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Abstract

To investigate the therapeutic effects of phellodendrine in ulcerative colitis (UC)
through the AMPK/mTOR pathway. Volunteers were recruited to observe the ther-
apeutic effects of Compound Cortex Phellodendri Liquid (Huangbai liniment). The
main components of Compound Cortex Phellodendri Liquid were analysed via net-
work pharmacology. The target of phellodendrine was further analysed. Caco-2 cells
were cultured, and H,0, was used to stimulate in vitro cell model. Expression levels
of LC3, AMPK, p-AMPK, mTOR and p-mTOR were detected via Western blotting and
through immunofluorescence experiments. The therapeutic effects of phelloden-
drine were analysed via expression spectrum chip sequencing. The sequencing of in-
testinal flora further elucidated the therapeutic effects of phellodendrine. Compared
with the control group, Compound Cortex Phellodendri Liquid could substantially im-
prove the healing of intestinal mucosa. Network pharmacology analysis revealed that
phellodendrine is the main component of Compound Cortex Phellodendri Liquid.
Moreover, this alkaloid targets the AMPK signalling pathway. Results of animal ex-
periments showed that phellodendrine could reduce the intestinal damage of UC
compared with the model group. Findings of cell experiments indicated that phel-
lodendrine treatment could activate the p-AMPK /mTOR signalling pathway, as well
as autophagy. Expression spectrum chip sequencing showed that treatment with
phellodendrine could promote mucosal healing and reduce inflammatory responses.
Results of intestinal flora detection demonstrated that treatment with phelloden-
drine could increase the abundance of flora and the content of beneficial bacteria.
Phellodendrine may promote autophagy by regulating the AMPK-mTOR signalling
pathway, thereby reducing intestinal injury due to UC.
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1 | INTRODUCTION

Inflammatory bowel diseases, primarily Crohn's disease and ulcer-
ative colitis (UC), are common gastrointestinal inflammatory dis-
eases.? UC has become a global disease, the clinical interventions
of which are mainly limited to anti-inflammatory and immunomodu-
latory drugs.3 However, the progression and recurrence of UC can-
not be completely controlled by existing therapeutic drugs, which
also have many defects.* Therefore, new prevention and treatment
methods for the clinical treatment of UC must be developed.®

Cortex phellodendri has hypoglycaemic, antioxidant, anti-
inflammatory, hypotensive, immunomodulatory and other
pharmacological activities.®” Phellodendrine is one of the charac-
teristic and most important active components of phellodendrone.
Phellodendrine has the notable effects of lowering blood pressure,
anti-nephritis activity, inhibition of cellular immune responses and
central inhibition.®*° However, treatment of UC by using phelloden-
drine has not been reported yet.

Autophagy is a programmed cell degradation pathway mediated
by lysosomes.? Autophagy plays an important role in maintaining
cell homeostasis, removing intracellular toxic substances and bal-
ancing metabolic energy.!? Autophagy is an important mechanism
for the occurrence and development of UC,*® and it is closely related
to disorders of inflammatory responses, invasion of pathogenic bac-
teria and repair disorders of intestinal mucosa.}*!> Existing strate-
gies for UC treatment can be optimized by further understanding
the value of autophagy regulation in the prevention and treatment of
this disease.® Various traditional Chinese medicines with high effi-
cacy against UC or their active components are reportedly involved
in the regulation of autophagy.17 Such medicines and components
provide new understanding and potential drugs for the development
of clinical strategies for UC intervention.

Asakey physiological energy sensor,adenosine monophosphate-
activated protein kinase (AMPK) is a major regulator of energy
balance in cells and organisms.*® AMPK co-ordinates multiple meta-
bolic pathways, balances energy supply and demand and ultimately
regulates cell and organ growth.19 Mammalian target of rapamycin
(MTOR) is a central regulator of cell growth and proliferation. MTOR
forms two different complexes, namely mTORC1 and mTORC2.%°
MTORC1 is regulated by various signals, such as growth factors,
amino acids and cellular energy.?! Moreover, mTORC1 regulates
numerous important cellular processes, including translation, tran-
scription and autophagy. Regulation of energy metabolism balance is
mediated by several related signalling pathways, wherein the AMPK/
mTOR signalling pathways jointly constitute a switch of anabolic and
catabolic processes in cells.?? MTOR is an important downstream
signalling molecule of AMPK and plays a negative regulatory role in
autophagy regulation.?®2*

From the perspective of network pharmacology, we explored the
potential mechanism by which phellodendrine intervenes in regulat-
ing autophagy and preventing and treating UC via the AMPK-mTOR
signalling pathway. This study provides a theoretical basis for its clin-

ical application.

