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Abstract
Ulcerative colitis (UC), a kind of inflammatory bowel disease, is generally characterized by chronic, persistent, relapsing, and
nonspecific ulceration of the bowel, which is widespread in the world. Although the pathogenesis of UC is multifactorial,
growing evidence has demonstrated that gut microbiota and its metabolites are closely related to the development of UC.
Lizhong decoction (LZD), a well-known classical Chinese herbal prescription, has been used to clinically treat UC for long
time, but its mechanism is not clear. In this study, 16S rRNA gene sequencing combining with untargeted metabolomics profiling
was used to investigate how LZD worked. Results indicated that LZD could shape the gut microbiota structure and modify
metabolic profiles. The abundance of opportunistic pathogens such as Clostridium sensu stricto I, Enterobacter, and
Escherichia-Shigella correlated with intestinal inflammation markedly decreased, while the levels of beneficial bacteria including
Blautia, Muribaculaceae_norank, Prevotellaceae UCG-001, and Ruminiclostridium 9 elevated in various degrees. Additionally,
fecal metabolite profiles reflecting microbial activities showed that adenosine, lysoPC(18:0), glycocholic acid, and deoxycholic
acid notably decreased, while cholic acid, x-linolenic acid, stearidonic acid, and L-tryptophan significantly increased after LZD
treatment. Hence, based on the systematic analysis of 16S rRNA gene sequencing and metabolomics of gut flora, the results
provided a novel insight that microbiota and its metabolites might be potential targets for revealing the mechanism of LZD on
amelioration of UC.

Key Points
* The potential mechanism of LZD on the amelioration of UC was firstly investigated.
* LZD could significantly shape the structure of gut microbiota.
* LZD could notably modulate the fecal metabolic profiling of UC mice.
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Introduction

Ulcerative colitis (UC) is a type of inflammatory intestinal
disease, which can result in abdominal pain, chronic diar-
rhea, bloody stool, and weight loss (Adams and
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(https://doi.org/10.1007/s00253-020-10665-1) contains supplementary Bornemann 2013). It is characterized by chronic, persis-
material, which is available to authorized users. tent, recurrent, and nonspecific intestinal ulcer, starting in
the rectum and extending to proximal segments of the
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prevalence of UC is higher in developed Western coun-
tries like North America and Europe (Ng et al. 2018;
Magro et al. 2017). Also, the incidence and prevalence
of UC are rising worldwide at the turn of the twenty-
first century. With the westernization of lifestyle and die-
tary changes in the structure, the morbidity of UC has
been increasing in developing countries such as Asia,
the Middle East, and South America (Ng et al. 2013; da
Silva et al. 2014; Vegh et al. 2017). Thus, treatment of
UC has drawn more extensive research interests in recent
years.

Currently, aminosalicylates (5-ASA), steroids, immuno-
suppressants, and biologic therapies have been commonly ap-
plied to cure UC (Panés and Alfaro 2017). However, these
therapeutically drugs are associated with serious side effects,
including infection, allergic reaction, intolerance, toxic ef-
fects, and high disease recurrence rate (Troncone and
Monteleone 2017). Therefore, it is urgent that novel drugs
are needed to be explored for the therapy of UC. Inspiringly,
traditional Chinese medicines (TCMs), owing to their obvious
curative efficacy and few side effects, have been recognized as
the important drugs to clinically treat chronic diseases such as
UC (Zhang et al. 2013). Lizhong decoction (LZD), which is
derived from Zhang Zhongjing’s Treatise on Exogenous
Febrile Diseases, is a well-known classical prescription used
in treating UC for thousands of years. It is composed of four
ingredients: Zingiber officinale Rosc. (Zingiberis Rhizoma),
Panax ginseng C. A. Mey. (Ginseng Radix Rhizoma),
Atractylodes macrocephala Koidz. (Atractylodis
Macrocephalae), and Glycyrrhiza uralensis Fisch.
(Glycyrrhizae Radix Et Rhizoma) (Shen et al. 2019).
Modern chemical, pharmacological, and clinical studies have
illustrated that the four herbs contained many bioactive com-
pounds which showed anti-inflammatory and antioxidant ac-
tivities. The major compounds in Zingiberis Rhizoma were a
series of homologous phenolic ketones known as gingerols,
which could inhibit inflammation via negatively affecting
macrophage and neutrophils activation as well as monocyte
and leukocyte migration (Ezzat et al. 2018). Ginsenosides, the
major ingredients in Ginseng Radix Rhizoma, had the capa-
bility to block the transcriptional activity of tumor necrosis
factor-a-mediated NF-kB (Ma et al. 2017; Lam et al. 2016).
It has been reported that Atractylodis Macrocephalae, mainly
containing atractylone, orange linoleum, elemene, and
isoeugenol, played an important role in modulating the func-
tion of the gastrointestinal tract and was commonly used to
cure digestive tract diseases (Gu et al. 2019). Glycyrrhizae
Radix Et Rhizoma with the major components including
glycyrrhetic acid, f3-sitosterol, flavonoids, and
hydroxycoumarins could inhibit the inflammatory response
by regulating the MAPK pathway and pro-inflammatory in-
terleukins (Thiyagarajan et al. 2011). Furthermore, our previ-
ous study also indicated that LZD could markedly improve the
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pathological symptoms of UC, while its mechanism was not
clear.

