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ARTICLE INFO ABSTRACT
Keywords: Liupao tea as a type of dark tea can relieve irritable bowel syndrome by regulating gut microbiota,
Liupao tea but the mechanism has not been fully explained. An ultra-high performance liquid chromatog-
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raphy along with quadrupole time of flight tandem mass spectrometry was used to analyze the
phytochemicals in Liupao tea. Then, we explored the effects of Liupao tea against IBS. From the
results of chemical analysis, we identified catechins, polyphenols, amino acids, caffeine, poly-
saccharides and other components in Liupao tea. The open-field test, gastrointestinal function-
related indexes, histochemical assays, measurements of cytokine and aquaporin 3 (AQP3), and
determination of serum metabolites were utilized to monitor the physiological consequences of
Liupao tea administration in rats with irritable bowel syndrome. The results showed that Liupao
tea had a significant protective effect on irritable bowel syndrome. Liupao tea increased loco-
motive velocity while reducing interleukin-6, interleukin-1p, and tumor necrosis factor-a levels,
as well as gastrointestinal injury. Moreover, Liupao tea increased the AQP3 levels of renal tissues
but reduced the AQP3 levels of gastrointestinal tissues. Liupao tea reduced the Firmicutes/Bac-
teroides ratio and significantly reconstructed the microbial pattern. Liupao tea relieved irritable
bowel syndrome by repairing gastrointestinal dysfunction, regulating the secretion of pro-
inflammatory cytokines, modulating water metabolism, and restoring microbial homeostasis.

1. Introduction

Irritable bowel syndrome (IBS), one of the most common functional gastrointestinal disorders, has an incidence of approximately
10-22% in the general population [1]. Patients with IBS usually suffer from dyspepsia, chronic idiopathic constipation, diarrhea,
abdominal pain [2], all of which greatly affect the individual’s quality of life. It is reported that patients experience abdominal pain
alongside alterations in the stool frequency and stool form at least once a week. Bloating is another common symptom [3]. IBS
substantially contributes to direct or indirect costs due to unnecessary or too-frequent testing, which represents a huge burden on
health care systems worldwide.

Studies have identified cold stress as a source of acute physical stress in animal models and indicated that abnormalities in cold
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stress-induced animal models resemble those in human IBS models [4]. Besides external stress, the most important factor that causes
symptoms in patients with IBS is their feeding habits [5]. The consumption of saturated and trans-fats in lard might increase the
secretion of pro-inflammatory cytokines in patients on a high-fat diet [6]. Diets based on lard oil have been previously studied [7,8]. In
other words, internal exposure to foods and beverages induces major gastrointestinal symptoms and the external exposure to cold
environment aggravates body abnormalities. In this study, we developed an animal model that mice were subjected to unhealthy diet
and cold environment.

In the human body, aquaporins (AQPs) were considered important tools in the water transport system. AQPs are transmembrane
channels facilitating water transit across biological membranes. Nowadays, the aquaporin family has been known to consist of 13
members (AQP0-12). AQP3, also known as aquaglyceroporin, belongs to the aquaporin family [9]. It is known that AQP3 is essential in
intestinal function (it acts as a natural barrier) and urine concentration. AQP3 is abundant in the colonic epithelium and basolateral
plasma membranes of the collecting duct’s principal cells [10]. As several studies have confirmed that IBS changes water transport
through AQP3 in the gastrointestinal tract and kidney, we are eager to figure out the exact mechanism of water transit through AQP3
when it comes to rats with IBS. We also notice that the imbalanced release of pro-inflammatory cytokines has been reported in IBS.
Levels of interleukin-6 (IL-6), interleukin-1p (IL-1p), and tumor necrosis factor-a (TNF-x) are positively correlated with IBS symptoms
in blood cytokine profiles of mice with IBS [11]. Since the regulation of these cytokines plays an important role in immune response
and the activation of the NF-kB pathway [12], the expression levels of cytokines are also indispensable factors in this work. The last
decades have witnessed an intensive investigation of the gut microbiota. Compared with healthy individuals, most patients with IBS
have altered microbial profiles of diversity, stability, and metabolic activity [13]; thus, we need to pay attention to the altered pattern
of the vast microbial community in rats with IBS.