2 | METHODS
2.1 | Clinical samples and patient information

A total of 40 patients with moderate left semicolon UC who were
diagnosed and treated in the General Hospital of Tianjin Medical
University from December 2018 to August 2020 were selected as
the study patients. According to the random number table method,
they were divided into mesalazine + normal saline enema group and
mesalazine + Compound Cortex Phellodendri Liquid (Compound
Cortex Phellodendri Liquid was kindly provided by Shandong
Hanfang Pharmaceutical Co., Ltd [Chinese medicine character:
Z10950097]). group (n = 20 cases in each group). In the mesala-
zine + saline enema group, 11 were males and 9 were females. The
mean age was 39.62 + 8.58 years. The mean course of disease was
5.31 + 2.76 years. In the mesalazine + saline enema group, 10 were
males and 10 were females. The mean age was 40.12 + 9.06 years.
The average course of disease was 5.18 + 2.14 years. No statisti-
cally significant difference (P > 0.05) was observed between the
two groups in terms of gender composition, average age, average
course of disease and other general data, indicating comparabil-
ity. The inclusion criteria were as follows: patients conformed to
the consensus opinion on diagnosis and treatment of inflamma-
tory bowel disease formulated by the Inflammatory Bowel Disease
Group of The Chinese Medical Association in Beijing in 2018.
Lesions were located in the left half of the colon, and the disease
was mild to moderate. The patients had no obvious abnormality
in the electrocardiogram, liver and kidney functions. The study
was reviewed and approved by the medical ethics committee of
the hospital, and the patients were made aware of the objectives
and scope of the study and signed informed consent. The exclu-
sion criteria were as follows: (a) patients with severe cardiovas-
cular and cerebrovascular diseases, haematopoietic system, liver,
kidney and other primary diseases; (b) severe complications, such
as colonic haemorrhage, intestinal obstruction, intestinal perfo-
ration and toxic megacolon; (c) patients with other infectious or
non-infectious colitis; (d) women who are preparing for pregnancy
or pregnant and breastfeeding; (e) allergic to Compound Cortex
Phellodendri Liquid and amino salicylic acid drugs; and those who
could not take medications as prescribed and thus efficacy could
not be evaluated. For the evaluation of disease, clinical activity was
graded using the Mayo score (MS) in patients with UC at baseline
and at the end of the study at 12 weeks. Mayo score includes Mayo
stool frequency subscore, Mayo rectal bleeding subscore, Mayo
endoscopic subscore (MES) and Mayo Physician's global assess-
ment subscore, and each subscore ranges from O to 3.2°> According
to Chinese consensus on diagnosis and treatment of inflammatory
bowel disease (Beijing, 2018), clinical response is classed into (a)
ease: The clinical symptoms disappeared, and MES < 1 point; (b) ef-
fective: The clinical symptoms basically disappeared, and MES < 1
point; and (c) no improvement in clinical symptoms, and MES < 3
point. Total effective rate means that the per cent of patients

whose clinical response with ease and effective. Besides, samples
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for C-reactive protein (CRP) and faecal calprotectin were collected
to assess the inflammatory activity at baseline and at the end of
the study at 12 weeks.