Recently, accumulating evidence has verified that the
gastrointestinal tract is colonized by different microbial
organisms, including bacteria, viruses, and fungi, which
are referred to as the gut microbiota, with more than
1000 microbial species (Basso et al. 2019). Not surprising-
ly, gut microbiota and its metabolites played key roles in
modulating some biological functions of the host, relating
to the nutrient processing, host defense, maintenance of
energy homeostasis, and development of the immunologic
system (Nicholson et al. 2012; Gongalves et al. 2018).
Deviation in the composition of gut flora was involved in
UC patients when compared with healthy subjects (Garg
et al. 2018). Studies have reported that bacteria with anti-
inflammatory capacities decreased while ones related to
pro-inflammation increased in UC. And some common
changes of gut microbiota were observed, including a de-
crease of Firmicutes and an increase in Proteobacteria and
Bacteroidetes (Nishida et al. 2018). Besides, metabolites
produced by gut microbiota also have special responsibil-
ity for the integrity of intestinal barrier function. Gut mi-
crobiota could ferment indigestible carbohydrates to yield
some important metabolites such as short-chain fatty acids
(SCFAs) and vitamins that were beneficial for the host
(Zhang et al. 2017). Furthermore, phenolic compounds,
branched-chain fatty acids, and amine substances were
produced under the degradation of proteins, which could
reflect the homeostasis of the intestinal tract (Canfora et al.
2019). Hence, many investigators have recognized that the
interconnection between gut microbiota and host was com-
plex and gut microbiota could be the possible therapeutic
targets of UC (Skelly et al. 2019). However, the mecha-
nism of LZD on the amelioration of UC via modifying gut
microbiota structure and its metabolites has not been
reported.

In this study, UC mice were successfully induced by dex-
tran sulfate sodium (DSS). The change of gut microbiota com-
position in UC mice was firstly investigated by using 16S
rRNA gene sequencing after LZD treatment. Then, an
untargeted metabolomics was applied to analyze the metabo-
lite profiles derived from gut microbiota. Thus, these results
provided a new perspective for further understanding the
mechanism of LZD in treating UC and the scientific basis
for its clinical application.

Materials and methods

Chemicals and reagents

DSS was bought from MP Biomedicals (Santa Ana, CA,
USA). Acetonitrile (HPLC grade) was supplied by TEDIA
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(Fairfield, OH, USA). Formic acid and methanol were obtain-
ed from Merck (Darmstadt, Germany). Ginseng Radix
Rhizoma (voucher specimens NO.180901) was purchased
from Anhui Huilong Medicinal Herbs Factory Co., Ltd.
(Anhui, China) and quality was controlled. Zingiberis
Rhizoma (voucher specimens no. 180821), Atractylodis
Macrocephalae (voucher specimens no. 180904), and
Glycyrrhizae Radix Et Rhizoma (voucher specimens no.
180815) were all purchased from Bozhou Yonggang
Medicinal Herbs Factory Co., Ltd. (Bozhou, China) and qual-
ity was controlled.

Preparation of LZD extracts

Ginseng Radix Rhizoma, Zingiberis Rhizoma, Atractylodis
Macrocephalae, and Glycyrrhizae Radix Et Rhizoma were
mixed at a ratio of 1:1:1:1 and soaked with distilled water
(1:6, w/v) for 20 min. The mixture was decocted for 30 min.
Then, the filtrate was collected through gauze while the resi-
due was decocted in water (1:4, w/v) for 20 min. Finally, the
two filtrates were merged and concentrated to 1.0 g/mL at
60 °C. HPLC chromatogram of LZD extracts was listed in
Supplementary Text S1 and Supplemental Fig. S1.

