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Purpose: Inflammatory bowel disease (IBD) is a serious disease that affects the metabolism and inflammatory responses of human
beings. From the perspective of traditional Chinese medicine, damp-heat syndrome is one of the main syndromes of IBD. Rhizoma
Paridis, also known as the root of Paris polyphylla, a well-known herbal medicine used in China, is used to treat IBD with damp-heat
syndrome (IBD-DH). However, uncertainty still exists regarding the underlying mechanisms and the impact of Rhizoma Paridis on
IBD-DH.

Methods: The rats in the model (DAT) and medication administration (Rhizoma Paridis total saponins (RPTS) and Pennogenin (PN))
groups were given a high temperature and high humidity environment, high fat and high sugar diet combined with 2,4,6-trinitro-
benzene sulfonic acid (TNBS) to establish the model of experimental colitis of damp-heat type, and the normal control group (RNC)
rats were given a normal diet at normal temperature and humidity. Damp-heat control group (DNC) was set with the same condition as
DAT without TNBS. Hematoxylin-Eosin (HE) staining was used to observe the histopathological morphology of the rat colorectum.
The expression of the metabolism-related genes (Phospholipase A2 (sPLA2, cPLA2), and phosphatidylethanolamine
N-methyltransferase (PEMT)) was assessed by using real-time quantitative PCR analysis (RT-qPCR). And the levels of the
metabolism-related proteins (sPLA2, cPLA2), S100A8/9, Arg-1, and cytokines were detected by enzyme-linked immunosorbent
assay (ELISA) kit. To investigate lipids and amino acids which closely associated with the IBD and IBD-DH, lipid pseudotargeted
metabolomics with UHPLC-TQ/MS analysis method, as well as targeted quantitative amino acid analysis were performed.

Results: Our data showed that RPTS (50 mg/kg) and PN (20 mg/kg) significantly ameliorated the severity of TNBS-induced colitis
and downregulated the levels of circulating proinflammatory cytokines. Compared with RNC group, lipid pseudotargeted metabo-
lomics demonstrated that glycerophospholipids, sphingolipids, carnitine, and glycerolipids were the four most perturbed lipid classes,
and amino acids targeted metabolomics demonstrated that serine, N-acetylneuraminic acid, histidine, proline, taurine, and kynurenine
changed significantly in DAT group . Correlation analyses showed tight associations between most of differential metabolites and
proinflammatory cytokines. RPTS and PN both regulated glycerophospholipid metabolism and sphingolipid metabolism. However,
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both of them did not have a significant effect on amino acid modulation. RPTS and PN potentially regulated sPLA2, cPLA2, and
PEMT.

Conclusion: These results showed that RPTS (50 mg/kg) and PN (20 mg/kg) effectively alleviated rats’ colitis of damp-heat type,
affected cytokines, and altered lipid metabolism without significant modulation on amino acid metabolism.

Keywords: inflammatory bowel disease, lipid pseudotargeted metabolomics, amino acids targeted metabolomics, Rhizoma Paridis
saponins, cytokines

Introduction

The main forms of inflammatory bowel disease (IBD) are Crohn’s disease (CD) and Ulcerative colitis (UC). These
diseases are becoming more common and more prevalent all over the world." However, the pathophysiology and etiology
are still poorly understood. According to current theories, abnormalities in intestinal homeostasis originate from the
interaction of genetic, environmental, and microbial factors, which weaken intestinal barrier function and produce
a disorganized immune response.” This requires further research on IBD to identify not only therapeutic targets but
also diagnostic and prognostic markers to improve disease management.

Metabolomics is a powerful tool for examining the pathophysiology of disease and locating potential biomarkers,
utilizing biofluids (such as plasma and/or urine), tissues, or other biological extracts.’ By measuring hundreds of
metabolites in biological samples, metabolomics enables the identification of each patient’s unique metabolic profile.*
These profiles could advance metabolomic personalized therapy by enhancing our comprehension of this complicated
disease and potentially enhancing the diagnosis and treatment of IBD.? Researchers use metabolomics to distinguish
between CD and UC, as well as the many IBD subclassifications,® and explore metabolomic variations based on disease
activity and relapse predictors.” Moreover, the link between IBD metabolome dynamics and treatment response has been
further shown by recent studies, however, more research is still needed in this area.’

Researches have been done to identify biomarkers for IBD diagnosis and to demonstrate the illness mechanism,
which showed that various lipid species, important substances for energy metabolism, and amino acids were noticeably
altered in patients with IBD.” " Studies show that the etiopathogenesis of IBD may be significantly influenced by
changes in the lipid profile. Primary bile acid biosynthesis, arachidonic acid metabolism, sphingolipid metabolism, fatty
acid elongation, and glycerophospholipid metabolism were all connected to IBD dysregulation, according to lipid profile
research in individuals with IBD.'*'? In the past few years, an increasing number of studies have employed lipidomics to
identify particular biomarkers for different diseases by detecting changes in lipid species.'> Also, studies find disruption
of amino acid metabolism in IBD. Some studies have shown that leucine, lysine, and valine, as well as the semi-essential
amino acids arginine and glutamine, and the non-essential amino acid serine, were all reduced in CD patients compared
to control subjects'' and UC patients had decreased amounts of creatine, proline, and tryptophan.'* This irregularity in
amino acid metabolism may have important effects on the prognosis of IBD.'® Similar to this result, our previous studies
have shown that a number of aromatic acid and lipid derivative metabolites may serve as potential biomarkers to
distinguish IBD from healthy controls. When compared to healthy controls, phosphatidylcholine (PC), phosphatidyletha-
nolamines (PE) are differential metabolites in our IBD patients, which mostly functioned as components of distinct
glycerophospholipid metabolites. Aside from that, acylcarnitine can also distinguish between IBD and healthy controls.'®

From the perspective of traditional Chinese medicine, the consensus from the Chinese Association of Traditional
Chinese Medicine and the previous retrospective analysis showed that damp-heat syndrome is one of the main subtypes
of active IBD.!”"'® Studies have shown that damp-heat syndrome could lead to disorders of lipid metabolism and amino
acid metabolism.'®!'**° Consistent with this, some studies have shown that there are differential metabolic pathways
between patients in the active stage of UC with syndrome of damp-heat and syndrome of non-damp-heat, which are
mainly concentrated in tryptophan metabolism, sphingolipid metabolism, glycerophospholipid metabolism, and pyrimi-
dine metabolism.?' In summary, we can conclude that both our previous studies'® and other studies®’ have found that
patients with damp-heat syndrome with IBD have shown metabolic changes clinically, but the specific mechanism is still
unclear. Therefore, we aim to explore the metabolic characteristics of rats’ experimental colitis of damp-heat type, so as
to analyze the possible mechanism of such metabolic changes. Based on these results, we focused on lipids and amino
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acids metabolism in experimental colitis of damp-heat type and therapeutic interventions, such as medical plants
treatment.

At the same time, there is evidence that herbs and herbal formulations are effective in treating IBD.?* Professor Xu
Jingfan, the great Traditional Chinese Medicine (TCM) master, used Rhizoma Paridis to treat refractory IBD. The
ZaoXiu (Chinese synonym of Rhizoma Paridis) formulation has been a representative prescription according to the
collection and studies of his therapeutic experiences. Zaoxiu formulation extracts showed promising effects on protecting
the animals from 2.4,6-trinitrobenzene sulfonic acid (TNBS) -induced colitis.®> However, the specific mechanism and
major pharmacological active ingredient still need further studies.