2.2 | Animal models

In this study, SPF grade female C57BL/6 mice (18-22 g) were selected
as the animal model. According to weight, the mice were randomly
divided into four groups with five mice in each group: normal con-
trol group, model group, positive control group and phellodendrine
group. Phellodendrine was given at a dosage of 30 mg/kg. The posi-
tive control group was treated with salazosulphapyridine (40 mg/
mL) at a dose of 200 mg/kg. The normal control and the model con-
trol groups were treated with double steam water. The acute phase
model of UC was induced by 5% dextran sulphate sodium (DSS).
During the adaptation period, the mice were freely given food and
water. The experiment was began by replacing the drinking water
with a 5% DSS solution (except for the normal control group) and giv-
ing the mice a free drink. The daily water intake of each mouse was
calculated as 6 mL, and a sufficient amount of the DSS solution was
added the next day. The DSS solution was administered for 8 days.
After the initial administration of DSS for 24 h, soft stool, diarrhoea
or blood stool was found in the mice, that is the mice were given
the drug by gavage. The mice in the normal control and the model
control groups were given 0.1 mL of double-steamed water every
day. The mice in the positive control group were given 0.1 mL salazo-
sulphapyridine (40 mg/mL) every day. The phellodendrine group was
administered with 30 mg/kg of phellodendrine. The overall perfor-
mance of each mouse was assessed by disease activity index (DAI),
including bodyweight loss, stool consistency and faecal blood, and
the range of every item is from O to 4. The sum of all scores from
these three parameters was calculated as the DAI.? After 7 days of
administration, all the mice were killed. The abdominal cavity of the
mice was exposed, and their colon was dissected and its length was
measured. The colon was cut lengthwise along the mesentery, and
the stool was cleaned with normal saline and fixed with 10% neutral
formalin solution. Gross injuries were observed and scored under
a stereomicroscope, and severe ulcers were taken for pathological

examination.

2.3 | Histological detection of colon

Changes in colonic tissue mucosa and serosal surface were visually
observed, and gross morphological changes were scored. A piece
of fresh colon tissue was collected, and the size after dressing was
about 1.0 cm x 1.0 cm x 0.2 cm. The samples were placed in an
embedding box and fixed in 4% paraformaldehyde for 24 h. The sam-
ples (3-4 pm thick) were embedded in paraffin and serially sectioned.
Histomorphological changes were observed via haematoxylin-eosin
staining under a light microscope. Pathological changes in the tissues

were observed and scored under a microscope.

WILEY--Z

2.4 | Cell culture

Caco-2 cells were routinely cultured in complete medium (DMEM
containing 10% foetal bovine serum and 1% streptomycin-penicillin
solution) in anincubator at 37°C and 5% CO,. The liquid was changed
every other day and passed once every 3-4 days.

2.5 | Network pharmacology analysis

Active phellodendrine compounds were predicted via database col-
lection, literature search and target prediction on the basis of ligand
structural characteristics. Targets of active compounds were ob-
tained from the BATMAN website (http://bionet.ncpsb.org/batma
n-tcm/) gene target information. The possible targets were collected
according to chemical structure similarity prediction. All target infor-

mation was standardized using UniProt (http://www.uniprot.org/).

2.6 | Gene Ontology analysis

Gene Ontology (GO) is the international standard classification of
gene function. The selected genes were classified via GO analy-
sis. Important biological functions were enriched via significance
analysis, misjudgement rate analysis and enrichment analysis of
discrete distribution. Using the GO online analysis tool DAVID
(https://david.ncifcrf.gov/) (P < 0.5, Benjamini < 0.5), GO analysis

was performed.

2.7 | Pathway analysis

Pathway analysis was based on the selected genes according to
the public database KEGG (https://www.genome.jp/kegg/). The
pathway classification significantly related to the experimental
purpose was obtained via significance analysis of discrete distribu-
tion. Omicshare (http://www.omicshare.com), an online pathway
analysis platform, was used to obtain the pathway enriched informa-
tion of phellodendrine therapy UC-related genes with P < 0.5 and
FDR < 0.05 as parameters.

2.8 | Protein-protein interaction (PPI) network
construction

The interaction gene/protein retrieval tool STRING (https://string-db.
org/) was used to retrieve and predict gene/protein interactions on
the basis of biological databases and Web resources. PPl network is
an important tool for systematic understanding of cellular processes.
This network can be used to filter and evaluate functional genomic
data and provide a visual platform for annotating protein structures
and functions. The PPI network for phellodendrine therapy UC-

related targets was explored to provide new directions for searching
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for significant efficacy targets and for future experimental validation
of phellodendrine therapy UC-related targets. Phellodendrine ther-
apy UC-related target PPl network data (SCORE 2 0.9) were obtained
using the online database STRING, and cytoscape-V3.6.1 was used

to construct the visual PPI network diagram.