Animals

Male C57BL/6 mice (18-22 g) were purchased from Vital
River Laboratory Animal Technology Co., Ltd. (Beijing,
China) and maintained in a clean room at 23 +2 °C with 55

+ 10% relative humidity, keeping a 12-h light/dark cycle. All
animals were handled in accordance with experimental proto-
cols outlined by Guide for the Care and Use of Laboratory
Animals (US National Research Council, 1996) and approved
by the Research Ethical Committee of Nanjing University of
Chinese Medicine (Nanjing, China).

Induction of UC and animal grouping

Colitis model in mice was induced by DSS, which was pre-
pared into 2% and 2.5% (w/w) DSS aqueous solution. UC was
induced by administrating mice with 2% DSS aqueous solu-
tion in the first 3 days and then 2.5% DSS aqueous solution in
the following 4 days instead of drinking water.

All mice were raised according to the specific pathogen
free (SPF) standard, acclimatizing to the laboratory environ-
ment for 1 week. Thereafter, mice in the normal group (nor-
mal, N) were received normal drinking water all the time and
the other mice were received DSS aqueous solution for 7 days
to obtain colitis. Experimental mice with UC were randomly
divided into different groups: model group (DSS, M); LZD
low-, middle-, and high-dose treatment group (LL, LM, LH),
receiving LZD 1.365 g/kg (DSS + LL), 4.095 g/kg (DSS +
LM), and 12.285 g/kg (DSS + LH), respectively. Mice were

treated for 14 days by gastric gavage once daily. Normal and
model mice were received the same dose of normal saline.

Sample collection and preparation

Fresh stool samples were collected into frozen pipes after the
treatment on the 14th day. All the mice were sacrificed and
colon samples were taken immediately after anatomy. All the
biological samples had been preserved at — 80 °C until the
assays were performed.

DNA extraction, polymerase chain reaction
amplification, sequencing, and data analysis

Total bacterial DNA was extracted from fresh stool samples
by the E.Z.N.A.® Soil DNA Kit (Omega Bio-tek, Norcross,
GA, USA). The DNA in stools was quantified through aga-
rose gel electrophoresis. The extracted DNA from each sam-
ple was used as template to amplify V3—V4 variable regions
of the 16S ribosomal RNA gene with specific primers (341F:
5'-CCTAYGGGRBGCASCAG-3'; 806R: 5'-GGAC
TACNNGGGTATCTAAT-3’). Specific operational proce-
dures were carried out referring to the previously described
method (Wei et al. 2018a). The details were listed in
Supplementary materials (Text S2).

Metabolic profiling using UPLC-Q-TOF/MS

Fecal samples were pretreated with methanol and analyzed by
using UPLC-Q-TOF/MS. EZinfo 2.0 software (Zhu et al.
2018) was used to obtain principal component analysis
(PCA), supervised partial least squares discrimination analysis
(PLS-DA), and orthogonal partial least squares discriminant
analysis (OPLS-DA) via analyzing each ion. The differential
metabolites were selected while meeting the requirements of
variable importance in the projection (VIP > 1) and statistical-
ly significant difference (P < 0.05). Specific operational pro-
cedures were carried out according to the previously described
method (Wei et al. 2018b). The details are listed in
Supplementary materials (Text S3).

Statistical analysis

All data were analyzed by the analysis of variance
(ANOVA). The results were expressed as the mean + stan-
dard deviation (mean + SD). Statistical comparisons were
considered to be statistically significant if P values were less
than 0.05 (P <0.05) by using the SPSS 19.0 software (IBM,
Armonk, USA).
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Nucleotide sequence accession number

The 16S rRNA sequences obtained in this study were depos-
ited into the NCBI Sequence Read Archive (SRA) database
with accession number PRINA602801.

Results
Amelioration of LZD on DSS-induced colitis

In this study, a UC mouse model was successfully induced by
DSS. Pathological symptoms of UC mice were notably ame-
liorated after LZD treatment, as shown by increased body
weight, markedly prolonged colon length, and improved colon
lesions of UC mice, as well as significantly decreased DAI and
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histological scores. The details are listed in Supplementary ma-
terials (Text S4, Table S1, and Fig. S2).

Intervention of LZD on gut microbiota in UC mice

16S rRNA phylogenetic approach by sequencing V3-V4 re-
gions was used to investigate the changes in gut microbiota
populations of the control, DSS-treated, and LZD-
administrated mice. A total of 1,112,941 qualified sequences
were generated from 25 samples with an average of 44,518 +