Rhizoma Paridis is a well-known Chinese herbal medicine, which has effects of clearing heat and detoxification and
is often used to treat pustulosis, sore throat, snakebite envenoming, traumatic injury and other diseases.”* What’s more, it
has been applied to treat IBD in recent years.”® Rhizoma paridis total saponins (RPTS) are the main active components of
Rhizoma Paridis, which have various pharmacological effects, such as anti-tumor, anti-bacterial, anti-viral, hemostatic
and immune regulation.”* The RPTS is a mixture of various saponins extracted from the Rhizoma Paridis, including
a variety of saponins with different structures, among which the main saponins are pennogenin and diosgenin, while
pennogenin (PN) includes Polyphyllin IV and Polyphyllin VII.?®

Based on these background, we conducted the following study. The primary goal of this investigation was to identify
significant metabolites related to TNBS-induced colitis with damp-heat type and explore the role of Rhizoma Paridis
active substances in regulating its metabolic profiles. We used lipid pseudotargeted metabolomics and amino acids
targeted metabolomics to observe changes of lipids and amino acids in rat model. Meanwhile, we described the
dysregulated metabolic pathways and certain cytokine levels in the IBD rat model of damp-heat type in this study and
explored the correlations between circulating metabolites and cytokines. Furthermore, we explored the mechanism of
Rhizoma Paridis in treating experimental colitis of damp-heat type.

Materials and Methods

Chemicals and Reagents

5% TNBS (2,4,6-Trinitrobenzenesulfonic acid) (P2297-5X, 10 mL, SLCG2348, Sigma Corporation, USA); Rhizoma
Paridis Total Saponins (RPTS) (MUST-20203001), Polyphyllin VI (PPVI) (MUST-21090811, > 98%) and Polyphyllin
VII (PPVII) (MUST-21040610, > 97%) were purchased from Chengdu Manstead Biotechnology Co. Ltd, China; 5-ASA
(RH110815, Shanghai Macklin Biochemical Co.,Ltd). RPTS, PPVI, PPVII, and 5-ASA were prepared into 0.5%
carboxymethylcellulose sodium (CMC-Na) (C104987, Shanghai Aladdin Bio-Chem Technology Co., LTD) solution
respectively when used. All reagents used in the HE staining were purchased from Zhuhai Baso Medical Device Co., Ltd.
Methanol, acetonitrile, and formic acid were purchased from Fisher Scientific (USA). Ultra-pure water was generated
employing a Milli-Q Integral Water Purification System from Merck Millipore (Merck Millipore, USA). All standards of
metabolites were purchased from Sigma Corporation. All enzyme-linked immunosorbent assay (ELISA) kits were
purchased from Jianglai Industrial Company, Shanghai, China.

Animal Experiments

Sprague-Dawley (SD) rats (male, 6—8 weeks, weighting 180-220 g) were obtained from SPF (Beijing) Biotechnology
Co., Ltd. Animals were housed in cages, controlled temperature (22°C + 2°C), humidity (45% + 5%) and illumination
(12 h light / dark cycle). Rats were given sterile food and water libitum, and were adapted to the facility for one week
before experiments.

After one week of adaptive feeding, rats were randomly divided into 8 groups: control (RNC) (n=7), control with
damp-heat type (DNC) (n=7), TNBS-treated with damp-heat type (DAT) (n=13), low RPTS dose-treated (50 mg/kg)
(DRL) (n=9), high RPTS dose-treated (100 mg/kg) (DRH) (n=9), low PN dose-treated (20 mg/kg) (DPL) (n=9), high PN
dose-treated (40 mg/kg) (DPH) (n=9), 5-ASA-treated group (100 mg/kg) (DAS) (n=9). RPTS and PN were suspended in
0.5% CMC-Na solution and supplemented to rats by gavage for 14 days. The experiments strictly followed the Guide for
the Care and Use of Laboratory Animals by the National Institutes of Health, and the animal study was approved by the
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Animal Welfare Committee of the Affiliated Drum Tower Hospital of Nanjing University Medical School. Six samples
were randomly selected from each group for the following experiments, including lipid pseudotargeted metabolomics and
amino acids targeted metabolomics, ELISA, and RT—qPCR. Each repeat of the experiments was performed as a separate,
independent experiment.

Establishment of Experimental Colitis Model with Damp-Heat Type

Before modeling experimental colitis, we need to construct the rat model of large intestine damp-heat type. Using the
procedure described in the paper, except for the RNC group, the other 7 groups of rats were all housed in an
environmental simulation room under an ambient temperature of 28°C £ 2°C at a relative humidity of 60-80% for
9 h every day for 14 days. The 7 groups living in the damp-heat area were given drinking water containing honey (200 g/
L) and a high-sugar and high-fat diet (HSHFD) throughout the whole process.”* >’ From day 1 to day 14, RPTS, PN, and
5-ASA were administered by gavage once a day. The normal group was fed a normal diet and lived in an environment
with a relative humidity of 45% + 5% and an ambient temperature of 22°C + 2°C.

The experimental colitis model was constructed under damp-heat environment. On the 11th day of feeding, experi-
mental colitis model manipulation was performed. Rats were fasted for 24 h with freely drinking before modeling. Rats
were anesthetized with isoflurane. The rats in RNC and DNC groups were given 1 mL of 0.9% saline by rectal
administration, the other groups were given ImL TNBS solution (100 mg/kg) (5% TNBS dissolved in 50% ethanol)
by rectal administration. The mixed solution was slowly injected into 4—6 cm of the proximal end of the descending
colon, and the rats were kept in the vertical position for 60s. The severity of colitis was recorded daily, including weight
changes, diarrhea, and bloody stools. All rats were sacrificed on day 14 and the colon tissues and plasma were removed
for further analysis.

Indicators Related to Colitis

Status checks on laboratory animals were done every day. The weight was recorded. Each lab animal was graded
every day for the Disease Activity Index (DAI) including body weight loss, blood in the stool, and stool consistency. The
rats were anesthetized and sacrificed at day 14, and the pertinent samples were gathered. The Colon length and Colon
weight / length ratio were recorded. The gross morphological changes linked to TNBS-induced colitis were documented.
For histology evaluation, segments of colonic tissues were fixed in 10% formalin. Based on the tissue damage seen under
the optical microscope, hematoxylin and eosin (HE) staining was done to evaluate histopathological alterations. The
evaluation scale was used to get the damage score.

Enzyme-Linked Immunosorbent Assay (ELISA)

According to the manufacturer’s instructions, ELISA kits (Jianglaibio, Shanghai, China) were used to detect the serum levels of
tumor necrosis factor (TNF)-a (JL13202-96T, 081901006132020826), interleukin (IL)-6 (JL20896-96T, 081901006208960826),
interleukin (IL)-1B (JL20884-96T, 081901006208840826), interferon (IFN)-y (JL13241-96T, 081901006132410826), IL-10
(JL13427-96T, 081901006134270826), IL-13  (JL20877-96T, 081901006208770826), IL-18  (JL20882-96T,
081901006208820826), IL-4 (JL20894-96T, 081901006208940826), SI00A8 (JL15633-96T, 081901006156330826), SI00A9
(JL24667-96T, 081901006246670826), sPLA2  (JL15703-96T, 081901006211580826), cPLA2  (JL15759-96T,
081901006157590826), Arg-1 (JL21104-96T, 081901006211040826) and TGF-B (JL13643-96T, 081901006136430826).