2.9 | Western blot

Total intracellular proteins were extracted. Protein concentration
was determined via the BCA method. First, 40 pg of the samples
were isolated by 10% SDS-PAGE. The isolated proteins were trans-
ferred onto a PVDF membrane. Then, 5% skimmed milk was sealed
for 1 h. Primary antibody was added and incubated at 4°C overnight.
TBST was thoroughly washed three times for 10 min each time.
The PVDF membrane was sealed into the secondary diluent. The
membrane was incubated in a shaker at room temperature for 1 h
and then washed with TBST three times for 10 min each time. A
luminescent solution was prepared and evenly dripped on the PVDF
membrane. GAPDH was used as an internal reference and repeated

for three times. ImageJ software was used for grey value analysis.

2.10 | Immunofluorescence

Cell slides were taken, sealed with 10% BSA, covered with primary
antibody (1:1000) and incubated at 4°C for 8 h. The slides were then
placed in PBS (pH 7.4). The slides were shaken and washed in a decol-
ourizing shaker three times for 5 min each time. After the cells slightly
dried, a secondary antibody (1:500) was dropped to cover the cells.
The cells were incubated at room temperature for 50 min. The cells
were washed with PBS three times, and each slice was dripped with
50 pL of DAPI dye. The cells were then incubated at room tempera-
ture for 5 min. Finally, the samples were washed with PBS and ob-
served under a fluorescence microscope. After images were taken,

an image analysis software was used to analyse optical density value.

2.11 | Expression spectrum chip sequencing

Intestinal tissues were collected from the animals. Total RNA was
extracted via the TRIzol method. The total RNA was purified using
RNeasy Mini Kit (Qiagen). After the total RNA was purified, the first
and second strands of cDNA were synthesized in one step. A fluo-
rescent dye (Cy3) was used to label and fragment cRNA. Finally, the

cRNA was hybridized with a chip. The operation was conducted in
accordance with Agilent chip instructions.

2.12 | Analysis of intestinal flora

After the treatment, fresh faeces were collected from the corre-
sponding colon of mice in each group and placed in a sterile frozen
storage tube. The faecal samples were stored in a refrigerator at
-80°C. The QlAamp faecal DNA extraction box was used to extract
DNA. Absorbance (A) was determined using an ultraviolet spec-
trophotometer at 260 nm, and its concentration was calculated.
Purity was determined on the basis of A,,,/A,¢, values. Integrity
was verified by 0.8% agarose electrophoresis. Genomic DNA was
amplified via PCR, and the primers used were specific primers of
the bacterial 16S rDNA V4 region. A sequencing library was then
constructed. High-quality sequencing data were then analysed via
bioinformatics methods.

2.13 | Statistical analysis

SPSS 17.0 statistical software was used for data analysis.
Measurement data are expressed as mean =+ standard devia-
tion. One-way ANOVA was used for comparison between groups.
Student's t test was used for comparison between two groups.

P <.05 was considered statistically significant.

3 | RESULTS

3.1 | Retention enema of Compound Cortex
Phellodendri Liquid combined with oral
administration of mesalazine can significantly
improve the clinical effects on patients with mild and
moderate left semicolonic UC

The therapeutic effects of Compound Cortex Phellodendri Liquid on
ulcerative colitis were evaluated by composing groups administered
with mesalazine alone and mesalazine combined with Compound
Cortex Phellodendri Liquid. Results showed that the total effective
rate of patients in the combined treatment group was higher than
that in the mesalazine group after 12 weeks of comparative treat-
ment, with statistically significant differences (P < 0.05) (Figure 1A

and B ). By contrast, no statistically significant difference was found

FIGURE 1 Clinical study of Compound Cortex Phellodendri Liquid combined with oral mesalazine for the treatment of ulcerative

colitis. A, Patients in the mesalazine+saline enema group and the mesalazine + Compound Cortex Phellodendri Liquid group were relieved
after 12 weeks of treatment. B, The total effective rate of the treatment for the patients in the mesalazine + saline enema group and the
mesalazine + Compound Cortex Phellodendri Liquid group. C, Comparison of modified Mayo score before and after treatment between

the two groups of patients. D, Results of electronic colonoscopy inflammation scores before and after treatment in the two groups. E,
Comparison of CRP values between the two groups of patients before and after the treatment. F, Comparison of calprotectin levels before
and after treatment in the two groups of patients. G, Colon improvement in the two groups of patients before and after the treatment. Data

are presented as the means + SD. *P < 0.05 and **P < 0.01
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FIGURE 2 Network pharmacological analysis of the main components of Compound Cortex Phellodendri Liquid. A, Target prediction
analysis of the main components of Compound Cortex Phellodendri Liquid. B, KEGG enrichment analysis of potential targets of the main
components of Compound Cortex Phellodendri Liquid. C, Protein-protein interaction network analysis of the potential targets of the main
components of Compound Cortex Phellodendri Liquid. D, GO analysis of potential targets of the main components of Compound Cortex