9540 reads per sample, representing a total of 8969 operation-
al taxonomic units (OTUs). According to the tendency of
individual Rarefaction curves and Shannon-Wiener curves
(Fig. 1a, b), it was revealed that sequencing data were reason-
able and could reflect microbial information in all samples
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Fig. 1 The community richness and diversity among different groups. a
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samples. ¢, d The Chaol and Shannon index in different groups were
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The alpha diversity indices, including Chao 1 index and
Shannon index, are usually used for evaluating the community
richness and community diversity. In this study, DSS-induced
mice significantly reduced the Chao 1 index (P <0.05) when
compared with the normal group, suggesting less microbial
community richness, while LL, LM, and LH groups showed
increased abundance. Besides, the level of Shannon index was
lower in the M group (P < 0.05) which indicated the fewer
diverse microbial communities. In contrast, the microbial di-
versity in DSS-treated mice was increased after LZD treatment
(Fig. 1c, d). Briefly, compared with the DSS-treated group,
LZD treatment could notably reverse the reduced abundance
of intestinal flora but had little influence on the community
diversity. Additionally, PCA and principal coordinate analysis
(PCoA) of Bray-Curtis distance matrices were used to evaluate
the variance of diversity among different groups. As shown in
Fig. 2, evident separation of gut microbiota was observed on
the two-dimensional PCA and PCoA plots among different
groups. Moreover, compared with DSS-treated mice, different
dose groups of LZD showed high similarities in bacterial mem-
bers with the normal group, which indicated that amelioration
of LZD on UC might be due to its modulation on the structure
of gut microbiota destroyed by DSS.

Additionally, the most abundant phyla, which included
Bacteroidetes, Firmicutes, Proteobacteria, Verrucomicrobia,
Actinobacteria, and Deferribacteres, were detected in the fecal
microbiota through 16S rRNA sequencing analysis, and details
are displayed in Fig. 3a. Bacteroidetes was the most abundant
phyla in all samples. Compared with the normal group, the
relative abundance of Proteobacteria in the model group sig-
nificantly increased, while Bacteroidetes markedly decreased.
After the oral administration of LZD, this change was
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remarkably reversed. Results showed that the relative abun-
dance of Bacteroidetes in the different LZD groups was signif-
icantly higher than that in the normal and model groups, and a
reduction in the ratio of Firmicutes to Bacteroidetes was ob-
served after the therapy as well.

To identify the specific bacterial flora associated with co-
litis and LZD treatment, the linear discriminant analysis effect
size (LEfSe) analysis was applied to compare the changing
bacterial flora from phylum to genus in the different treated
mice (Zhang et al. 2019). The composition of intestinal flora
was significantly different among the groups, and more details
are listed in Supplementary materials (Fig. S3). Results re-
vealed that Bacteroidetes and Firmicutes were the most mi-
crobiota in the N group. Nevertheless, many opportunistic
pathogens in the Proteobacteria phylum such as
Proteobacteria, Gammaproteobacteria, and Escherichia_
Shigella were the main different bacteria in the M group.
After LZD intervention, the relative abundance of opportunis-
tic bacteria decreased, and main genera from Bacteroidetes
and Firmicutes were restored in LL, LM, and LH groups.

The genus level distribution for five groups is illustrated in
Fig. 3b. After comparing the relative abundance of the intes-
tinal flora in N and M groups, 61 intestinal bacteria exhibited
significant difference. The results are listed in Supplemental
Table S2. Additionally, seven of them were markedly shifted
after LZD intervention (Fig. 3¢). Notably, gut microbiota such
as Blautia, Muribaculaceae norank, Prevotellaceae UCG-
001, and Ruminiclostridium 9 decreased in the M group, and
increased in LL, LM, and LH groups, while Clostridium sensu
stricto 1, Enterobacter, and Escherichia-Shigella possessed
the absolutely opposite alteration in the different treated
groups. Above results showed that LZD had an effective
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Fig.2 The variance of diversity among different groups. a PCA analysis of variation between the bacterial communities presenting in all biopsy samples.
b PCoA analysis of variation between the bacterial communities presenting in all biopsy samples. Each point represented an individual sample
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influence on the treatment of UC by regulating the dysbiosis
of intestinal flora.

Effects of LZD on fecal metabolic profiling of UC mice

A highly sensitive and specific analytical method, ultra perfor-
mance liquid chromatography/quadrupole time-of-flight mass
spectrometry (UPLC-Q-TOF/MS) with an automated data anal-
ysis system (Metabolynx™) (Leonart et al. 2017), was
established and successfully applied to identify the metabolic
profiling of feces samples collected from different mice in