Real-Time Quantitative PCR Analysis (RT—qPCR)

With the use of Trizol (R401-01, Vazyme, China), total RNA from the colon was extracted, and an RT SuperMix kit
(R323-01, Vazyme, China) was then utilized for the reverse transcription procedure. Real-time PCR analysis was
performed using an Applied Biosystems™ QuantStudio™ (thermofisher) and a SYBR Green qPCR Master Mix kit
(Q711-02, Vazyme, China). Table S1 in the supporting information lists the primer sequences. Using the comparative CT

approach and GAPDH as a correction, the expressions of pertinent genes were measured and quantified.
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Metabolomic
Plasma Sample Handling
A. Lipid Pseudotargeted Metabolomics
Plasma samples (100 pL) were homogenized in a 400 pL 75% methanol, including internal standard substances
(Table S2). After homogenization, ] mL MTBE was added. The mixture was vortexed for 2 min and stood at a low
temperature for 1 h. The mixture homogenized in 250 pL water was vortexed for 2 min and stood at low
temperature for 10 min, then centrifuged at 14,000 rpm at 4°C for 15 min. 400 pL of supernatant was absorbed
and evaporated, then stored at —20°C. The extract samples were redissolved in 120 pL of Acetonitrile / isopropanol /
water (65:30:5). Until complete dissolution, the supernatant was taken by oscillation and centrifugation for
UHPLC-TQMS analysis.

The blank sample used in the experiment was acetonitrile / isopropanol / water (65:30:5). QC samples were prepared
by mixing a portion of all actual samples and using the same data acquisition method as the actual samples. The
pretreatment of QC samples and blank samples was the same as that of analyzed samples.

B. Amino Acids Targeted Metabolomics
A total of 35 amino acids were detected by targeted metabolomics analysis (Table S3). Plasma samples (100 pL) were
homogenized in 400 uL 50% methylene acid water. The mixture was vortexed and mixed for 10 min, and ultrasound for
20 min. Then centrifuged at 20,000 rpm at 4°C for 10 min. The supernatant was removed, and the supernatant was taken
by oscillation and centrifugation for UHPLC-TQMS analysis. All standards were purchased from Sigma Corporation.
The standards were dissolved in methanol and diluted in 80% methanol to 1 ppb, 10 ppb, 50 ppb, 100 ppb, 500 ppb, 500
ppb, and 1000 ppb.

The blank sample was a 20% methanol/aqueous solution. QC samples were prepared by mixing a portion of all actual
samples and using the same data acquisition method as the actual samples. The pretreatment of QC samples and blank

samples was the same as that of analyzed samples.

Chromatography-Mass Spectrometry Acquisition Conditions
A. Lipid Pseudotargeted Metabolomics

Chromatography Analysis Conditions. The chromatography was performed on the BEH C8 column (2.1x100 mm x
1.7 um, Waters, Milford, MA, United States). The flow rate was 0.2 mL/min. The injection volume was 5 pL.. The mobile
phase was composed of solvent A (water with 60% acetonitrile and 10 mm ammonium acetate) and solvent
B (isopropanol: acetonitrile = 9:1 (v / v) and 10 mm ammonium acetate). The detailed LC method is summarized in
(Table S4-1).

Mass Spectrometry Conditions. Under positive-ion mode (Table S4-2), AB 5500 (SCIEX, USA) was used. The Spray
Voltage was +3.5 kV in positive ionization mode and —3.0 kV in negative ionization mode. The other mass spectrometry
conditions under negative-ion mode are the same as positive-ion mode (Table S4-2). The Capillary temperature was
maintained at 300°C. The Curtain Gas (CUR) was 35 Arb. The Collision Gas (CAD) was Medium. Ion Source Gasl
(GS1) and Ion Source Gasl (GS2) was 60 Arb. Entrance Potential (EP) was 10. CXP was 13. The Mass Spectrometry
conditions are the same as in positive-ion mode.

B. Amino Acids Targeted Metabolomics

Chromatography Analysis Conditions. The chromatography was performed on the Kinetex PFP C18 (250*%4.6 mm, 5 pm).
The flow rate was 0.50 mL / min. The injection volume was 2 pL. The mobile phase was composed of solvent A (water
with 0.1% acetic acid) and solvent B (methyl alcohol with 0.1% acetic acid). The detailed LC method is summarized in

(Table S5-1). Under negative-ion mode, the chromatographic conditions are the same as in positive-ion mode.
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Mass Spectrometry Conditions. The Thermo TSQ Quautiva was used. The IS Pos: 3500.0 V, Neg: 2500.0 V.TEM was
550.0°C. The Sheath GAS was 40.0 psi. Aux GAS was 10 psi. The Ion Transfer TUBE Temp was 350°C. The vaporizer
Tempwas 350°C (Table S5-2).

Data Acquisition Instructions
We use the DRMS / HRMS data quality online real-time monitoring software to realize the process monitoring of data

quality.

Data Processing and Statistical Analysis

All measurement data are collected by Xcalibur data acquisition software. The “80% rule” was used as a pretreatment on
the data to lessen the entry of missing values. For multi-dimensional statistical analysis using principal component
analysis, partial least squares discriminant analysis (PLS-DA), and orthogonal partial least squares discriminant analysis
(OPLS-DA), the raw data were imported into the One-MAP / PTO software. With the variable importance projection
(VIP) > 1.0 as the standard to identify potential difference variables. Two sample unpaired t-tests are used in
metabolomics research to demonstrate which metabolites have the ability to distinguish between the various groups in
the data set, p < 0.05 was used as a threshold. The fold change (FC) was calculated relative to a given reference sample
based on averaged raw signal intensities and serves as a metric for the relative change in a given concentration of the
metabolite in the various settings under examination. A criterion of FC > 3/2 or < 2/3 was established. The possible
biomarkers were screened using the two-sample unpaired #-test, fold change (FC) analysis, and variable importance
projection (VIP) from the peak intensity. Finally, it was decided that data with VIP > 1 and p < 0.05, FC > 1.5, or < 2/3
were differential metabolites. The One-MAP platform (www.5Somics.com) was used to map the above already obtained

metabolites, to metabolic pathways. One-step Metabolomics was used to analyze all the data. For lipidomics, we used the
LIPEA website to get the already obtained qualitative annotation analysis, mapping onto the metabolic pathways.

Statistical Analysis

We used two software programs for statistical analysis: GraphPad Prism 8 and IBM SPSS Statistics software (version
22.0). The Shapiro—Wilk normality test was performed to determine the data distribution. To assess differences between
the two groups, the Student’s #-test was applied and to assess differences among multiple groups, a one-way ANOVA was
applied for data following the normal distribution. Non-normally distributed continuous variables were compared by
using the Kruskal-Wallis test. Using Pearson Correlation, the relationships between cytokines and metabolites were
examined. p < 0.05 was considered significant and used for subsequent analysis. Related images were drawn by the
bioinformatics platform (https://www.bioinformatics.com.cn/).