Phellodendri Liquid

between the two groups in the modified Mayo score before treat-
ment (P > 0.05). The modified Mayo score of the two groups after
treatment was lower than that before treatment, and the difference
was statistically significant (P < 0.05). However, the Mayo score
in the mesalazine combined with Compound Cortex Phellodendri
Liquid group was lower, indicating a better therapeutic effect
(Figure 1C). Electronic colonoscopy inflammation analysis showed
that the score of colon inflammation in both groups was lower after
treatment than that before treatment, and the differences were sta-
tistically significant (all P < 0.05). In addition, compared with me-
salazine alone, the inflammation score was lower in the combined
mesalazine and Compound Cortex Phellodendri Liquid treatment
(Figure 1D). A comparison of hs-CRP and calprotectin levels be-
tween the two groups before and after treatment showed that the
levels of both CRP and calprotectin significantly decreased after
the treatment. However, the treatment group with mesalazine com-
bined with Compound Cortex Phellodendri Liquid achieved better
results (Figure 1E and 1F). The treatment effects of the two groups
are shown in Figure 1G.

3.2 | Network pharmacology analysis of the main
components of Compound Cortex Phellodendri Liquid

The BATMAN website
was consulted to reveal the main ingredients in Compound Cortex

(http://bionet.ncpsb.org/batman-tcm/)

Phellodendri Liquid analyse the mechanism by which these com-
ponents treat UC. The direct action protein targets in Compound
Cortex Phellodendri Liquid for UC treatment were screened by con-
structing an interactive network. BATMAN uses a similarity-based
method to predict the potential targets of traditional Chinese medi-
cine components, and its core idea is to sort the potential targets
according to their interaction with known targets. The targets of
five traditional Chinese medicines, namely forsythia, Phellodendron,
honeysuckle, dandelion and centipede, in Compound Cortex
Phellodendri Liquid are shown in Figure 2A. The KEGG pathways
of these intersection targets were analysed further. KEGG en-
richment analysis revealed that the targets of Compound Cortex
Phellodendri Liquid mainly affect the AMPK signalling pathway
and the mTOR signalling pathway (Figure 2B). The target protein
interaction network was further demonstrated through Cytoscape
(Figure 2C). GO analysis also revealed that the target proteins
were enriched in the AMPK signalling pathway (Figure 2D). AMP-
activated protein kinase (AMPK) is a highly conserved serine/threo-
nine protein kinase that is an energy receptor in eukaryotic cells.
AMPK plays an anti-inflammatory role by inhibiting the expres-
sion of inflammatory signalling pathways, such as NF-xB, MAPK

and JAK-STAT, as well as inflammatory genes. AMPK is involved
in the regulation of various chronic inflammatory diseases, such as
inflammatory bowel disease and non-alcoholic fatty liver disease.
Therefore, the AMPK signalling pathway may be a key target of ac-
tion. Phellodendrine is connected with different drug targets and
signal pathways in the network pharmacologic analysis of phel-
lodendron (shown in Figure 3A). Moreover, Figure 3B displays 21
common target genes of between phellodendrine and Compound
Cortex Phellodendri Liquid, which suggested that phellodendrine
is the major component of Compound Cortex Phellodendri Liquid.
Determination results showing the average contents of phelloden-
drine were 39.08 + 2.024 (ug/ml) determined using a validated high-
performance liquid chromatography method in Compound Cortex
Phellodendri Liquid (Table S1). Thus, phellodendrine could be used
as a central target of Compound Cortex Phellodendri Liquid for fur-

ther research.