@ Springer

(P <0.001; P <0.01); Asterisk symbol indicates significant change
of different treatment groups vs M (**P<0.01; *P <0.05). N, normal
group; M, UC group; LL, 1.365 g/kg LZD group; LM, 4.095 g/kg LZD
group; LH, 12.285 g/kg LZD group

negative and positive ESI modes, respectively. Typical total ion
chromatograms (TICs) are shown in Supplementary materials
(Fig. S4). To evaluate differences among groups, PLS-DA tech-
nique was performed. As shown in Fig. 4a, the N group was
significantly separated from the M group, suggesting that the
metabolic profiles in DSS-induced mice were changed when
compared with the normal group. Additionally, as shown in
Fig. 4b, three dosages of LZD-treated groups were also signifi-
cantly separated from the M group and were closer to the N
group in the varied degree, suggesting LZD affected these me-
tabolites. Besides, the OPLS-DA method was applied to
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Fig. 3 (continued)

maximize the class discrimination and determine potential me-
tabolites. The variables analyzed by the OPLS-DA method were
screened for potential biomarkers based on VIP values (VIP > 1)
and statistically significant difference (P < 0.05). Potential metab-
olites were preliminarily identified according to the HMDB da-
tabase (https:/www.hmdb.ca) and the KEGG database (https://
www.kegg.jp). The metabolites are listed in Table 1. Compared
with the N group, the notably increased metabolites in the M
group included adenosine, glycocholic acid, lysoPC(18:0),
cholic acid, and deoxycholic acid, along with the markedly
decreased levels of o-linolenic acid, stearidonic acid, and L-tryp-
tophan, and the trend of these biomarkers was significantly re-
versed after LZD treatment. Then, identified potential biomarkers
related to UC were imported into the MetPA databases (https://
www.metaboanalyst.ca) and the KEGG databases to establish
the metabolic pathways, which included purine metabolism,
primary bile acid biosynthesis, biosynthesis of unsaturated fatty
acids, «-linolenic acid metabolism, secondary bile acid biosyn-
thesis, tryptophan metabolism, and glycerophospholipid metab-
olism (Fig. 5). The above results indicated that LZD could reg-
ulate the disorder of metabolites and their related metabolic path-
ways which contributed to the development of colitis.

Correlation among gut microbiota, metabolites, and
UC-related indexes

To better understand the functional correlation between gut
microbiota alterations and metabolic changes, the Pearson
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correlation analysis was carried out between the altered mi-
crobiota and perturbed metabolites, which showed clear cor-
relations eventually. As shown in Fig. 6a, Ruminiclostridium
9, Prevotellaceae UCG-001, Muribaculaceae norank, and
Blautia were positively correlated with «-linolenic acid,
stearidonic acid, and cholic acid, which were obviously
enriched in the N group, while Escherichia-Shigella,
Enterobacter, and Clostridium sensu stricto / were dominant
in the M group and positively correlated with adenosine and
lysoPC(18:0). Besides, the correlation between altered micro-
biota and UC-related indexes (IL-1f3, IL-6, IFN-y, IL-8,
TNF-«, IL-10, IL-4, marrow peroxidase (MPO), superoxide
dismutase (SOD), nitric oxide (NO)) is shown in Fig. 6b and
the details of UC-related indexes are listed in Supplementary
materials (Text S4 and Fig. S5). At the genus level,
Ruminiclostridium 9, Prevotellaceae UCG-001,
Muribaculaceae norank, and Blautia were positively corre-
lated with IL-10, IL-4, and SOD as well as negatively related
with IL-1, IL-6, IFN-y, IL-8, and TNF-x. Nevertheless,
Escherichia-Shigella, Enterobacter, and Clostridium sensu
stricto / were absolutely opposite.

Discussion
UC is a chronic disease characterized by inflammatory gastro-

intestinal tract and longstanding colitis has a high risk associ-
ated with colon cancer (Sairenji et al. 2017; Han et al. 2017).
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The mechanisms that contribute to UC pathogenesis are mul-
tifactorial, and strong evidence shows that genetic predisposi-
tion, environmental factors, microbial dysbiosis, and immune
responses dysregulation appear to be responsible for initiating
UC (Cheon 2013; Shouval and Rufo 2017; Maloy and Powrie
2011; Rosen et al. 2017). Considering the critical roles of the
gut microbiota in human health, in the present study, the ex-
periment primarily focused on the dysregulation of gut micro-
biota combining with the alteration of metabolic profiles
in vivo during UC progression to investigate the underlying
mechanism of LZD on alleviation of UC.