Although caring for IBS patients in pain is a challenging issue for physicians without organic findings to explain the obstructive-like
appearance during surgery, scientists have pointed out that these patients’ imbalanced flora could be altered by probiotics, with a
reduction in the intensity of abdominal pain and bloating [10]. The benefits of probiotics against IBS have been demonstrated by some
experts [11], while others highlight the role of herbal traditional Chinese medicine for its efficiency via evidence-based trials [2],
which implies that traditional Chinese medicine principles should not be ignored in this work when tackling IBS-related issues. On the
one hand, a double-blinded randomized controlled trial proved that the Chinese herbal formula, Huoxiang Zhengqi, can relieve
diarrhea-predominant IBS symptoms [14]. In clinical practice, the Huoxiang Zhengqi liquid is one of the Chinese patent medicines that
are most frequently used as oral medication for chronic diarrhea. It consists of multiple herbs that originated from Song Dynasty in
ancient China [15]. On the other hand, Liupao tea, a type of dark tea, is reported to be capable of treating gastrointestinal tract
diseases. The great potential of antioxidants from dark teas can be used as functional ingredients in food products [16]. Liupao tea
originates from Guangxi province, China. Liiupao tea has various benefits such as hypoglycemia, hypolipidemia, the modulation of
gastrointestinal function, and microbial homeostasis [17]. The long-term consumption of Liupao tea has a sustainable effect on a
person’s fitness. Since we have quantified and qualified the main components of Liupao tea [18], we plan to analyze the chemical
components inside Liupao tea using ultra-high performance liquid chromatography and quadrupole time of flight tandem mass
spectrometry (UPLC-QTOF-MS/MS).

Several studies have highlighted the fact that Liupao tea play a beneficial role in relieving HFD-induced diabetes [19,20] and
improving gastrointestinal function [17]; however, these reports mainly focused on one specific symptom and have not provided
enough evidence for the potentially protective mechanism of Liupao tea against complex and multifaceted diseases. Therefore, the
objectives of the present study were as follows: (1) identify the main components of Liupao tea; (2) estimate the effects of Liupao tea on
gastrointestinal function, pro-inflammatory cytokines and water metabolism; (3) clarify the effects of Liupao tea on gut microbiota; (4)
elucidate the potential mechanism of Liupao tea against IBS.

2. Materials and methods
2.1. Chemical reagents

Wuzhou Liupao tea was sourced from Wuzhou tea factory (Zhuang Autonomous Region, Guangxi, China). The Huoxiang Zhengqi
oral liquid was purchased from MINJI Pharmaceutical Co., Ltd (Jiangxi, China). Lard oil was bought from GLOD GIFT FOOD Co., Ltd
(Zhejiang, China). EDTA (pH 9.0) antigen repair solution, PBS buffer (pH 7.4), BSA solution, neutral balsam, TNF-a, IL-6, IL-1p, goat
anti-rabbit IgG, goat anti-mouse IgG, and the DAB chromogenic kit were purchased from Service-Bio Co., Ltd (Wuhan, China). Ethanol
and xylene were acquired from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
2.2. Preparation of tea extracts

First, a 500 g sample of Liupao tea leaves was soaked together in a 10-fold volume (w/v) of distilled water for 1 h, heated to the
boiling point, and maintained at 100 °C for 1 h. The residue was extracted twice. The mixed extracts were combined and concentrated
using a rotatory evaporator. The extract was frozen for drying, and 177.26 g of tea extracts were obtained, with a yield ratio of 35.45%.
Tea extracts were stored at —20 °C for use.