3.3 | Phellodendrine therapy for UC

The efficacy of phellodendrine in treating UC was further verified.
An animal model of UC was first constructed. From the 2nd day
after the successful replication of the model, the mice in the nor-
mal group had lively spirits, quick reactions, bright hair, normal diet
and normal urine and faeces. However, all the mice in the model
group, the salazosulphapyridine group and the phellodendrine
group showed mucinous stool, depression, decreased appetite,
disordered hair and decreased body mass. After 3 days of treat-
ment, two models were randomly selected from the model and the
normal groups for model evaluation. The modelling was success-
ful. As expected, compared to control group, weight loss, increas-
ing DAI score and reduced colon length were significantly in the
model group (shown in Figure 4B-D). Besides, the disappearance of
mucosal folds, mucosa inflammation and crypt lack were observed
in the colon tissues of DSS-induced model mice (Figure 4E). After
administration, the body mass gradually recovered, visual blood
gradually decreased, body shape gradually improved and hair and
mental state gradually recuperated of the mice in both the phello-
dendrine and the pentaminosalicylic acid groups (Figure 4A and B).
The DAl score of the model group was significantly higher than that
of the normal group (P < 0.05). Compared with the model group,
the DAI score of each treatment group significantly decreased
(P < 0.05) (Figure 4C). Results showed that phellodendrine sub-
stantially reduced diarrhoea and blood stool in the mice induced by
DSS. Colon length was reduced in the model group compared with
that in the normal group. Colon length was normal in the phello-

dendrine treatment group (Figure 4D). Pathological results showed
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that the pathological damage index of the colon in the model group
significantly increased (P < 0.05) compared with that in the nor-
mal group. However, compared with that in the model group, the
pathological colonic injury index in the phellodendrine group was
significantly reduced (P < 0.01), suggesting that phellodendrine

could alleviate DSS-induced colonic lesions in mice (Figure 4E).

3.4 | Molecular studies on the effects of
phellodendrine on autophagy

First, changes in AMPK and mTOR in autophagy during intestinal
cell injury were detected via Western blot. Experimental results
showed that, compared with that in the control group, the ratio
of p-AMPK/AMPK decreased after H,0, stimulation, whereas the
ratio of p-mTOR /mTOR increased, indicating that H,0, stimula-
tion inhibited the AMPK/mTOR signalling pathway. However, after
phellodendrine treatment, the p-AMPK/AMPK ratio increased,
whereas the p-mTOR/mTOR ratio decreased (Figure 5A and B).
LCII/LCI results of autophagy markers showed that the LCII/LCI

ratio decreased after H,O, stimulation. However, the LCII/LCI ratio
increased after phellodendrine treatment (Figure 5C and D), sug-
gesting that phellodendrine treatment could promote increased au-
tophagy. Immunofluorescence detection of autophagy in the colon
cells of the mice in all groups showed that the p-AMPK/AMPK ratio
increased, whereas the p-mTOR /mTOR ratio decreased (Figure 5E
and F). Immunofluorescence results were consistent with those of
Western blot.

3.5 | Bioinformatics analysis of phellodendrine
for the treatment of UC

Differences in the gene expression profiles between the animal
model group of UC and the phellodendrine treatment group were
analysed using expression spectrum microarray. The mechanism
related to the treatment of UC was further analysed by GO en-
richment and KEGG analyses. The differential expression of genes
in the model group and the phellodendrine treatment group was

analysed using volcanic atlas. Volcanograms show up-regulated
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FIGURE 4 Results of animal experiments on treating ulcerative colitis with phellodendrine. A, Experimental flow charts of acute
ulcerative colitis induced by DSS and treatment of mice with phellodendrine. B, Changes in the weight of mice in the control group,

model group, SASP and phellodendrine treatment group. C, Changes in DAI scores of mice in the control group, model group, SASP and
phellodendrine treatment group. D, Colon length and statistical analysis results of mice in the control group, model group, SASP and
phellodendrine treatment group. E. HE staining results of colon tissues of mice in the control group, model group, SASP and phellodendrine
treatment group. N = 5. Data are presented as means + SD. *P < 0.05 and **P < 0.01

genes (blue dots) and down-regulated genes (purple dots). A total
of 372 differentially expressed genes were found, including 131
up-regulated genes and 241 down-regulated genes (Figure 6A).
Cluster analysis distinguished well the phellodendrine group from
the control group, and the selected DEGs could be used for sub-
sequent analysis (Figure 6B). GO enrichment analysis showed
that the main metabolic processes (BP) of the up-regulated genes
were positive regulation of nitric oxide biosynthetic process, re-
sponse to vitamin D, positive regulation of T cell proliferation,
cell differentiation, immune response, folic acid transport, posi-
tive regulation of transcription and positive regulation of cell
proliferation (Figure 6C). The primary biological processes of the

down-regulated genes were oxidation-reduction process, reactive

oxygen species metabolic process, respiratory electron transport
chain, cellular response to prostaglandin stimulus, regulation of
fatty acid oxidation, phosphorylation and acyl-CoA metabolic pro-
cess (Figure 6D).

