 
colonic lengths in the model group (Fig. 2C–D) indicated that the 

Fig. 3. Effects of AL-I on serum LPS (A), IL-1β (B), IL-6 (C) and TNF-α (D) of DSS-induced ulcerative colitis mice. # p < 0.05 versus control group; ## p < 0.01 versus 
control group; ### p < 0.001 versus control group; * p < 0.05 versus model group; * * p < 0.01 versus model group; * ** p < 0.001 versus model group; n = 6. 
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ulcerative colitis model in mice was successfully established, as 
described in a previous study [17,21]. The obvious damage on colonic 
surface epithelium, crypt and mucosal structure, and increased infil-
tration of inflammatory cells also proved colitis severity caused by DSS 
(Fig. 2F). After oral administration of 50, 100 or 150 mg/kg AL-I, these 
symptoms of colitis mice were ameliorated. This was especially observed 
on D14 when both the body weight and DAI index were statistical 
significantly reversed by AL-I treatment (p < 0.01) compared to the 
model mice, as presented in Figs. 2A and 2B. Similar restorative effects 
also occurred in mice treated with the positive control Mesalazine 
(Fig. 2C–F). The HAI scores according to colonic histological observa-
tions also gave a clear indication for these restorations by AL-I and 
Mesalazine (Fig. 2E). No change was observed in body weight (Fig. 2A) 
of mice before DSS intervention. 

The levels of serum pro-inflammatory cytokines IL-1β, IL-6, and TNF- 
α were notably elevated in colitis mice, but the levels in mice supple-
mented with all doses of AL-I were considerably lower (p < 0.001), 
being close to normal levels (no significant difference with the control 
group) (Fig. 3B–D). A rising secretion of serum LPS is one of the in-
dicators of systematic inflammation of colitis mice (p < 0.001), but this 
was relieved in all AL-I groups (p < 0.001) (Fig. 3A). Therefore, it was 
demonstrated that AL-I intervention at different dosages were able to 
protect against colitis-associated symptoms and attenuate inflammation 
in DSS-induced ulcerative colitis mice. 

3.3. AL-I ameliorated colonic inflammation and repaired gut barrier 
function in DSS-induced ulcerative colitis mice 

As a local mediator of tissue damage and the resulting inflammation 
in various inflammatory diseases and ulcerative colitis [21,22], the 
amount of MPO in colon tissues was significantly enhanced in the model 
group, which revealed a severe inflammatory reaction in the colon of 
ulcerative colitis mice [22]. It was however dramatically reversed by all 
doses of AL-I (p < 0.001) (Fig. 4A). Similar inhibition on the secretions 
of IL-1β, IL-6 and TNF-α (Fig. 4A) were also observed in all AL-I-treated 
mice. The down-regulations of these inflammatory mediators could be 
due to the inhibition of AL-I on activation of pattern-recognition re-
ceptors (PRRs), such as nucleotide-binding oligomerization domain 1 
(NOD1) and Toll-like receptor 4 (TLR4) on the surface of intestinal 
epithelial cells, evidenced by the reduced colonic mRNA expressions of 
these receptors compared to model group (Fig. 4B). These receptors 
could be the possible active sites of AL-I for its anti-inflammatory effects, 
as shown by other pectic polysaccharides [11,12,20]. 

Upon epithelial injury, a damaged intestinal mucosal integrity by 
DSS is one of the causes of intestinal inflammation [17]. An observed 

increase of serum LPS suggested a possible invasion of endotoxin after 
intestinal mucosa injury (Fig. 3A), as well as down-regulation of colonic 
tight junction (TJ) proteins such as ZO-1 and occludin (Fig. 4B) that are 
crucial to protect the intestinal epithelial barrier. However, gene ex-
pressions of both ZO-1 and occludin were improved after14-day treat-
ment of AL-I (Fig. 4B), being equivalent to those reported for other 
natural polysaccharides [10,23–25]. These results suggest that AL-I 
administration could protect mice from reduced intestinal barrier 
functions by promoting the expressions of TJ proteins. 