2.3. Chemical characterization by UPLC-QTOF-MS/MS

Liupao tea was prepared for chemical analysis according to Joo et al. [21] with modifications. The freeze-dried powder was
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weighed accurately to 1.0 mg. It was loaded into a 10 mL volumetric flask and dissolved with 25% acetonitrile solution. The volume
was adjusted to the appropriate tick mark. The sample was mixed and then filtered through a 0.22 pm microporous membrane to
obtain the test solution before UPLC-QTOF-MS/MS analysis. A Thermo Accucore C18 column (100 x 2.1 mm, 2.6 pm, Thermo, USA)
was used for chromatography, eluting with a mixture of 0.1% formic acid-aqueous solution (solvent A) and 0.1% formic
acid-acetonitrile solution (solvent B). Elution was performed at 0.3 mL/min and the column temperature was set at 30 °C. The gradient
elution was 0-1 min, 95% A; 1-5 min, 90-80% A; 5-9 min, 80-75% A; 9-15 min, 75-65% A; 15-18 min, 65-45% A; 18-22 min, 45-20%
A; 22-30 min, 20-10% A. The injection volume was 1 pL. Mass spectra were registered at an interval of ESI negative and positive ion
modes in a scan range of m/z 100-1500. The parameters in the ion mode were as follows: source voltage 3.5 kV, sheath gas pressure 35
psi, auxiliary gas pressure 10 psi, capillary temperature 320 °C, auxiliary gas temperature 350 °C. The scan mode was set as follows:
full MS resolution 700000, dd-MS2 resolution 17500, MS/MS collision energy NCE 20, 40, and 60 eV. Data acquisition and processing
were carried out with Xcalibur 4.1 and Thermo Compound Discoverer 3.1 software (Thermo Fisher Scientific, USA) to identify and
retrieve the chemical compounds. It suggested the molecular formula based on the elemental composition of the parent mass ion. A
search of the major fragment ions in the MS and MS/MS spectra of potential chemical compounds was performed using the MASS bank
(http://www.massbank.jp/).

2.4. Animals and design

Specific-pathogen-free rats (180 + 20 g) were purchased from the Laboratory Animal Center of Sun Yat-sen University, Guangzhou,
China (SCXK (yue) 2017-0125). The animal studies were approved by the Committee on Laboratory Animal Care and Use of
Guangdong Pharmaceutical University, Guangzhou, China (SYXK (yue) 2018-0002). After three days of adaptation, 48 rats were
randomly divided into six groups: (1) normal (n = 8, N); (2) model (n = 8, M); (3) natural recovery (n = 8, NR); (4) Huoxiang Zhengqi
oral liquid (n = 8, 1 mL/100 g, HOL); (5) low dose of Liupao tea (n = 8, 0.126 g tea leaves/100g, L-LPT); (6) high dose of Liupao tea (n
= 8, 0.252 g tea leaves/100g, H-LPT).

Except for the N group, the rats in all groups were transferred to handmade cages (temperature: 18-25 °C, humidity 90% =+ 5%) and
placed in water (to a depth of 4 cm) every day from 8:00 to 16:00 for sustained cold exposure. The rats in each group were fasted and
fed with 2 mL of cold water (4 °C) via gavage and then treated with 4 mL of cooked lard oil the following day for intermittent cold
exposure. Rats in the L-LPT, H-LPT, and HOL groups were treated with tea extracts while saline was given to those in the M, NR, and N
groups (days 1-45). Animal model construction for rats in the NR group ended on day 45. Modeling procedures in the N, M, L-LPT, H-
LPT, and HOL groups continued. The open-field experiment was performed on day 55, after which the rats were sacrificed and samples
were collected on day 60. The flow chart of animal experiment was shown in Fig. 1.

2.5. The open-field test

The rats were caressed consecutively for three days before the experiment. The central part consisted of a colorful picture. The rats
were placed in the right corner of the test apparatus and a video was recorded for 5 min using a video camera. The arena was cleaned at
intervals. All video tapes were analyzed by the principal investigator.

2.6. Determination of gastrointestinal function-related indicators

The body weight was recorded and feces samples were collected from each rat before sacrifice. A semi-solid meal was prepared as
previously described [22]. Half an hour before dissection, the rats were administered a semi-solid paste (1 mL/100 g) via gavage. Then,
the abdominal cavity of each rat was opened and the cardiac sphincter and distal pylorus were ligated to obtain the stomach.
Gastrointestinal function-related indicators, including the gastric emptying rate, fecal water content, and intestinal water content,
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Fig. 1. Animal design. N, normal; M, model; NR, natural recovery group; HOL, Huoxiang Zhenggqi oral liquid; L-LPT, low dose of Liupao tea; H-LPT,
high dose of Liupao tea.
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were measured and slightly modified per published articles [23,24].

2.7. Hematoxylin-eosin and immunohistochemical staining

HE staining was conducted. The distal colon section was segregated (the adjacent, proximal colon) as previously described [25].
After the distal colon, gastric, and renal sections were dissected, they were fixed with 4% paraformaldehyde overnight. Subsequently,
the sections were washed with saline, immediately fixed with 4% paraformaldehyde, and dehydrated with alcohol for 12 h. Then,
sections were incubated with dimethyl benzene and waxed with parafilm. Finally, the slides were re-stained with hematoxylin and
eosin, and the HE staining procedure was completed.