Results

Low-Dose RPTS Treatment and PN Treatment Ameliorated TNBS-Induced Colitis
The rat colitis model was induced by TNBS. The administration of TNBS dramatically reduced food intake, and loss of weight
was seen. The animals of the DAT group, DRL group, and DPL group suffered a drastic weight loss compared with the RNC
group (Figure 1a). While the RNC groups retained their normal structure, TNBS caused damage to the intestinal mucosa of the
rats, including transmural involvement, ulcerations, edema, and bowel wall thickening. Colonic tissue responded better to the
RPTS therapy (50 mg/kg), with improvements in the damage score, degree of damaged areas, and colon weight / length ratio,
leading to an increase in colon length (Figure 1b and ¢). Compared with the DAT group, 50 mg/kg RPTS significantly reduced
DAL score (p < 0.05), alleviated colonic shortening, and improved colonic mucosal bleeding (Figure 1d).

Histologically, the DAT group, in contrast to the RNC groups, displayed an intensive transmural interruption, significant
ulceration, inflammation, edema, and huge infiltration of neutrophils, primarily in the mucosa (Figure 1f). Mild interstitial
neutrophil and lymphocyte infiltration were observed in the DNC group when compared to the RNC group. The DAS, DRL,
DRH, DPL, and DPH groups showed various degrees of colonic mucosal erosion remission, but discontinuous intestinal
epithelial lesions with granulomatous hyperplasia, mild to moderate interstitial neutrophil and lymphocyte infiltration, and
structural changes in the crypt were still visible. Compared with the RNC group and DNC group, the histology score was
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Figure | Effects of groups treated with high- and low-dose RPTS and PN on experimental colitis. (a) Body weight changes were recorded after TNBS treatment for 4 days;
(b) Colon length values of the Rats; (c) Colon weight/length ratio of the Rats; (d) DAI; (e) Histopathology change reflected by histopathological scores (n = 6 per group). All
data shown are representative of three independent experiments. #p < 0.05, *p < 0.01, ™#p < 0.001. (f) Representative histological colonic tissue sections from groups
included in the colitis experiment; were stained with hematoxylin and eosin. Arrows indicate the location of the lesion. Colon HE staining (magnification, 200%).

significantly increased in the DAT group (p < 0.001). Compared with the DAT group, the histology score of the DPL and DAS
groups decreased significantly (p < 0.01) (Figure le). DRL reduced histology scores, but the difference was not statistically
significant.

In conclusion, low-dose RPTS and PN ameliorated the severity of TNBS-induced colitis. The therapeutic effect of
low doses of RPTS and PN was more effective than that of high doses of RPTS and PN for the relief of colitis. Based on
this, we continued to focus on the therapeutic effects of low-dose RPTS and PN in the treatment of TNBS-induced
experimental colitis and investigate the mechanism of action.

Low-Dose RPTS and PN Regulated the Levels of SI00A8/9, Arg-1 and Cytokines in
TNBS-Induced Colitis

Abnormal activation of the immune response plays a direct role in the development and progression of IBD. Cytokines
and cytokine-producing immune cells play a key role in the pathogenesis of IBD.>* We studied the effects of RPTS and
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PN on the levels of S100A8/9, Arg-1 and cytokines. Figure 2 illustrates the variations in TNF-q, IL-1B, IL-18, IFN-y, IL-
6, IL-4, TGF-B, IL-10, IL-13, S1I00A8, SI00A9, and Arg-1 levels in the plasma of the rats in each group. In the DAT
group, plasma levels of pro-inflammatory cytokines (TNF-a (p < 0.01), IL-1B (p < 0.05), IFN-y (p < 0.001), and IL-6
(p < 0.01)) were significantly increased, and anti-inflammatory cytokines (IL-4 (p < 0.01), TGF-B (» < 0.01), IL-10 (p <
0.01), IL-13 (p < 0.05)) significantly decreased, and IL-18 did not change significantly. Meanwhile, the levels of SI00AS8
(p < 0.001), SI00A9 (p < 0.001), and Arg-1 (p < 0.01) were significantly increased in the DAT group. Low-dose PN
significantly decreased the levels of pro-inflammatory cytokines TNF-a (p < 0.01), IL-1B (p < 0.01), IFN-y (p < 0.001)
and IL-6 (p < 0.01) and elevated the levels of anti-inflammatory cytokines IL-4 (» < 0.01), TGF-B (p <0.001), IL-10 (p <
0.01) and IL-13 (p < 0.05) while decreasing levels of SI00A8, S100A9, and Arg-1 (p < 0.01). Compared with the DAT
group, low-dose RPTS significantly reduced the levels of pro-inflammatory cytokines TNF-a (p < 0.05), IFN-y (p <
0.01), and IL-1B (p < 0.05) and could downregulate the levels of IL-6, SIO0A8, S100A9, Arg-1, and increased the levels
of IL-4, TGF-, IL-10, IL-13, but the difference was not significant.

The Unbalance of Lipid Metabolism is Closely Associated with Experimental Colitis
with Damp-Heat Type
As previously mentioned, patients with IBD have abnormal lipid metabolism profiles. To investigate the different lipids

closely associated with the illness process in experimental colitis of damp-heat type and to get ready for the subsequent
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Figure 2 The levels of TNF-o, IL-1B, IL-18, IFN-y, IL-6, IL-4, TGF-B, IL-10, IL-13, SI00A8, SI00A9, and Arg-1 in the plasma of the rats in each group (n = 6 per group). *p <
0.05, *p < 0.01, ***p<0.001.
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study on the mechanism of the anti-IBD effect of RPTS and PN, lipid Pseudotargeted metabolomics technologies based
on UHPLC-TQ/MS systems were undertaken. After data preprocessing and metabolite identification, we discovered 2696
lipids characteristics from the raw data recorded in positive- and negative-ionization modes, including 701 triacylglycer-
ols (TGs), 254 Diacylglycerol (DGs), 25 Cardiolipin (CLs), 50 Lysophosphatidylcholine (LPCs), 37
Lysophosphatidylethanolamine(LPEs), 152 Phosphatidic acids (PAs), 261 phosphatidylcholines (PCs), 268 phosphatidy-
lethanolamines (PEs), 109 Phosphatidylglycerols (PGs), 142 phosphoinositols (PIs), 114 Phosphatidylserine (PSs), 82
ceramides (Cers), 88 monohexosylceramide(Hexcer), 78 dihexosylceramide (Hex2cer), 80 Sphingomyelins (SMs), 31
Cholesterol ester (CEs), 27 other sterol lipids, 39 Acyl carnitine (CARs), 43 fatty acids (FAs), 83 unsaturated fatty acids
(USFA) and others (Table 1). According to a thorough investigation, glycerophospholipids, which made up 42.95% of the
overall lipid abundance, had the highest relative abundance when compared to sphingolipids, glycerolipids, and fatty
Acyls. Glycerolipids had the second largest relative abundance, followed by sphingolipids and fatty Acyls (Figure 3).
To further analyze the effects of different factors on rats, we first performed a comparative analysis of RNC and DAT
two groups. The RNC group and DAT group were distinct from each other using the PCA approach, which was focused
on discriminating against the tested groups in an unsupervised pattern (Figure Sla and b). To demonstrate that the DAT
group was significantly separated from the control group, OPLS-DA was a more effective application (Figure S1c—f). In
the positive and negative modes, 245 and 49 important differential metabolites with significant effects on the modeling
analysis were obtained. Furthermore, based on VIP > 1, p < 0.05, and FC > 1.5 or < 2/3, 294 differentiated metabolite

Table | Category of Detected Lipids in Lipidomic Profiles

Category Lipids Counts
Fatty Acyls (174) CAR 39
FA 43
Prostaglandin 9
Unsaturated fatty acids 83
Glycerolipids (955) DG 254
TG 701
Glycerophospholipids (1 158) CL 25
LPC 50
LPE 37
PA 152
PC 261
PE 268
PG 109
PI 142
PS 114
Sphingolipids (328) Cer 82
Hex2Cer 78
HexCer 88
SM 80

(Continued)
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Table | (Continued).