3.4. AL-I promoted production of SCFAs and BCFAs in DSS-induced 
ulcerative colitis mice 

Total SCFAs, acetic acid, and isovaleric acid have been reported as 
the main fermentation products of water-soluble polysaccharides, and 
exhibit immunomodulatory effects and are involved in intestinal pro-
tection [20,26,27]. The BCFAs isovaleric acid and isobutyric acid are 
metabolic end products of undigested protein when fermentable fiber 
supply decrease, but are generally omitted as they are present in lower 
quantities than SCFAs [28]. After DSS induction, the contents of total 
SCFAs, acetic acid, and isovaleric acid visibly decreased (p < 0.05) 
compared to the control group (Fig. 5), whereas in mice administered 
with AL-I the contents were significantly restored in a dosage-dependent 
manner, with acetic acid being the predominant one promoted by AL-I. 
These changes could be another explanation for the protective activities 
of AL-I on colitis mice, as SCFAs can play a key role in the protective 
activities of colitis mice through anti-inflammatory effects, regulation of 
the differentiation of intestinal epithelial cells and maintenance of in-
testinal barrier [20,27]. Additionally, BCFAs may serve as alternative 
fuels in colonocytes [29], which could potentially be an indirect way for 
the activity of AL-I. Comparatively, the contents of these SCFAs were not 
affected by the chemical therapeutic medication Mesalazine. The pro-
duction of SCFAs has been reported to be dramatically reduced in colitis 
mice, probably due to less bacterial diversity and reduction of abun-
dance of SCFAs-producing bacteria [20,27]. Thus, an underlying bal-
ance of AL-I on DSS-induced dysbacteriosis might also contribute to its 
modulatory effects on SCFAs, as well as other positive reactions on 
colitis. 

3.5. AL-I modulated host metabolomics in DSS-induced ulcerative colitis 
mice 

For a better understanding of the active mechanism of AL-I, an 
untargeted metabolomics analysis was performed to discover the po-
tential metabolites and pathways that are affected by AL-I (150 mg/kg) 

Fig. 4. Effects of AL-I on colonic inflammation 
and barrier functions of DSS-induced ulcerative 
colitis mice. Colonic MPO levels and secretions 
of the pro-inflammatory cytokines IL-1β, IL-6 
and TNF-α were determined using ELISA kits 
(A); Gene expressions of inflammatory signal 
receptors and tight junction proteins were 
quantified using qRT-PCR (B). # p < 0.05 
versus control group; ## p < 0.01 versus 
control group; ### p<0.001 versus control 
group; * p < 0.05 versus model group; * * p < 
0.01 versus model group; * ** p < 0.001 versus 
model group; ns, no significant difference; 
n = 6.   
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Fig. 5. Effects of AL-I on concentrations of SCFAs and BCFAs in cecum content. # p < 0.05 versus control group; ## p < 0.01 versus control group; ### p<0.001 
versus control group; * p < 0.05 versus model group; * * p < 0.01 versus model group; * ** p < 0.001 versus model group; ns, no significant difference; n = 6. 

Fig. 6. Effects of AL-I on serum metabolomic profile of DSS-induced ulcerative colitis mice. Volcano plots in positive mode (+, A, C) and negative mode (-, B, D) 
altered within groups. PCA and PLS-DA analysis of modulated differential metabolites in positive (+, E, G) and negative mode (-, F, H), respectively. AL/AL_I 
represents the AL-I 150 mg/kg group, Model represents model mice treated with DSS only, and Control represents control mice without treatment. 
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on colitis mice. Generally, 656 metabolites in positive ionization mode 
(+) and 469 in negative mode (-) were identified and quantified based 
on mzCloud, mzVault, and MassList database (Table S5). Considerable 
differences in total (Fig. S2) and differential metabolites among groups 
(Fig. S3) were observed after PCA and PLS-DA analysis. Metabolites with 
significant up- or down-regulation within groups were further chosen 
(Table S5, Fig. 6A–D) after PCA (Fig. 6E, F) and PLS-DA (Fig. 6G, H) 
analysis. Herein, 8 (+) and 19 (-) metabolites were altered by AL-I 
compared to the model and control groups (Fig. 7). Every differential 
metabolite was verified for accuracy by receiver operating characteristic 
(ROC, not shown). 