THC staining was performed. The embedded paraffin colon sections were dried for 10 min. The sections were deparaffinized in
xylene, rehydrated in a graded alcohol series, and heated moderately for 8 min in EDTA solution (pH 9.0) for antigen retrieval. The
heat was preserved for 8 min and again for 7 min. After cooling them down, segments were treated with PBS solution and washed with
a decoloring shaker three times (5 min each). The endogenous peroxidase was quenched by 3% HyO, at room temperature and
incubated in dark for 25 min. Slices were treated with PBS solution (pH 7.4) and washed three times. The specific binding sections were
blocked for 30 min using 3% BSA solution. The sections were incubated overnight with antigens, including TNF-a (1: 100), IL-6 (1:
800), IL-1f (1: 1000), and AQP3 (1: 2000). The procedure of adding PBS (pH 7.4) was conducted as described above. The sections were
inoculated with goat anti-rabbit IgG (1:200) and goat anti-mouse IgG (1:200) and then incubated for 50 min. They were subjected to
DAB color-rendering and then examined under a microscope. The sections were dehydrated in graded alcohol and rehydrated in
xylene. These sections were dried, sealed with gum, and examined under a microscope, after which the images were acquired and
analyzed.

2.8. Measurement of pro-inflammatory cytokines and AQP3

According to the positive areas of sections, the expression levels of TNF-a, IL-6, and IL-1f in gastrointestinal tissues were measured.
The qualitative analysis of AQP3 in intestinal, gastric, and renal sections was performed using IHC staining images.

2.9. Serum sample measurements

The blood samples were collected from the abdominal vein and centrifuged (4000 r~min_1, 5 min, 4 °C). The serum samples were
stored at —80 °C. Gastrin (GAS), motilin (MTL), and p-lactic acid (D-LA) were measured per the manufacturer’s protocols of the kit
(Wuhan ColofulGene Biological Technology CO., Ltd, Wuhan, China). Triglyceride (TG), total cholesterol (TC), low-density lipoprotein
(LDL), high-density lipoprotein (HDL), alanine transaminase (ALT), and uric acid (UA) levels were determined using an automatic
biochemical analyzer offered by The First Affiliated Hospital/School of Clinical Medicine of Guangdong Pharmaceutical University
(Guangzhou, China).

2.10. Real-time PCR and 16S rRNA sequencing analyses

Fecal samples were collected before sacrifice and stored at —80 °C. Per the manufacturer’s instructions, fecal genomic DNA was
extracted using the E. Z.N.A.® soil DNA Kit (Omega Bio-Tek, USA), qualified via 1% agarose gel electrophoresis, and quantified using
the UV-vis spectrophotometer (NanoDrop 2000, Thermo Fisher Scientific, USA). The V3-V4 hypervariable regions of the bacteria
16SrRNA gene were amplified with primers 338F (5’ ACTCCTACGGGAGGCAGCAG-3') and 806R (5-GGACTACHVGGGTWTCTAAT-3')
using a polymerase chain reaction (PCR) system (ABI GeneAmp® 9700, ABI, USA). Amplicons were then purified by gel extraction
(Axygen Biosciences, Axygen, USA), quantified using QuantiFluor-ST (Promega, USA), pooled in equimolar concentrations, and
paired-end sequenced using an Illumina MiSeq instrument (Illumina, USA). Then, libraries were generated and sequenced as previ-
ously described [26].

2.11. Bioinformatics analysis

Bioinformatics analyses were performed as described in a previous study [27] with slight modifications. PE reads (paired-end
reads) obtained via Miseq sequencing were spliced according to the overlapping relationship. Operational Taxonomic Units (OTU)
clustering analyses were performed using UPARSE (version 7.0, http://drive5.com/uparse/) based on similar value no less than 97%.
All optimized sequences were mapped to the representative OTU sequences and OTUs were described using Venn diagrams. Then, the
species of each sequence were classified using the RDP classifier (version 2.11) and compared with the Silva database (version 132).
a-Diversity and f-diversity were performed using mothur software and R language tool. The consequent B-diversity consists of a
principal component analysis (PCA) revealing different microbiota structures among the groups. Species variation was analyzed using
R language and Python to estimate the significant impact of each species’ abundance between the N and M group. The microbial
function pathway was predicted through the phylogenetic investigation of communities via the reconstruction of unobserved states
(PICRUSt) according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway. The R language tool was utilized to draw
heatmaps.
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2.12. Statistical analysis

Continuous data were expressed as the mean + SEM. P-values were calculated using the one-way analysis of variance (AVONA)
followed by the LSD method. We considered p > 0.05 to be statistically significant. All analyses were performed using SPSS 26 (SPSS
Inc., San Francisco, USA) and figures were drawn using GraphPad Prism 8 (GraphPad software, California, USA).