3.6 | Sequencing data of intestinal flora after
phellodendrine treatment

The petal plot represents the number of OTUs that are endemic and
common between samples/groups. Each petal represents a sample/
group, and the core number in the middle represents the number of

OTUs shared by all samples. The number on the petals represents
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FIGURE 5 Phellodendrine promotes autophagy in ulcerative colitis cells through the AMPK/mTOR signalling pathway. A, After different
treatments, the expression of AMPK, p-AMPK, mTOR and p-mTOR in the AMPK/mTOR signalling pathway changes. B, Statistical results

of the changes in the expressions of AMPK, p-AMPK, mTOR and p-mTOR after different treatments. C, After different treatments, the
expression levels of autophagy markers LC3I and IL31l were detected. D, Statistical results of the changes in the ratio of IL31I/LC3I after
different treatments. E, Immunofluorescence staining detects changes in AMPK and p-AMPK expression levels after different treatments.
F, Immunofluorescence staining detects changes in mTOR and p-mTOR expression after different treatments. N = 3. Data are presented as

means + SD. *P < 0.05 and **P < 0.01

FIGURE 6 Efficacy of phellodendrine
in the treatment of ulcerative colitis as
determined by microarray sequencing
analysis. A, Volcanograph analysis of
differentially expressed genes between
the control group and the phellodendrine
treatment group. B, Cluster analysis of
differentially expressed genes between i .
the control group and the phellodendrine
treatment group. C, Biological process
analysis of up-regulated genes. D,
Biological process analysis of down-
regulated genes. Data are presented as
means + SD. *P < 0.05 and **P < 0.01
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the number of OTUs unique to the sample/group (Figure 7A). The
core microbiome can be found on the basis of the common OTUs of
the sample and species that the OTUs represent. In Figure 7B, the
abscissa is the sample name, and the ordinate is the relative abun-
dance of species in the sample. The figure shows species with a rel-
ative abundance of over 1%. Results showed that the abundance of
intestinal flora of the phellodendrine-treated mice was more similar
to that of the normal group. The dominant species were screened
according to the results of species classification. Species abundance
was counted by taxonomic tree, and differences in abundance and
evolutionary relationships of the dominant species in each group
were evaluated from the whole taxonomic system. Compared with
the normal group, the abundance of Lactobacillaceae in the model
group decreased. The flora of phellodendrine-treated mice was
closer to that of the normal group (Figure 7C). Partial least square
discriminant analysis (PLS-DA) is a multivariate statistical analysis
method for discriminant analysis. In this study, PLS-DA based on
the OTUs showed that PCA could well distinguish the three groups
of features (Figure 7D). Evolutionary branch diagrams of LEfSe
analysis based on classification information are given in Figure 7E.
The circle of radiation from inside to outside represents the taxo-

nomic rank from phylum to genus (or species). Each small circle at a
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different classification level represents a classification at that level,
and the diameter of the small circle is proportional to relative abun-
dance. Among them, the red node represents the microbial group
that plays an important role in the red group. Green nodes repre-
sent groups of microorganisms that play an important role in the
green group. Other circles have similar meanings. Heatmap can re-
flect data information in two-dimensional matrix or table with col-
our changes, and it can intuitively represent the size of data value
with defined colour depth. Thermal map analysis showed that the
flora of phellodendrine-treated mice was closer to that of the nor-

mal group (Figure 7F).