Relevant metabolites and the included metabolic pathways are listed 
in Table S6 after screening in KEGG database. In positive mode, the 
nicotinate and nicotinamide metabolism (p = 0.001) and porphyrin and 
chlorophyll metabolism (p = 0.005) pathways were suppressed by DSS 
(Table S6, Fig. 8A), represented by the alterations of nicotinamide and 
biliverdin (Fig. 8G) respectively. However, AL-I failed to restore the 
levels of these metabolites and their included pathways, except modu-
lation on the glycerophospholipid metabolism compared to both model 
and control groups (Fig. 8C, E). In negative mode, 5 pathways were 
tentatively found to be affected by DSS compared to normal mice 
(Fig. 8B) and were further significantly restored by AL-I compared with 
the model group, including the pentose phosphate pathway (p = 0.036, 
enriched with D-erythrose 4-phosphate and D-sedoheptulose 7-phos-
phate), fructose and mannose metabolism (p = 0.019, enriched with D- 
mannose 6-phosphate and dihydroxyacetone phosphate), amino sugar 
and nucleotide sugar metabolism (p = 0.018, enriched with D-mannose 
6-phosphate), purine metabolism (p = 0.001, enriched with uric acid, 
xanthosine, and 2,6-dihydroxypurine) and the biosynthesis of unsatu-
rated fatty acids pathway (p = 0.011, enriched with linoleic acid, 
arachidonic acid, 8Z,11Z,14Z-eicosatrienoic acid, docosahexaenoic acid 

and eicosapentaenoic acid), as shown in Fig. 8D, H and Table S6. In 
addition, the linoleic acid metabolism and arachidonic acid metabolism 
(Fig. 8D–F) pathways were inhibited by AL-I represented mainly by 
linoleic acid (Table S6 and Fig. 8H). 

The pentose phosphate pathway is a fundamental component in 
cellular metabolism, which is crucial for maintaining carbon homeo-
stasis, nucleotide, and amino acid biosynthesis, as well as defeating 
oxidative stress [30]. The levels of two constituents in the non-oxidative 
branch of this pathway, D-erythrose 4-phosphate, and D-sedoheptulose 
7-phosphate were promoted after AL-I treatment (Fig. 8H), which sug-
gested a possible modulatory effect of AL-I on the 
transaldolase-catalysed reaction. The process of mannose 6-phosphate 
generation, a metabolite included in the fructose and mannose meta-
bolism and amino sugar and nucleotide sugar metabolism, has been 
proposed to inhibit IL-1β production in macrophages via suppressing 
glycolysis by reducing glucose 6-phosphate [31]. It is also responsible 
for the inhibition of TLR4 expression and suppression of the inducible 
nitric oxide synthase (iNOS) expression and NO and cytokine produc-
tion, by competitively binding with insulin-like growth factor 
II/mannose-6-phosphate (IGF-II/M6P) receptor [32]. Therefore, the 
significantly increased mannose-6-phosphate might be one of the con-
tributors to the anti-inflammatory effect of AL-I. Lipids derived from 
polyunsaturated fatty acids, such as arachidonic acid, eicosapentaenoic 
acid, and docosahexaenoic acid, are not only functioning as 
anti-inflammatory activators but also act as immunomodulators and 
signaling molecules (in the family of prostanoids) to drive some of the 
signs of inflammation. They can be activated and released from cell 
membrane phospholipid stores when stimuli such as a microorganism or 
damage appear [33]. The levels of these metabolites increased in colitis 
mice both in current and previous studies [34,35], and AL-I suppressed 
their levels (Fig. 8H), as well as their associated metabolic pathways 

Fig. 7. Clustered heatmaps of modulated differential metabolites within three groups in positive mode (+, A) and negative mode (-, B). AL represents the AL-I 
150 mg/kg group, Model represents model mice treated with DSS only, and Control represents control mice without treatment. 
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(Fig. 8D, Table S6). Linoleic acid is also a biomarker for the development 
of colitis into colorectal cancer [35], which was successfully reduced by 
AL-I in the current study. Collectively, these results suggested that the 
protection of AL-I from a disordered broad-scale metabolism process is a 
potential mechanism of its protective role in colitis. 