3. Results
3.1. Chemical characterization of Liupao tea

To identify the chemical constituents of LPT, UPLC-QTOF-MS/MS was employed. Based on authentic compounds, available
literature data and the obtained MS data, a total of 89 chemical components were tentatively identified, including catechins and their
derivates, flavones and their glycosides, phenolic acids, amino acids, phenylpropanoids, polysaccharides, and caffeine. The total ion
chromatograms (TIC) of LPT in both the positive and negative ion modes are displayed in Fig. 2. The data of the characterized
compounds is presented in Table 1. Phenolic acids, catechins, caffeine and flavones were identified in LPT; more specifically, six
compounds were detected, such as gallic acid, ellagic acid, (—)-epigallocatechin gallate (EGCG), caffeine, (—)-epicatechin gallate
(ECG) and rutin. The contents of these components were shown in Table S1.
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Fig. 2. Total ion chromatogram (TIC) obtained from UPLC-QTOF-MS analysis. (A) Positive mode. (B) Negative mode.
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Table 1

Characterization results in UPLC-QTOF-MS/MS analysis.
No. RT Compound Name Ton m/z Formula CAS

(min)

1 0.748 Choline [M+H]+1 104.11  CsHy3NO 62-49-7
2 0.772 Proline [M+H]+1 116.07  CsHoNO, 147-85-3
3 0.775 D-(—)-Quinic acid [M —H]-1 191.06 C;H;1206 77-95-2
4 0.78 Valine [M+H]+1 118.09  CsH;11NO; 72-18-4
5 0.791 Guanine [M+H]+1 152.06  CsHsNsO 73-40-5
6 0.794 Uridine monophosphate [M —H]-1 323.03 CoH;3N>09P 58-97-9
7 0.802 Adenosine 5’-monophosphate [M — H]-1 346.06 C10H14N50,P 61-19-8
8 0.814 pL-Malic acid [M—-H]-1 133.01 C4HeOs 6915-15-7
9 0.826 N-Acetylornithine [M+H]+1 175.11  C;H14N»03 6205-08-9
10 0.827 N-Acetylornithine [M —H]-1 173.09 C7H14N,03 6205-08-9
11 0.866 Citric acid [M—-H]-1 191.02 CgHgO, 77-92-9
12 0.874 Leucylproline [M+H]+1 229.16 C11H20N>03 6403-35-6
13 0.876 4-Oxoproline [M —H]-1 128.03 CsH;7NO3 4347-18-6
14 0.877 L-Pyroglutamic acid [M+H]+1 130.05 CsH;NO3 98-79-3
15 0.877 Adenosine [M+H]+1  268.1 Cy0H13N504 58-61-7
16 0.885 6-Aminocaproic acid [M+H]+1 132.1 CeH13NO, 60-32-2
17 1.173 3-Methylxanthine [M+H]+1 167.06  CgHgN4O» 1076-22-8
18 1.213 Pyrogallol [M—-H]-1 125.02 CgHgO3 87-66-1
19 1.214 Gallic acid” [M—H]-1 169.01 C;H¢Os 149-91-7
20 1.514 pL-Leucineamide [M+H]+1 131.12 CeH14N0 33042-97-6
21 1.609 L-Tyrosine [M+H]+1 182.08  CgH;;NO3 60-18-4
22 1.886 Theobromine [M+H]+1 181.07  CyHgN4O2 83-67-0
23 2.13 Gentisic acid [M —H]-1 153.02 C;HeO4 490-79-9
24 2.507 Paraxanthine [M+H]+1 181.07 CyHgN4O- 611-59-6
25 2.659 trans-3-Indoleacrylic acid [M+H]+1 188.07 C11HoNO, 1204-06-4