A disruption in the composition and diversity of microbiota
is closely associated with the gastrointestinal disease, follow-
ing the pathogenic bacteria proliferating and enterotoxins se-
creting, thereby resulting in abnormal intestinal immunity.
Therefore, the disorder of intestinal microflora is a known
feature of UC. In this study, the 16S rRNA phylogenetic ap-
proach was used to reveal the changes in the composition of
gut microbiota. Results showed a significant difference in mi-
crobial alpha diversity and beta diversity between the DSS-
induced colitis and normal groups, indicating the number of
microbiota in UC was less and the distribution of species was
more uneven. Compared with the DSS model group, LZD
treatment could increase the richness of the gut microbiota
community based on a higher Chaol index but had little sig-
nificant difference on community diversity based on the
Shannon index, suggesting the remission of richness and
evenness of the gut microbiota community in DSS-induced
colitis after LZD therapy. Interestingly, obvious differences
existed between each group in PCA and PCoA analyses, with
a shorter distance between the normal and LZD groups, indi-
cating that experimentally induced colitis disrupted the overall
structure of intestinal community and LZD partially mitigated
it. According to previous researches, from the level at phylum,
one of the features of the microbial dysbiosis in UC was the
increase in the ratio of Firmicutes/Bacteroidetes (Peng et al.
2019). That shift in microbiota was also observed in our re-
sults and LZD changed the ratio trend to decline based on the
decreased abundance in Firmicutes and increased abundance
in Bacteroidetes. Furthermore, the relative abundance of
Proteobacteria in the model group appeared an increasing
state, indicating the pathogenic bacteria increased.
Additionally, in the level at genus, Enterobacter,
Escherichia-Shigella, and Clostridium sensu stricto / in-
creased in the DSS-induced group, which was associated with
intestinal inflammation (Chen et al. 2014). Enterobacter,
belonged to the normal intestinal flora, is a kind of opportu-
nistic pathogens that lives with the host in coexistence, which
could initiate opportunistic infections when the host immunity
system disorders occur or bacteria migrate outward the intes-
tinal tract due to the increased intestinal permeability (Gaston
1988; Scarpellini et al. 2015). It has been reported that patho-
genic bacteria such as Escherichia-Shigella were significantly
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Fig. 4 PCA scores plot and S-plots of OPLS-DA models resulting from P>
UPLC/Q-TOF-MS spectra. a PCA scores plot between different groups.
b The results of PCA score plots and S-plots of OPLS-DA models. N,
normal group; M, UC group; LL, 1.365 g/kg LZD group; LM, 4.095 g/kg
LZD group; LH, 12.285 g/kg LZD group. ESI*, positive ion mode; EST ,
negative ion mode

elevated in UC, which was consistent with the variation in our
study (Xu et al. 2018). Escherichia-Shigella that adhered to
the mucosal epithelial cells of the colon was positively corre-
lated with pro-inflammatory cytokines and promoted 7-alpha-
dehydroxylation on primary bile acids to produce secondary
bile acids, which in turn activated the P38 pathway, further
leading to high expression of inflammatory cytokines to de-
stroy the integrity of the intestinal barrier (Sasaki and
Klapproth 2012; Autenrieth and Baumgart 2012; Jia et al.
2018). Besides, Clostridium sensu stricto / which was
deemed to harmful bacteria also had adverse effects on the
intestinal tract (Lin et al. 2018; Zhou et al. 2015). Hence,
restoration of Enterobacter, Escherichia-Shigella, and
Clostridium sensu stricto / contributed to the re-
establishment of intestinal equilibrium after LZD treatment.
In contrast, beneficial bacteria such as Blautia,
Muribaculaceae _norank, Prevotellaceae UCG-001, and
Ruminiclostridium 9 species, as the probable keystone taxa
in UC, widely decreased in the DSS-induced group, while
dramatically increased in the LZD therapy groups, demon-
strating that LZD had therapeutic effects on UC through mod-
ulating the homeostasis of intestinal microbiota (Yilmaz et al.
2019; Schirmer et al. 2019; Lagkouvardos et al. 2019).
Blautia could produce SCFAs, such as acetate, which could
bind the G protein-coupled receptor 43 to affect the inflam-
matory responses, leading to the relief of intestinal inflamma-
tion (Durand et al. 2017; Maslowski et al. 2009);
Muribaculaceae norank might play an important role in mu-
cosal layer degradation of the colon (Lee et al. 2019); similar-
ly, Prevotellaceae UCG-001, a gram-negative and obligate
anaerobic bacillus, had the capability to ferment carbohy-
drates and generate SCFAs including acetate and butyrate,
thereby exerting an anti-inflammatory effect on immune cells
and inhibiting the growth of potentially invading pathogenic
bacteria (Downes et al. 2013; Rivera-Chavez et al. 2016);
moreover, Ruminiclostridium 9 could degrade polysaccha-
rides to produce acetate and butyrate, and then promote the
development of the immune system (Wang et al. 2017). Some
constituents from traditional Chinese medicines can be metab-
olized by gut microbes, and herb components can also affect
the health homeostasis of the host through initiating changes
in the composition and function of the microbial community.
The phytochemical composition of LZD is extraordinarily
complex, including liquirtin, isoliquirtin, glycyrrhizin,
gensenoside, gingerol, atracylenolide, as well as substantial
amounts of polysaccharides. Ginseng, a general tonic and
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Table 1 The identified and change trend of the potential biomarkers of UC mice intervened by LZD
No. Tonmode VIP g/ [M = H]* Metabolites M LL LM LH HMDB Pathway
min
1 ES+ 1.59 3.60 278.1735 Adenosine TAA - b b bex HMDBO0000050  Purine metabolism
2 ES+ 130 13.85 4652700 Glycocholicacid ™ tw  dex lix HMDB0000138 Primary bile acid biosynthesis
3 ES+ 121 1325 279.2330 Alpha-linolenic acid * Tiese Twoer Tisr HMDB0001388  Biosynthesis of unsaturated fatty acids
A-
A-
A
ES+ 252 12.66 524.3707 LysoPC(18:0) TAA - des bk lx HMDBO0010384 Glycerophospholipid metabolism
ES+ 1.59 12.92 277.2173 Stearidonic acid A& s e Tex HMDBO0006547 Alpha-linolenic acid metabolism
ES- 5.68 9.85 407.2791 Cholic acid ! Tewr T T HMDB0000619  Primary bile acid biosynthesis
A-
A-
A
ES— 3.06 1036 3912848 Deoxycholicacid & ds  lix lex HMDB0000626 Secondary bile acid biosynthesis
ES” 1.04 2.14  203.0822 L-Tryptophan Wt T v HMDB0000929 Tryptophan metabolism