Category Lipids Counts
Sterol Lipids (58) CE 31
Other Sterol Lipids 27
Prenol Lipids 2
Other lipids 21

ions were identified. 209 ions were upregulated and 85 ions were downregulated in the DAT group (Table S6). These
metabolites are mainly composed of 4 major classes. Through cluster analysis (heatmap) (Figure Slg and h) and volcano
plot (Figure Sli and j), we could observe a distinct metabolic profile between DAT and RNC in plasma samples.
Compared with the RNC group, the rats in the DAT group showed predominantly glycerophospholipid metabolic
changes accompanied by changes in glycerolipids and sphingolipids abundance, and these differential lipid abundance
were markedly elevated. Using the same statistical approach, compared with the DNC group, we find that the plasma
lipid profiles of rats in the DAT group (Table S7) still showed changes in glycerophospholipid metabolism, accompanied
by changes in the abundance of glycerolipids and sphingolipids, and the abundance of these different lipids was
significantly higher (Figure S2). However, the trends of changes in the types and abundance of differentiated lipids in
the DAT and DNC groups were different from those in the DAT and RNC groups. In the same way, comparing the DNC
group with the RNC group (Table S8), we found that the differential lipids in the DNC group were dominated by PC, PI,
and TG, with a significant decrease in partial glycerophospholipid abundance compared with the RNC group, which was
the main change of lipid metabolism in damp-heat type (Figure S3).

To better screen the specific lipids for experimental colitis with damp-heat type, we performed a comprehensive
analysis of the three groups of differential metabolites. Analysis of variance (ANOVA) was performed on the screened
metabolites from the three groups. We found that 146 differentiated metabolite ions of the DAT group were identified
compared to RNC and DNC (Table S9). PCA and particularly OPSL-DA suggest differences in metabolite profiles of the
three groups (Figure 4). A heatmap depicting the top 25 differentially abundant metabolites between DAT, DNC, and
RNC (Figure 4g and h) Among them, glycerophospholipids (47.95%), sphingolipids (26%), carnitine (15%), and
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Figure 3 A number of detected lipids in lipidomic profiles.

Abbreviations: CARs, Carnitine; FA, fatty acid; TG, triacylglycerols; CL, Cardiolipin; DG, Diacylglycerol; PA, Phosphatidic acid; PC, Phosphatidylcholine; PE, phosphati-
dylethanolamine; PS, phosphatidylserine; Pl, phosphatidylinositol; PG, phosphatidylglycerol; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; Cer, ceramide;
Hexcer, monohexosylceramide; Hex2cer, dihexosylceramide; SM, sphingomyelin; CE, Cholesterol ester.
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glycerolipids (7.5%) were the four most perturbed lipid classes in DAT groups’ plasma samples. LPC 11:0, PC 43:6, PE
32:4, PE 32:5, PI 35:4, and PI 44:2 were significantly downregulated and others were upregulated. These metabolites
were specific targets of DAT (Table 2).

RPTS and PN Modulated Lipid Profile

The results of animal studies showed that low doses of RPTS and PN were more effective in relieving colitis.
A lipidomic analysis was also performed to determine the lipid profile transformation in DRL and DPL in comparison
with DAT.

First, we screened the differential metabolites between the DPL and DAT groups to explore the changes in lipid
metabolic profiles after using PN. The treatment group and model group were distinct from each other using the PCA
approach. Furthermore, based on VIP > 1, p < 0.05, and FC > 1.5 or < 2/3 in OPLS-DA, 68 differentiated metabolite ions
were identified. 28 ions were upregulated and 40 ions were downregulated in the DPL group. Through cluster analysis,
we could observe a distinct metabolic profile between DPL and DAT in plasma samples. PGE2, PGF2\PGD2, PGD2,
8(9)-EpETrE, 14.15-DiHETYE, TG 64:16-2-a, TG 61:7, Hex2Cer 39:2—1, Hex2Cer 37:1-5 and Dehydroepiandrosterone
were upregulated. PG 40:7-2, PS 38:5-2, PS 35:2, PS 37:6, PE 0-33:0, PE O-35:0, PE 34:0, CL (72:6_18:2) —2H, DG
40:1-8 and so on were downregulated. Compared with the DNC and RNC groups, it is also noteworthy that PE 34:0, PE
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Table 2 Top 20 Specific Metabolites
of DAT Selected Based on the

P-values

NO. | Compounds p.value
| Cer 42:2-3 9.1694E-08
2 Pl 39:6-1 0.00001
3 CAR 22:1 0.00005
4 CAR 16:4 0.00007
5 Cer 42:14 0.00012
6 CAR 16:3 0.00015
7 Cer 41:1-2 0.00015
8 CAR 20:1 0.0003
9 HexCer 40:7-1 0.0003
10 CAR 18:1 0.0003
I LPE 16:0 0.00036
12 LPE 18:0 0.00048
13 CAR 20:2 0.0005
14 SM 40:0 0.00057
15 TG 56:4-1 0.0007
16 TG 57:9-2 0.0007
17 PC 43:6 0.0008
18 PE O-37:0 0.0008
19 PS 36:1-1 0.0010
20 CAR 18:0 0.0011

0-33:0, PE 0-37:0, HexCer 36:2—6, HexCer 40:7—1, TG(e)54:2 were all significantly upregulated in DAT groups, which
were then reversed by PN treatments.

At the same time, when compared to DAT, RPTS could regulate disorders of lipid metabolism. Among them, PGE2,
PGD2, PGF2\PGD?2, 8(9)-EpETrE, PS 44:8-1, PE 48:0, trenbolone, HexCer 38:3—7, HexCer 34:0-1, DG 37:2-7 and
others were upregulated. PG 43:6, PI 32:0, PS 38:5-2, PE 0-33:0, PE 34:1, LPE 20:5, DG 40:7—4, HexCer 39:1-4, and
so on were downregulated. The considerable upregulation of PI 32:0, PG 42:6, PE 34:0, HexCer 40:7-1, LPE 20:3, LPE
22:5, PE 38:6, PE 40:8, and TG(e) 54:2 was reversed by RPTS treatments.