26 3.124 2-Isopropylmalic acid [M —H]-1 175.06  C;H;20s 3237-44-3
27 3.19 Methyl gallate [M—-H]-1 183.03 CgHgOs 99-24-1
28 3.246 Catechin [M—H]-1 289.07 C;sH1406 154-23-4
29 3.368 3-Pyridylamidoxime [M+H]+1 138.07 CeH7N30 1594-58-7
30 3.369 Caffeine” [M+H]+1 195.09 CgH;1oN402 58-08-2
31 3.453 Neochlorogenic acid [M - H]-1 353.09 C16H1809 906-33-2
32 4.132 3,4-Dihydroxybenzaldehyde [M+H]+1 139.04 C;HgO3 139-85-5
33 4.212 2-Hydroxycinnamic acid [M+H]+1 147.04  CoHgOs3 614-60-8
34 4.546 4-Hydroxybenzoic acid [M+H]+1 139.04 C;HgOs3 99-96-7
35 4.549 (—)-Epigallocatechin gallate (EGCG)" [M —H]-1 457.08 CaoH18011 989-51-5
36 5.017 myricetin 3-O-beta-p-galactopyranoside [M — H]-1 479.08 C21H20013 15648-86-9
37 5.021 Myricetin [M+H]+1 319.05 Cy5H100g 529-44-2
38 5.07 Boldenone undecylenate [M+H]+1 453.34 C30H4403 13103-34-9
39 5.12 N-Acetyl-L.-phenylalanine [M —H]-1 206.08 C11H13NO3 2018-61-3
40 5.387 Kaempferol 3-O-Rhamnoside [M — H]-1 739.21 C33H40019 83170-31-4
41 5.624 5-[(benzoyloxy)methyl]-4,5,6-trihydroxycyclohex-2-en-1-yl benzoate [M+H]+1 402.16 C21H2007 78804-17-8
42 5.64 Ellagic acid” [M-H]-1 301 C14HgOs 476-66-4
43 5.698 Rutin® [M—H]-1 609.15 CyHs016 153-18-4
44 5.836 Quercetin-3p-D-glucoside [M - H]-1 463.09 C21H0012 482-35-9
45 5.916 4-Hydroxybenzaldehyde [M+H]+1 123.04  C;HgO2 123-08-0
46 5.919 N-Isovalerylglycine [M — H]-1 158.08 CyH,3NO3 16284-60-9
47 5.921 (—)-Epicatechin gallate (ECG)" [M — H]-1 441.08 Ca2H18010 1257-08-5
48 5.978 Myricitrin [M—H]-1 463.09 CyHx012 17912-87-7
49 6.119 Kaempferitrin [M —H]-1 577.16 Ca7H30014 482-38-2
50 6.484 Trifolin [M+H]+1  449.11  CyHz0011 23627-87-4
51 6.793 Luteolin [M+H]+1  287.06  C;5H1006 491-70-3
52 6.853 Quercetin [M+H]+1  303.05  C;sH;007 117-39-5
53 7.18 4-Hydroxybenzoic acid [M —H]-1 137.02 CyHgO3 99-96-7
54 7.322 Triethyl phosphate [M+H]+1 183.08 CeH1504P 78-40-0
55 7.323 Diethyl phosphate [M-+H]+1 155.05  C4H;;04P 598-02-7
56 7.833 Quercetin [M—-H]-1 301.04 C;sH;007 117-39-5
57 7.955 Kaempferol [M+H]+1 287.06  Cy5H1006 520-18-3
58 11.523 12-Aminododecanoic acid [M+H]+1 216.2 C12HosNO, 693-57-2
59 14.044 N,N-Dimethyldecylamine N-oxide [M+H]+1 202.22  CypHoyNO 2605-79-0
60 15.116 2,2,6,6-Tetramethyl-4-piperidinol [M+H]+1 158.15 CoH19NO 2403-88-5
61 17.196 6-(3-Pyridyl)-1,3,5-triazine-2,4-diamine [M+H]+1 189.09  CgHsNg 18020-61-6
62 18.072 Palmitic acid [M+H]+1  274.27  Cy6H3202 57-10-3
63 18.224 2-Amino-1,3,4-octadecanetriol [M+H]+1 318.3 C18H39NO3 13552-11-9
64 18.226 Sedanolide [M+H]+1 195.14  Cy2H1502 6415-59-4
65 18.246 Decanamide [M+H]+1 172.17 C10H21NO 2319-29-1
66  19.288 Ostruthin [M—H]-1 297.15  CjoHp05 148-83-4
67 19.405 Dodecyl sulfate [M—H]-1 265.15  Cj1oH2604S 151-41-7