4 | DISCUSSION

Ulcerative colitis is a major type of inflammatory bowel disease, which
entails diffused inflammation of colorectal mucosa.?” To date, this
disease has no clear aetiology and a corresponding effective medical
treatment.?® Inflammation caused by oxidation reaction is the most
important factor for the onset and deterioration of UC.2%3° Autophagy
also frequently occurs in colorectal inflammation.! Autophagy plays

an important role in the regulation of inflammatory response.®?
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Autophagy influences the remission of infectious diseases and the
pathological processes of inflammatory diseases, as well as plays an
anti-inflammatory effect in inflammatory responses induced by tissue
damage without bacterial infection.®® Intestinal epithelial autophagy
is an important mechanism for mammalian intestinal defence against
invading bacteria.** Blocking the autophagy pathway of epithelial
cells and dendritic cells leads to an inability of the intestinal mucosal
barrier to resist and clear various pathogens, such as Salmonella typh-
imurium, Shigella fusarium and invasive Escherichia coli.>> Autophagy
inducers improve TNF-a-induced intestinal barrier damage by activat-
ing autophagy. Abnormalities in autophagy-related genes can impair
the intestinal mucosal barrier. These studies indicated that abnormal
autophagy may be involved in the occurrence and development of UC
by affecting the repair of the intestinal mucosal barrier.

LC3, which exists in the form of LC3-I and LC3-112, is the most

important protein molecule in autophagy and primarily involved in
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FIGURE 7 Sequencing analysis of
intestinal flora of the mice with ulcerative
colitis treated with phellodendrine. A,
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the formation of autophagosomes.*¢*” Detection of LC3 can reflect
the integrity of autophagy flow.*® In this study, Western blotting
revealed that phellodendrine treatment substantially promoted the
increase in LC3-11/LC3-1 compared with the model group. Therefore,
phellodendrine preconditioning may play a protective role to intesti-
nal epithelial cells by promoting autophagy.

Traditional Chinese medicine formulations play an important
role in the key biological processes of the occurrence and devel-
opment of diseases by acting on multiple targets through multiple
components.®?*° Owing to the rapid development of bioinformatics,
network pharmacology has become a new method for the efficient
and systematic determination of the molecular mechanisms of tra-
ditional Chinese medicine prescriptions.*! Network pharmacology is
performed to determine the relationship between drugs, targets and
diseases, as well as presents drug-target networks through system-

atic thinking. Interaction relationships can be visualized as a network
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model, and the effects of drugs on biological networks can be studied
from an overall perspective. In this study, the active components of
Compound Cortex Phellodendri Liquid were screened via the net-
work pharmacologic analysis method. The targets of the active com-
pounds were further predicted, and their correlation with UC was
analysed. Subsequently, a PPI network of the active ingredients and
targets was visualized. The mechanism by which Compound Cortex
Phellodendri Liquid treats UC was further analysed by identifying
the candidate targets of the active compounds of Compound Cortex
Phellodendri Liquid. The pharmacological mechanism of phelloden-
drine was also investigated.

Oxidative stress is a state of stress caused by the disruption of ho-
meostasis between oxidative and antioxidant systems.42 Numerous
studies reported that the reactive oxygen species produced in ox-
idative stress can induce autophagy production.*® Autophagy can
alleviate the damage caused by oxidative stress, thus protecting cells

from survival.*4

Thus far, the mechanism by which autophagy inhibits
inflammasomes remains unclear. The present study found that au-
tophagy decreased after UC occurred. If autophagy is insufficient,
then normal cell homeostasis cannot be maintained and inflammation
can occur. This process indicates that autophagy plays an important
role in the body's resistance to UC. This study proved that autophagy
is a positive feedback that regulates UC pathogenesis, an outcome
that is beneficial to the reduction of inflammation in the body. After
phellodendrine intervention, the level of autophagy considerably in-
creased, whereas cell damage substantially decreased. Therefore, the
mechanism by which phellodendrine lowers oxidative stress in the
colonic mucosa of UC may be related to its enhancement of autoph-
agy (Figure S1). Using an animal model of UC, the efficacy of phello-
dendrine was evaluated and its potential pharmacological mechanism
was investigated to provide new therapeutic strategies for UC treat-
ment and provide a scientific basis for the clinical applications of phel-

lodendrine and its corresponding formulations.

5 | CONCLUSION

This study investigated the effects and molecular mechanism of
phellodendrine in Compound Phellodendrine solution for UC treat-
ment. Phellodendrine processing may promote autophagy by acti-
vating the AMPK-mTOR signalling pathway and ultimately exert a
protective effect on UC. However, whether phellodendrine regu-
lates autophagy through other signalling pathways remains to be ex-
plored. Clarifying its specific mechanism of action in UC will provide
a theoretical basis for the clinical applications of phellodendrine and

new ideas for clinical treatment of UC.
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