Both RPTS and PN significantly downregulated the contents of PE 34:0, PE 0-33:0, and TG(e)54:2. However, PG
42:6, P1 32:0, LPE 20:3, LPE 22:5, PE 38:6, and PE 40:8 were only moderately downregulated by RPTS. This suggested
that these lipids were specific targets of RPTS but not PN. On the other hand, Cer 38:2-5, HexCer 36:2—6, and PE O-37:0
were specific targets of PN. Since RPTS and PN had differing preferences for modifying lipid profiles, the underlying
processes of effect on TNBS-induced experimental colitis were diverse (Table 3).
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Table 3 RPTS and PN Modulate Lipid Metabolites

Lipid Metabolism DRL vs DAT DPL vs DAT
Trend P Trend P
HexCer 40:7-1 l 0.0267 l 0.0463
PE 34:0 l 0.0111 ! 0.0047
PE O-33:0 l 0.0001 ! 0.0011
TG(e)54:2 l 0.0253 ! 0.0073
LPE 20:3 l 0.0134 - -
LPE 22:5 ! 0.0338 - -
PE 38:6 ! 0.0334 - -
PE 40:8 ! 0.0233 - -
Pl 32:0 ! 0.0096 - -
HexCer 36:2-6 - - | 0.0422
PE O-37:0 - - l 0.0193

Experimental Colitis with Damp-Heat Type is Closely Related to Amino Acid

Disorder

In addition to the changes in lipid profile, the amino acid metabolic profile of IBD patients was also disturbed. Therefore, we
conducted amino acids targeted metabolomics to determine the amino acid metabolism characteristics of experimental colitis
with damp-heat type. To evaluate the repeatability and reliability of the method, QC samples were found clustered in the
PCA scores plot. Then, the DAT and DNC groups were also well separated from the RNC group in the PCA and OPLS-DA
analyses, with good model parameters respectively. A total of 35 amino acids were detected. It indicated that significant
amino acid metabolic changes occurred in the DAT and RNC groups (Table S10). Compared with the RNC group, the levels
of serine, histidine, N-acetylneuraminic acid, and sulfocysteine were found significantly increased in the DAT group (p <
0.05). Kynurenine and taurine were found significantly decreased in the DAT group (p < 0.05). Amino acid metabolism was
also altered between incident DAT and DNC groups (Table S11). Proline and tryptophan were down-regulated and histidine
and N-acetylneuraminic acid were up-regulated in the DAT, compared with the DNC (p < 0.05). In addition, there were also
significant differences between DNC and RNC groups (Table S12). The levels of serine, N-acetylneuraminic acid, glycine,
and sulfocysteine were found to increase in DNC, compared with the RNC (p < 0.05), while kynurenine was decreased (p <
0.05). Compared with the RNC group, the levels of N-acetylneuraminic acid were found to significantly increase both in the
DAT and DNC groups (p < 0.05), and Kynurenine was found to significantly decrease (p <0.05) (Table 4). Different from
their effects on lipid metabolism, RPTS, and PN did not regulate abnormal amino acid metabolism effectively. The levels of
serine and sulfocysteine were found to increase in the DPL group, compared with the DAT group (p < 0.05) (Table S13).
Serine was found to increase in the DRL group, compared with the DAT group (p < 0.05), while arginine was decreased in
the DRL group (p <0.05) (Table S14). There was a tendency for taurine, tryptophan, and proline to elevate in the DPL group,
but it was not statistically significant, whereas these amino acids were decreased in the DAT group. Furthermore, we found
that the abundance of leucine in the DRL group tends to increase, but without significant difference. The lipids and amino
acids involved in the findings are shown in Figure 5.

Regulation of Lipid-Related Metabolic Enzymes by RPTS and PN
We found that the main altered lipids in the DAT group were glycerophospholipids dominated by PE, PC, and LPE.
Moreover, we found that RPTS and PN regulate disorders of glycerophospholipid metabolism. Thus, the therapeutic
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Table 4 Comparison of Amino Acid Between Groups

Amino Acid DAT VS RNC | DAT VS DNC | DNC VS RNC | DRLYVS DAT DPL VS DAT
Trend P Trend P Trend P Trend P Trend P
Serine i 0.0003 / / 1 0.0001 1 0.0432 1 0.0111
Kynurenine l 0.0043 / / l 0.0073 / / / /
Histidine i 0.0142 1 0.0013 / / / / / /
N-acetylneuraminic acid 1 0.0148 i 0.0351 i 0.0008 / / / /
Taurine l 0.0152 / / / / / / / /
Sulfocysteine T 0.0175 / / i 0.0239 / / i 0.0193
Proline / / 1 0.0007 / / / / / /
Tryptophan / / l 0.0235 / / / / / /
Glycine / / / / il 0.0073 / / / /
Arginine / / / / / / ! 0.0013 / /

effect of RPTS and PN on experimental colitis with damp-heat type might be related to its ability to regulate disorders of
glycerophospholipid metabolism. In order to better understand how RPTS and PN work, we chose to look into the
regulatory impact of RPTS and PN on glycerophospholipid metabolism-related enzymes, such as cytosolic phospholipase
A2 (cPLA2), Secreted phospholipases A2 (sPLA2), phosphatidylethanolamine N-methyltransferase (PEMT). Compared
with the RNC group, the colonic expression levels of SPLA2 and cPLA2 in the DAT group were significantly increased,
and low-dose RPTS and PN treatment could lower the expression of sSPLA2 and cPLA2 (Figure 6a and b). In addition,
compared with the RNC group, the colonic expression of PEMT was markedly decreased in the DAT group, while low-
dose RPTS and PN administration had an influence on the level of PEMT (Figure 6¢). Meanwhile, the levels of sSPLA2
and cPLA?2 in the plasma were significantly increased in the DAT group. Low-dose PN significantly decreased the levels
of sPLA2 and cPLA2 (p < 0.05). Compared with the DAT group, low-dose RPTS reduced the plasma levels of sSPLA2
and cPLA2, but the differences were not statistically significant (Figure 6d and e).

Correlation Analysis of Serum Metabolites and Cytokines

In our study, DAT group-specific metabolites were correlated with cytokines (Figure 7). Among them, PE O-37:0 and
Cer 41:1-2 were highly positively correlated with IL-1B, TNF-o and IL-6 (r > 0.8, p < 0.001). CAR 22:1, CAR 20:1, and
LPE 18:0 were highly positively correlated with IFN-y (r > 0.8, p < 0.001). CAR 22:1 and LPE 18:0 were moderately
positively correlated with IL-1B, TNF-qa, and IL-6 (r > 0.5, p < 0.001). CAR 16:3, Cer 42:1-4, Cer 42:2-3, HexCer
40:7-1, LPE 16:0, CAR 18:0, TG 56:4—1 and TG 57:9-2 were moderately positively correlated with IL-1B, TNF-a, IL-6
and IFN-y (r > 0.5, p < 0.05). In addition, PE O-37:0 was highly negatively correlated with TGF-f, IL4, IL-10 and IL-13
(Ir] > 0.8, p < 0.001). N-acetylneuraminic acid was moderately correlated with IL-1B, TNF-a, IL-6, and IFN-y (r > 0.5,
p <0.01). Meanwhile, N-acetylneuraminic acid had a highly negative correlation for TGF-B, IL4, IL-10, and IL-13 (|| >
0.8, p < 0.001). Histidine was moderately correlated with IL-1B, TNF-a, IL-6, and IFN-y (r > 0.5, p < 0.05).