(continued on next page)
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No. RT Compound Name Ion m/z Formula CAS

(min)
68 19.458 Bis(4-ethylbenzylidene)sorbitol [M+H]+1 415.21 Co4H3006 79072-96-1
69 19.566 4-Ethoxy ethylbenzoate [M+H]+1 195.1 C11H1403 23676-09-7
70  19.963 Diphenylamine [M+H]+1  170.1 CyoHy N 122-39-4
71 20.769 4-Dodecylbenzenesulfonic acid [M — H]-1 325.18  C;gH3003S 121-65-3
72 20.772 Cyclohexyl phenyl ketone [M+H]+1 189.13 C13H160 712-50-5
73 21.101 Myristyl sulfate [M—H]-1 293.18  Cy4H3004S 4754-44-3
74 21.254 3,5-di-tert-Butyl-4-hydroxybenzaldehyde [M+H]+1 235.17 C15H220, 1620-98-0
75 21.801 Tris (2-butoxyethyl) phosphate [M+H]+1 399.25 C18H300,P 78-51-3
76 22.271 Diisobutylphthalate [M+H]+1 279.16 C16H2204 84-69-5
77 23.416 16-Hydroxyhexadecanoic acid [M — H]-1 271.23  Cy6H3203 506-13-8
78 23.547 7-(2-hydroxypropan-2-yl)-1,4a-dimethyl-decahydronaphthalen-1-ol [M+H]+1 223.21 C15H2g05 60132-35-6
79 23.639 Palmitoyl ethanolamide [M+H]+1 300.29 C18H37NO2 544-31-0
80 24.41 Estriol [M+H]+1 311.16  CysH2403 50-27-1
81 24.631 2,2’-Methylenebis (4-methyl-6-tert-butylphenol) [M — H]-1 339.23 Co3H3,0, 119-47-1
82 24.912 Hexadecanamide [M+H]+1 256.26 C16H33NO 629-54-9
83 25.334 Oleamide [M+H]+1 282.28  CygH3sNO 301-02-0
84 25.793 Oleoyl ethanolamide [M+H]+1 308.3 CooH39NO, 111-58-0
85 26.567 Laurolactam [M+H]+1 198.19 C12Ho3NO 947-04-6
86 26.619 Erucamide [M+H]+1 338.34  CyoHa3NO 112-84-5
87 27.025 Diethyl 2-{[(2-{[3-(trifluoromethyl)-2-pyridyl]amino}ethyl)amino]methylidene} [M —H]-1 374.13 C16H20F3N304 215500-77-

malonate 9

88 28.177 Stearamide [M+H]+1 284.3 C18H37NO 124-26-5
89 28.209 Stearoyl Ethanolamide [M+H]+1 310.31 CaoH41NO, 111-57-9

@ This letter indicates the identification of the compound was confirmed by the authentic standards.

3.2. Effects of Liupao tea on locomotor activity (open-field test) and body weight

The rats in the N group were in good shape, had shiny fur, and were more active during the test (Fig. 3A). However, rats with IBS
had gloomy fur and showed less exploratory behaviors. Rats in the M group acted more slowly, preferred to stay on the verge of the
arena, and expressed less desire for explorations compared to those in the N group (Fig. 3B). The mean body weight of rats in the M
group (247.34 g) was lower than that in all the other groups (Fig. 3C), while the locomotive velocity in the H-LPT group (13.13 mm/s)
was higher than that in the other groups (Fig. 3D).

3.3. Effects of Liupao tea on spleen coefficient and liver coefficient

The spleen coefficient (SC) in the L-LPT group (2.27 mg/g) was higher than that in the M group (1.91 mg/g) (p < 0.05) (Fig. 3E).
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Fig. 3. Locomotor activity and body informatics. (A) The length of body. (B) Track maps of the open-field test. (C) Body weight. (D) Locomotive
velocity. (E) Spleen coefficient. (F) Liver coefficient. Data are expressed as the mean + SEM. *p < 0.05, **p < 0.01 versus the N group; #p < 0.05,
##p < 0.01 versus the M group.
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However, L-LPT and H-LPT administration significantly decreased the liver coefficient (both p <0.01) (Fig. 3F).
3.4. Effects of Liupao tea on gastrointestinal function

Gastrointestinal function-related parameters were measured. The gastric emptying rate in the M group (162.75%) was approxi-
mately 1.9-fold that in the N group (84.92%) (p < 0.05) (Fig. 4A), and there was a significant difference in this parameter between drug
treatment groups and the M group (p < 0.01). However, there was no significant difference in this parameter between the NR and M
groups.