Decreased levels of uric acid, 2,6-dihydroxypurine, and xanthosine 
were observed in the colitis mice (Fig. 8H). However, it is still 

controversial whether they are related to colitis development. Serum 
uric acid, for instance, was previously indicated to be associated with 
ulcerative colitis patients having higher levels compared to healthy 
people [36]. However, the disease activity index of ulcerative colitis was 
not related with the uric acid level [37]. Moreover, 2,6-dihydroxypurine 
and xanthosine have also been previously reported to decrease in 
DSS-induced colitis mice [38]. It is consequently still a challenge to 

Fig. 8. Effects of AL-I on metabolic pathways and metabolites of DSS-induced colitis mice. Pathways were concluded based on metabolites in both positive (+) and 
negative (-) modes, and analyzed between model vs control (A, B), model vs AL-I (C, D) and control vs AL-I (E, F). Detailed metabolic pathways of (D) are: a, Linoleic 
acid metabolism; b, D-glutamine and D-glutamate metabolism; c, Alanine, aspartate and glutamate metabolism; d, Arachidonic acid metabolism; e, Fructose and 
mannose metabolism; f, Purine metabolism; g, Arginine and proline metabolism; h, Glutathione metabolism; i, Nitrogen metabolism; j, Aminoacyl-tRNA biosynthesis; 
k, Pyrimidine metabolism; l, Pentose and glucuronate interconversions; m, Biosynthesis of unsaturated fatty acids; n, Amino sugar and nucleotide sugar metabolism; 
o, Arginine biosynthesis; p, Steroid hormone biosynthesis; q, Butanoate metabolism; r, Citrate cycle (TCA cycle); s, Pentose phosphate pathway; t, Pantothenate and 
CoA biosynthesis. Specific metabolites in positive (G) and negative mode (H) are included in the metabolic pathways above. AL-I represents the AL-I 150 mg/kg 
group, Model represents model mice treated with DSS only, and Control represents control mice without treatment. 
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distinguish whether these metabolites would induce or alleviate in-
flammatory processes in the current study, as the inflammatory 
threshold levels in ulcerative colitis mice remain unclear. Meanwhile, 
since gut dysbacteriosis was noticed not only participating in the path-
ogenesis of intestinal bowel diseases, but also affecting the metabolic 
pathways of urate [36], the change in microbiota composition might be 
a possible reason for the uric acid increase. A statistical modulation of 
serum uric acid compared to normal mice was only observed in 
AL-I-treated mice rather than in colitis model mice without any treat-
ment (Fig. 8H), which also indicates that uric acid may have a greater 
relationship with microbiota modulation, rather than the metabolic 
pathways or inflammatory status, which will be discussed after the 
analysis of bacterial composition. 

3.6. AL-I modulated the gut dysbiosis on DSS-induced ulcerative colitis 
mice 

3.6.1. Alpha and beta diversity analysis 
Gut microbiota dysbiosis has been considered as one of the factors in 

ulcerative colitis development [7]. After DSS induction for 7 days, the 
indices of the alpha diversity of ulcerative colitis mice (model group) 
were significantly reduced compared to normal mice (control group) 
(Table S7), which indicated a decrease of microbiota diversity caused by 
DSS. However, alpha diversity indices of the mice treated with AL-I were 
significantly lower than the control group (p < 0.05) and no difference 
with colitis mice was observed. It was consequently shown that 14 days 
of AL-I treatment had not reversed the reduced richness and diversity of 
microbial communities caused by DSS. The rarefaction curve (Fig. S4A) 
and rank abundance curve (Fig. S4B) also suggested a lower abundance 
of microbiota diversity in model and AL-I groups compared to the 

Fig. 9. Microbiota compositions at phylum (A) and genus levels (B) and MetaStat (C, genus) and LEfSe (D) analysis of bacterial changes of DSS-induced ulcerative 
colitis. AL.I represents the AL-I 150 mg/kg group, Model represents model mice treated with DSS only, and Control represents control mice without treatment. 
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control group. In addition, beta diversity is utilized to compare the 
microbiota composition among groups based on the OTUs abundance 
and annotation. Clear separations were observed between the control 
and model groups in PCoA (Fig. S4C) and PCA analysis (Fig. S4D), and 
NMDS analysis (Fig. S4E), which also demonstrated a huge modulation 
in species composition after DSS induction. Clear shifts between the 
model group and AL-I treated group was also observed in PCoA and 
NMDS analysis (Fig. S4D,E), indicating that a significant change in gut 
microbiota composition occurred after administration of AL-I. 

3.6.2. Modulation of microbiota composition 
The statistical difference in microbiota composition between groups 

was determined by Anosim and MRPP analysis (Table S7). The relative 
abundance of phylum, class, order, family, genus and species levels are 
shown in Fig. 9A, Fig. S5A–C Fig. 9B and Fig. S5D, respectively. The 
significantly different bacteria among groups on phylum and genus 
levels were further investigated by MetaStat (Fig. 9C, Fig. S6A) and 
LEfSe (Fig. 9D) analysis in order to determine the different bacterial 
species present among three groups. 