Discussion

IBD is a chronic inflammatory disease and is generally thought to be caused by a variety of factors, including genetics,
the environment, and the gut microbiome etc. Nowadays, the incidence of IBD is on the rise in the worldwide scale, and
some anti-inflammatory drugs and immunosuppressants have been used to treat IBD. However, current therapeutic
strategies have inherent drawbacks and are unable to reach the ultimate goal with long-term remission. Many Chinese
herbs have shown clinical efficacy against IBD and are expected to be candidates for the treatment of IBD. Among the
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herbs, Rhizoma Paridis has been reported to have antioxidant, anti-infection, anti-inflammatory, anti-allergy effects. To
the best of our knowledge, the therapeutic effect of Rhizoma Paridis on IBD has not been reported. In this paper, the
therapeutic effects of its main extracts, RPTS or PN on experimental colitis of damp-heat type was studied, and some
new insights were provided for the basic research and clinical application of Rhizoma Paridis.

In the current study, we established TNBS-induced colitis with the damp-heat type and explored its lipid and amino
acid metabolic profile, as well as demonstrated that both RPTS and PN improved the disease. Our data showed that low-
dose RPTS and PN significantly downregulate circulating cytokines in experimental colitis with damp-heat type.
Furthermore, we intensively assessed alterations in lipid and amino acid metabolism in rats with TNBS-induced colitis
with damp-heat type by using integrative pseudotargeted lipidomic and amino acids targeted metabolomics analyses.
Pseudotargeted lipidomic metabolomics revealed that glycerophospholipids, sphingolipids, carnitine, and glycerolipids
were the four most perturbed lipid classes in plasma samples of DAT groups. Amino acids targeted metabolomics
revealed that, in the DAT group, serine, N-acetylneuraminic acid, histidine, proline, taurine, and kynurenine changed
significantly compared with the RNC group. Among these differential lipids and amino acids, some of Cer, SM, CAR,
LPE, PE, TG, and N-acetylneuraminic acid were highly positively correlated with pro-inflammatory cytokines, suggest-
ing that these metabolites are closely related to inflammation and immunity. Meanwhile, we assessed the effects of low
dosages of RPTS and PN on the lipid metabolic spectrum and amino acid metabolism in plasma. Interestingly, the effects
of RPTS and PN on the dysregulation of the lipid profile were surprisingly different, although RPTS and PN both
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Figure 6 (a—c) The colonic expression of sPLA2, cPLA2, and PEMT mRNA in each group; (d and e) The levels of sPLA2 and cPLA2 in the plasma of rats in each group (n =
6 per group).*p < 0.05, **p < 0.01, **p<0.001.
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Figure 7 Correlation analysis of plasma metabolites and cytokines. Red represents a positive correlation. Blue represents a negative correlation. Circle node size and color
depth are related to the correlation coefficient. p-values are marked in the figure (*p < 0.05, **p < 0.01, ***p<0.001).
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regulate glycerophospholipid metabolism and sphingolipid metabolism, especially the abundance of PE and LPE. RPTS
mainly regulates PE, PG, and PS, and significantly reduced TG accumulation. However, PN mainly regulated metabolites
related to sphingolipid metabolism. These results revealed that, although both RPTS and PN affected TNBS-induced
experimental colitis, their underlying mechanisms might be distinct. However, both of them did not have a significant
effect on amino acid modulation.

Based on the results of drug efficacy of RPTS and PN on damp-heat type with experimental colitis in rats, we found
that low doses of RPTS and PN were more effective in relieving colitis than high doses group. Low-dose RPTS could
increase body weight, decrease DAI score, decrease histopathological score and significantly increase colon length. Low
dose of PN could increase colon length, decrease colon weight / length ratio and significantly reduce the histopathologic
score. However, the effect of high-dose RPTS and PN groups was poor. Studies have shown that low intake of Rhizoma
Paridis may have therapeutic effects on disease, but long-term excessive intake could cause irreversible damage.>'~** In
order to explore the metabolic regulation of RPTS and PN on experimental colitis of damp-heat type, the study has
focused on the effect of the low-dose group on the damp-heat type with experimental colitis.

Based on our previous clinical findings,'® the IBD and IBD with damp-heat syndrome (IBD-DH) groups showed
changes in plasma glycerophospholipid metabolic pathways, but the types of glycerophospholipid metabolites were
different. However, there are few studies on the metabolic characteristics of IBD-DH patients and animal models. In this
investigation, we described a comprehensive plasma lipidome of experimental colitis of damp-heat type. To be more
specific, we showed that the plasma lipidomic profiles in the DAT group were significantly altered when compared to the
RNC group. In the DAT group, there were noticeable variations in the glycerophospholipid metabolism, sphingolipid
metabolism, glycerolipid metabolism, and carnitine metabolism. Similar to clinical study, in animal experiments,
glycerophospholipids (PLs) metabolism disorder were also found in the DAT group. Glycerophospholipids serve as
binding sites for both internal and extracellular proteins and are the primary elements of cell membranes.>* PC, PE, PG,
PI, and PS are the five groups that are divided based on polar headgroup.’® Several interrelated enzyme pathways,
including the Kennedy pathway (PC and PE synthesis), the cytidine diphosphate diacylglycerol (CDP-DAG) pathway
(synthesis of PS and PI from PA), and the Lands cycle, are used to generate and modify PLs (FA removal and
reattachment to PLs).*> Previous studies have confirmed that IBD patients and experimental colitis animals both have
altered glycerophospholipids.®'* In previous studies, PC and LPC were the metabolites that changed significantly. For
instance, research has shown that disturbed PC catabolism and LPCs had considerably higher plasma abundance in the
TNBS-induced acute colitis rats model.® In the DSS-induced colitis mice, Wang et al discovered altered LPC expres-
sions, including decreased LPC (18:1) and LPC (18:2), and elevated LPC (18:0).%° Reduced LPC (18:1) was also found
in pediatric CD patients who had recently received a diagnosis.’” Similarly, our data showed that some LPCs and PCs
have risen and some have fallen in the DAT group. Moreover, PC is hydrolyzed by phospholipase (PLA) to create
LysoPC (LPC).>® LPC is mainly derived from the turnover of phosphatidylcholine (PC) in the circulation by phospho-
lipase A2 (PLA2).*° Changes in PC and LPC may be closely related to PLA2. Patients with IBD have significantly
higher activity and expression levels of PLA2 in their inflamed intestinal regions.*® Low-dose PN reduced sPLA2 and
cPLA2 levels measured by ELISA in our study. We, therefore, hypothesized that PN is acting on PLA2 and thus
regulating PC and LPC.