«l 9

«T> indicates increase; indicates decrease

WA sy

aan

indicates significant change of M vs N (
(***P <0.001; **P <0.01; *P < 0.05)

P<001;"" P<0.01; ® P <0.05); “*” indicates significant change of different treatment groups vs M

N, normal group; M, UC group; LL, 1.365 g/kg LZD group; LM, 4.095 g/kg LZD group; LH, 12.285 g/kg LZD group

adaptogen for the maintenance of host homeostasis, has been
reported to exert “prebiotic-like” effects towards gut microbial
community composition, along with the decreased harmful
bacteria, such as Enterobacter (Eom et al. 2017).
Atractylodes was capable of reducing intestinal pH value
and fostering the normal gut microbiota (Wang et al. 2019a).

-log(p)
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Pathway impact

Fig. 5 Metabolic pathways involved in potential markers in feces. (1,
alpha-linolenic acid metabolism; 2, primary bile acid biosynthesis; 3,
biosynthesis of unsaturated fatty acids; 4, glycerophospholipid metabo-
lism; 5, tryptophan metabolism; 6, aminoacyl-tRNA biosynthesis; 7, pu-
rine metabolism)
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Studies have demonstrated that the combination of ginseng
and atractylodes significantly inhibited the growth of potential
pathogens like Clostridiumm (Wang et al. 2019b). Interaction
of gut microbiota with licorice also seemed to have potential
effects on gut microbiota. Supplementation with isoliquiritin
reduced the levels of opportunistic pathogens like Escherichia
and increased the abundance of potentially beneficial genera,
including Prevotellaceae and SCFA-producing
Ruminococcus (Wu et al. 2016). Similarly, rhizoma zingiberis
also possessed anti-inflammatory activities and the ability to
regulate bacteria (Hong et al. 2018). Apart from effective
small molecule compounds, amounts of polysaccharides were
rich in LZD, which could be metabolized by gut microbes to
generate SCFAs (Holscher 2017), and in turn selectively up-
regulate the beneficial intestinal microbiota such as acetate-
producing Blautia (Guo and Li 2019). Interestingly, in UC,
changes in the number and proportion of the microbiota
destroyed the original micro-ecological balance, accompanied
with the increase of pathogenic bacteria and decrease of ben-
eficial bacteria, damaging intestinal mucosa and initiating
chronic intestinal inflammatory response (Kong et al. 2017).
Based on the above results, it indicated that LZD markedly
shaped the microbiota to maintain its homeostasis and func-
tion, which had implications in the pathogenesis of DSS-
induced colitis.