Bacteroidota, Firmicutes, Verrucomicrobiota, Proteobacteria and Cam-
phylobacterota are the dominant phyla in the samples (Fig. 9A), and 
modulation of the microbiota composition was observed both in the 
model group and AL-I treated group. The relative abundance of Bacter-
oidota and Firmicutes in the model group was not affected by DSS 
treatment (Fig. 9C, p > 0.05). However, as shown in Fig. S6A and 
Fig. 9A, the abundance of Acidobacteriota and Nitrospirota were signifi-
cantly decreased in the model group (p < 0.05). A different pattern of 
microbiota composition was found in AL-I-treated colitis mice, with a 
more relative abundance of Bacteroidota (p < 0.05), and less Firmicutes, 
Verrucomicrobiota, Acidobacteriota and Deferribacteres (p > 0.05) (Fig. 9A 
and Fig. S6A). The imbalance of different phyla in ulcerative colitis is 
variable across studies, however, a decrease in the abundance of Bac-
teroides spp has also been observed in ulcerative patients [7,39] and in 
experimental mice [40,41]. From the aspect of pectin degradation, the 
Bacteroidetes are generally regarded as the more dominant plant poly-
saccharide degraders in the human gut, and the relative contribution of 
Bacteroidetes versus Firmicutes for the in-situ pectin degradation is yet 
unclear [26]. 

For a better understanding of the modulatory effect of AL-I on colitis 
microbiota, changes at the dominant genus level were further analyzed. 
As shown in Fig. 9B and C, 16 bacterial genera were significantly 
regulated in the model group compared to the control group. Some of 
them that had been promoted by DSS were reduced significantly by AL-I 
administration, including the Bacteroides, Alistipes, Streptococcus and 
Ruminococcus genera, and some that were inhibited by DSS were pro-
moted by AL-I such as Acinetobacter, Prevotella 9 and Lachnospira 
(Fig. 9C). Bacteroides, Dubosiella and Alistipes were enriched in the model 
group, as shown in the LEFSe analysis (Fig. 9D). Muribaculaceae, 
belonging to the Bacteroidetes phylum, was mostly enriched in AL-I 
treated group (Fig. 9D, Fig. S5C), which might explain the higher rela-
tive abundance of Bacteroidetes phylum than those of the model group. 
Noticeably, Bacteroides and Alistipes genera were dramatically reduced 
by AL-I compared to the model group (Fig. 9C), and all of them belong to 
the Bacteroidetes phylum. 

The abovementioned bacterial species altered by AL-I might 
contribute to the protective effects on colitis. One of the top 10 bacterial 
genus Bacteroides is known to play a central role in the degradation of a 
wide range of plant polymers in the gut intestine and to possess a wide 
range of carbohydrate active enzymes in their genomes. However, they 
can also break down the host-derived mucin glycans, the major con-
stituent in the intestinal mucosal layer [42], and have been suggested to 
be correlated with colitis [7,39,43]. Dubosiella has seldom been studied 
and its biological properties is still unclear. It has been reported with a 
positively correlation with butyric acid production and might be a 
potentially beneficial bacterial agent against colitis because of its lower 
richness in colitis mice than in normal ones [44]. However, a contrary 

result was recently observed with higher relative abundance in 
DSS-induced colitis than the normal ones [45]. Therefore, the function 
of Dubosiella on colitis and other intestinal inflammation should be 
further investigated by more in vivo studies. Similarly, the commonly 
considered beneficial bacteria Ruminococcus has also been observed to 
be increased in some colitis patients [7,39]. Alistipes is recently discov-
ered as a new genus of bacteria in the Bacteroidetes phylum, and it is still 
controversy around its protective and pathogenic effects [46]. For 
example, A. finegoldii was reported showing a protective effect against 
colitis as it was decreased in colitis mice [43], but correlations between 
Alistipes genera and colitis and colorectal cancer were also noticed [47]. 
In the current study, the relative abundance of Alistipes genera was 
strikingly enhanced in the model group, but was further reduced by AL-I, 
which is in line with a previously published study on a mannoglucan 
isolated from Chinese yam [48]. The abundance of A. finegoldii was also 
found to be increased after treatment with AL-I (Fig. S6B), which, to 
some extent, also indicated an underlying restoration of AL-I on gut 
microbiota to protect against colitis. These enriched bacterial genera 
(Bacteroides, Dubosiella, and Alistipes) were significantly reduced by AL-I, 
which could be a potential way for pectin to protect against colitis. As for 
the genus of Lachnospira, Prevotella, Parabaceroides and Faecalibacterium 
that increased by AL-I relative to either model or control group, they 
have been reported with fermentative ability on pectins and their rela-
tive abundance would be increased during the fermentation [49–51]. 
However, the relative abundance of beneficial bacteria, such as Akker-
mansia and Lactobacillus, in the AL-I treated group was still statistically 
lower than the control group (Fig. 9C), but a mild improvement in 
Akkermansia genera was observed in Fig. 9B, C. All results demonstrated 
that the pectic polysaccharide AL-I could significantly reverse the 
microbiota changes induced by DSS treatment, and suggested that these 
variations on the abundance of bacteria could be involved in its pro-
tective effects against ulcerative colitis. 