The most noticeable differences in PE and LPE were observed between the healthy control group and the IBD
group.*'™ These phenomena are consistent with what we have observed. In our results, significant changes in PE and
LPE in the DAT group were found. Almost all cell membranes of organisms contain the two lipid groups, PE, and LPE,
which are involved in cellular signaling, division, death, and inflammation. Mammalian cells can produce PE by four
different processes, including the base-exchange pathway, the CDP-ethanolamine pathway, the PSD pathway, and the
acylation of LPE.** We therefore speculated that elevated PE may be related to multiple pathways and other phospholipid
transformations. PS is delivered to the mitochondria for decarboxylation into PE by PS decarboxylase (PSD). PS and PE
levels are closely related to mitochondrial function.** Research has shown that UC patients had a considerably higher
abundance of LPS and PS, and patients with CD had significantly greater concentrations of PSacyl (PSa) 40:3 and PSa
38:3 and also had a positive correlation with Crohn’s Disease Activity Index.*> Our data also showed that in the DAT
group, the abundance of PS increased. Apart from PS, PC is closely related to PE. An essential enzyme in the formation
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of hepatic phosphatidylcholine (PC) is phosphatidylethanolamine N-methyltransferase (PEMT). During three consecutive
methylation processes, PEMT transforms phosphatidylethanolamine (PE) into PC.%¢ Excessively high or low cellular
PC / PE molar ratios influence the energy metabolism of different tissues, which have also been connected to the
development of disease.*’ In addition, in CD patients significant changes were also found in PI and PA.”*' In addition to
serving as a substrate for lipid kinases and phosphatases, which can produce phosphoinositide derivatives, phosphatidy-
linositol (PI) is a crucial structural phospholipid (PIP). According to in vivo studies, phospholipids play a protective role
in barrier function and have a significant impact on cytokine release.” Our results showed a decline in the abundance of
PI in DAT group. Both RPTS and PN regulate PE and LPE and PE-related glycerophospholipids. In addition to
regulating PLA2, RPTS and PN may regulate other glycerophospholipid-related enzymes, such as PEMT.

Similar to PLs, sphingolipids (SLs) were significantly altered in the DAT group. Representative membrane lipids
known as SLs are crucial for the maintenance and balance of the gastrointestinal (GI) immune system.*® Studies have
specifically examined the role of SLs in IBD. Ceramides increase in the current data in accordance with the UC
condition, from remission to active inﬂammation,42 its trends are consistent with the results of our study. Ceramides
and their derivatives, including lactosylceramide, sphingomyelin, and sphingosine 1-phosphate, have been shown to
change in IBD patients in several investigations.'? Ceramide is regarded as the center of SL metabolism as well as the
structural foundation of other SLs. Ceramides can be produced de novo, from the remedial pathway, or from the
hydrolysis of sphingolipids (SM) or other complex SLs, which play a crucial role in inflammation, immunology, and
inflammatory diseases.** Ceramides can also be produced by additional routes, which may involve certain bacteria and
cytokines. The abundance of ceramide in macrophage cell lines was previously demonstrated to increase quickly in
response to LPS, TNF, and IL-1.°° In our research, there was a strong correlation between circulating levels of
inflammatory cytokines such as IL-6, IL-1B, and TNF and Cer42:2:3, Cer41:1:2. Thus, it became crucial to concentrate
on more complex issues, such as which specific SL(s), at what dose, and via what mechanism mediates cytokine
signaling (s). Furthermore, the addition of ceramide may initiate PLC activation and subsequently potentiate the
sequential PKC-MAPK cascade-cPLA2 pathway in order to cause arachidonic acid (AA) release and cPLA2
activation.”’ Ceramide 1-phosphate (Cer-1-P) activates cPLA2 possibly in response to IL-1B stimulation.’® Ceramide
was also discovered to mediate SPLA2 activation and the expression of TNF-induced COX-2.>*> We should also focus on
the effect of ceramide on PLA2 in response to proinflammatory cytokine stimulation. Consistent with the change in
Ceramides, LacCer may be a promising biomarker for IBD patients. On granulocytes, monocytes, and platelets, LacCer,
also known as CDI17, is expressed. It is involved in cell-cell communication, intracellular signaling, nitric oxide
production, and phagocytosis. TNF-a, a proinflammatory cytokine that is a well-known target in the treatment of IBD,
mediates LacCer production.’® Moreover, LacCer causes the release of arachidonic acid (AA), an inflammatory mediator,
and the activation of phospholipase A2 (PLA2).>* In addition, SM and Hexcer also changed significantly in the DAT
group. PN tends to regulate sphingolipids more than RPTS. We speculate that this tendency may be related to low-dose
PN modulating pro-inflammatory factors better.

Unlike ceramide, which is highly correlated with IL-6, CAR22:1, and CAR20:1 are highly correlated with IFN. Total
medium-chain acylcarnitines and long-chain carnitine esters were evidently present in larger amounts in UC patients than
in control persons. Carnitine transports and carries long-chain fatty acids (LCFAs). As a result, the interaction of different
lengths of fatty acid chains attached to acylcarnitines may play a role in the pathogenesis of UC.>> Additionally,
L-carnitine is crucial for energy metabolism, since it allows the transfer of activated long-chain fatty acids (LCFA) as
carnitine esters through the inner mitochondrial membrane. Since the availability of acylcarnitines is the rate-limiting
step in the -oxidation of fatty acids, this fact along with a higher abundance of acylcarnitine derivatives suggests an
enhanced oxidation of fatty acids in IBD patients.>® Indeed, higher energy demanded to mobilize immune cells to combat
inflammation may be the cause of increased oxidation in IBD patients. The immunological response could become more
pronounced and pro-inflammatory factors produced.’” Consistent with this, we found that CARs were highly correlated
with IFN. However, we did not find evidence for RPTS and PN in regulating CAR in the lipid profiles.

Our metabolomic profiling also discovered changes in certain amino acid metabolism in the DAT group. Of these,
serine is closely related to lipid metabolism. Serine is involved in ceramide synthesis and PS synthesis. Several studies

have shown that non-essentialamino acids (serine) were decreased in IBD subjects compared to control subjects.''>®
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However, our results indicated an increase in serine in the DAT group compared to the RNC group, but no significant
difference in serine of the DAT group compared to the DNC group. More experiments are needed to verify the exact
mechanism. Additionally, tryptophan and its metabolites have been identified as significantly altered in the blood of
patients with IBD compared to controls. A vital amino acid called tryptophan can be found in meals high in protein. The
kynurenine pathway is responsible for the metabolism of more than 90% of the dietary tryptophan. The initial and rate-
limiting step in converting TRP to KYN is carried out by the enzyme indoleamine 2.3-dioxygenase (IDO) 1. Blood levels
of IBD patients have lower level of tryptophan.>® Our results showed that tryptophan and kynurenine were significantly
lower in the DAT group. Since we noted that kynurenine was also decreased in the DNC group, we speculate that the
difference may be related to damp-heat type. Specific mechanisms need to be explored further.

Despite the large number of metabolites that have been discovered, there is still a significant gap between the
identification of these substances and the understanding of how they specifically contribute to IBD. This research might
reveal novel molecular pathways and biomarkers implicated in the etiology of IBD. Future research should incorporate
the metabolomic profiles with additional findings obtained from other omics. Analytical procedure variations could
potentially contribute to the conflict between studies. Future studies with larger sample sizes should further validate
changes in the lipidomic profiles provided here when utilizing a quantitative targeted approach.

Conclusion

Low dose of RPTS and PN from Rhizoma Paridis could alleviate experimental colitis of damp-heat type. Lipidomic and
targeted quantitative amino acid metabolomics revealed disorders of plasma lipid and amino acid metabolism in rats
caused by combined modeling of damp-heat type and TNBS. Most of these differential metabolites were significantly
associated with pro-inflammatory cytokines. Low doses of RPTS and PN could regulate glycerophospholipid metabo-
lism. The mechanism may be related to reducing pro-inflammatory cytokines, increasing anti-inflammatory cytokines,
and regulation of lipid metabolism-related enzymes, such as sPLA2, cPLA2, and PEMT. But it may not be related to
amino acid metabolism.
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