Moreover, accumulating studies have shown that colonic
microbiota could degrade some non-digestive components
such as fiber, resistant starch, and phenolic compounds via
fermentation in the colon to produce metabolic substances that
could reveal biological perturbations associated with diseases
(Monk et al. 2016). In addition to 16S rRNA gene sequencing,
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Fig. 6 Correlation among gut microbiota, metabolites, and UC-related indexes. a Heatmap correlation analysis of intestinal microflora and metabolites.
b Heatmap correlation analysis of intestinal microflora and UC-related biochemical factors

untargeted metabolomics profiling based on UPLC-Q-TOF-
MS was further applied to analyze fecal metabolite profiles to
reflect microbial activities to understand host-microbiota in-
teractions related to UC. Here, our observation showed that
the levels of adenosine, lysoPC(18:0), glycocholic acid, and
deoxycholic acid were notably increased, while cholic acid, o
linolenic acid, stearidonic acid, and L-tryptophan were mark-
edly decreased in the DSS-induced colitis mice. However,
these alterations were remarkably reversed after LZD treat-
ment. Adenosine, an important substrate in mitochondrial
adenosine triphosphate (ATP) biosynthesis that regulates en-
ergy homeostasis, was significantly increased in the DSS-
induced colitis, suggesting that ATP biosynthesis might be
associated with the injury of intestinal barrier and the level
of inflammation (Li et al. 2019). According to numerous re-
searches, lysoPC(18:0), one kind of the precursor of
lysophosphatidic acid, was known as a bioactive
glycerophospholipid, which was involved in various patho-
logical processes such as fibrosis, inflammation, and cancer.
The modification of LZD on lysoPC(18:0) level might con-
tribute to relieving the inflammation in colitis (Gréler and
Goetzl 2002). Additionally, numerous researches have re-
vealed that the change of bile acids was also involved in the
pathogenesis of colitis, which could regulate energy homeo-
stasis and mucosal immune homeostasis via intestinal bacteria
(Fiorucci and Distrutti 2015). Indeed, current understanding
of glycocholic acid showed that it could damage cellular
membranes and have cytotoxic effects at high concentrations,
bringing about apoptosis of intestinal cells (Chen et al. 2019).
Also, deoxycholic acid, as the secondary bile acid, could ac-
tivate NLRP3 inflammasome through a bile acid receptor
sphingosine-1-phosphate receptor 2 (S1PR2) and thus

contributed to colonic inflammation (Zhao et al. 2018).
Besides, significant reduction in cholic acid was observed in
DSS-induced colitis in this study. Cholic acid was a high-
affinity agonist of farsenoid X receptor (FXR) and the activa-
tion of FXR could promote the expression of antimicrobial
peptides to strengthen the epithelial barrier and inhabit Toll-
like receptor 4 (TLR4) to limit the expression of pro-
inflammatory cytokines, eventually suppressing mucosal in-
flammation (Gadaleta et al. 2011). Additionally, the downreg-
ulation of «-linolenic acid, stearidonic acid, and L-tryptophan
in colitis was linked to altered gut microbial metabolism and
pathological state. As was reported, «-linolenic acid and
stearidonic acid were polyunsaturated fatty acid. Alpha-
linolenic acid could downregulate the intestinal inflammatory
response by inhibiting colonic mRNA levels of pro-
inflammatory genes, for example, IL-6, TNF-«, and cycloox-
ygenase 2 (Reifen et al. 2015). Stearidonic acid could alleviate
inflammation by suppressing iNOS-mediated NO production
via inactivation of nuclear factor kB (NF-«B) and mitogen-
activated protein kinase (MAPK) signaling pathways (Sung
et al. 2017). The upregulated effects of LZD on the decreased
levels of «-linolenic acid and stearidonic acid in colitis mice
might contribute to exerting the anti-inflammatory effect.
Furthermore, in this study, data illustrated that the concentra-
tion of L-tryptophan was obviously higher after LZD interven-
tion than in the DSS-treated mice. It is known that L-trypto-
phan is an essential aromatic amino acid and has a negative
correlation with the inflammatory disease activity that might
serve as a biomarker for UC, which could alleviate the symp-
toms of colitis, improve intestinal permeability, and reduce
local inflammatory mediators and expression of pro-
apoptotic factors, as suggested in some experimental studies
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(Kim et al. 2010; Sofia et al. 2018). Consistently, as the results
showed, the observed differences in fecal metabolite profiles
that participated in the pathological process were markedly
regulated after LZD treatment.

Taken together, the present study demonstrated that LZD
intervention could significantly ameliorate DSS-induced coli-
tis by targeting gut microbiota to restore its diversity and com-
position and modify its metabolic profiling. After LZD treat-
ment, gut bacteria with anti-inflammation were markedly in-
creased, while pro-inflammatory bacteria were notably de-
creased by comparison with the DSS group. Meanwhile, po-
tential metabolites and the corresponding metabolic pathways
in fecal samples were altered to normal transformation with
LZD intervention. This research helped clarify the detailed
pharmacological mechanism of LZD on UC.
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