3.7. Correlation between metabolomic and microbiota composition 

The correlation between the different metabolites in serum and 
different microbiota genera was determined using correlation heatmap 
analysis (Fig. 10). Six metabolites that increased after AL-I treatment 
compared to the model mice, including L-glutamic acid, D-mannose 6- 
phosphate, uric acid, xanthosine, orotic acid, and D-erythrose 4-phos-
phate (negative mode, Table S6), were classified with certain correla-
tions with bacterial genera. Four of them were significantly negatively 
correlated with Alistipes genera. However, the Prevotella and Bacteroides 

Fig. 10. Heatmap showing the correlation between the differentiated micro-
biota genera and identified metabolites. Metabolites included were the ones 
with significant differences between AL-I and the model group in negative 
ionization mode. * , represents that the correlation within specific metabolite 
and bacterial species was statistically significant (p < 0.05). 
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were correlated with other metabolites, such as PE (18:1e/20:4), PC 
(4:0/16:3) and PC (2:0/18:3). At the same time, it was noticed that the 
level of uric acid presented significant correlations with six bacterial 
genera, which further verified the forementioned speculation that the 
potent alteration of uric acid was related more to the microbiota 
composition modulated by AL-I. However, other bacteria that was pro-
moted by AL-I had no significant correlation observed with these me-
tabolites, which could be due to the relatively short intervention time in 
the current study. Long-term oral administration, as well as microbiota 
transplantation is needed in further research in order to investigate a 
clearer relation between gut microbiota and host metabolism. Moreover, 
the imbalance of intestinal inflammatory effector cells and regulatory 
cells contributes to strong activation of the immune system with 
increased inflammatory effector cells. This may also lead to prolonged or 
chronic inflammation, which is detrimental and closely associated with 
the development of ulcerative colitis [52,53]. For instance, the change in 
bacterial composition, as well as the resulting modulation on SCFAs, 
might be involved in the differentiation and expansion of T regulatory or 
Th17 cells and thereby introducing inflammatory and bacterial infection 
to the intestinal mucosa [52]. This would be of interest to further 
investigate on colitis mice, normal or germ-free mice, in order to identify 
the exact modulatory effects of AL-I on intestinal immune homeostasis. 

4. Conclusions 

In this study, different dosages of a pectic type polysaccharide frac-
tion (AL-I) isolated from A. carmichaelii leaves were orally administrated 
in DSS-induced ulcerative colitis mice and significantly ameliorated 
colitis symptoms, attenuated serum and colonic inflammatory indices 
and injury on colonic histological structure. AL-I showed a potent pro-
tective effect through inhibiting the activation of NOD1 and TLR4 re-
ceptors, promoting expressions of TJ proteins and restoring the 
production of SCFAs and BCFAs. In addition, metabolomic biomarkers 
such as L-glutamic acid, D-mannose 6-phosphate, uric acid, xanthosine, 
orotic acid, and D-erythrose 4-phosphate were modulated by high 
dosage of AL-I, and the dysbiosis of gut microbiota represented by 
Bacteroides, Alistipes, Streptococcus and Ruminococcus, Acinetobacter, 
Prevotella 9 and Lachnospira genera were restored. These findings sug-
gested that AL-I exert promising protection on DSS-induced ulcerative 
mice, and that the leaves of A. carmichaelii have a potential to be utilized 
as a medicinal plant resource for the treatment of inflammatory intes-
tinal diseases. 
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