The fecal water content in the M group was 74.77%, which was higher than all the other groups (Fig. 4B). The content in the M
group was 1.5-fold that in the HOL group (50.30%), 1.4-fold that in the L-LPT (52.17%), and 1.2-fold that in the H-LPT (63.76%). The
contents in the N and NR groups were 48.83% and 68.47%, respectively.

The intestinal water content of rats in the M group was 86.15%, and treatment with L-LPT (79.21%) significantly decreased this
intestinal water content (Fig. 4C). In the M group (86.15%), L-LPT (79.21%) and H-LPT (80.15%) had a significantly greater effect on
the intestinal water content (p <0.01) than HOL (80.54%) did (p < 0.05).

3.5. Effects of Liupao tea on the morphological damages of gastric, colon and renal tissues

Microscopic examinations of gastric tissues demonstrated that rat colons in the N group had undamaged walls and intact mor-
phologies (Fig. 5A). Its epithelial mucosa was arranged regularly. After modeling, the mucosal epithelial erosion was obvious and the
colonic mucosa was congested with inflammatory cells infiltration and aggregation were observed in the mucosa, which may be
defined as superficial gastritis. Glandular atrophy was observed and glands even disappeared in the lamina propria of the colon. The
mucosal membrane was thinner and the submucosal vessels were congested. Compared to the M group, the epithelial mucosa in the NR
group showed a tendency towards degeneration and necrosis. Its epithelial cells were arranged irregularly and there was some in-
flammatory cell infiltration. Although the overall epithelial mucosa in the L-LPT group was arranged regularly, minimal inflammatory
cell infiltration could be observed. The epithelial mucosa in gastric tissues of the H-LPT group was basically restored to a regular shape,
and the other obvious pathological states were reversed.

We also observed the colonic morphological structure. Epithelial mucosal cells in the N group were arranged in order (Fig. 5B).
However, histopathological observations on colonic segments included diffusing degeneration and necrosis of epithelial serosa, the
sparseness of the colonic mucosa, granulation tissue generation, inflammatory cell infiltration, glandular atrophy in the lamina propria
of the colon, thinner submucosal structures, and significant edema. The same histopathological characteristics as the M group could be
observed in the NR group. However, LPT administration had reversed the above symptoms to some extent. Glandular atrophy in the
lamina propria and submucosal edema were slightly improved by L-LPT. All of the morphological damage was reversed by H-LPT.

The renal tissue sections were stained with HE (Fig. 5C). Pathological changes induced by HFD/CE in renal tissues were normalized
by LPT and HOL administration.

3.6. Effects of Liupao tea on the expression of pro-inflammatory cytokines and AQP3

We assessed the positive area of pro-inflammatory cytokines, IL-6, IL-1p, and TNF-a in gastric and colonic sections using immu-
nohistochemical methods. The levels of IL-6, IL-1B, and TNF-a increased in the gastric and colonic sections of colonic inflammatory rats
while the LPT administration group showed lower levels of IL-6, IL-1f, and TNF-« (all p < 0.01) (Figs. 6 and 7). Furthermore, AQP3, as a
cell membrane transporter, was detected. The mean level of AQP3 in the stomachs of rats in the L-LPT (1.16%) was three times less
than that in the stomachs of those in the M group (2.31%) (p < 0.01) (Fig. 8A). As for the colonic part (Fig. 8B), the AQP3 mean level in
the H-LPT group (31.26%) was 2.2 times higher than that in the M group (14.31%) (p < 0.01). The level of AQP3 increased in the renal
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Fig. 4. Gastrointestinal function. (A) Gastric emptying rate. (B) Fecal water content. (C) Intestinal water content. Data are expressed as the mean +
SEM. *p < 0.05, **p < 0.01 versus the N group; #p < 0.05, ##p < 0.01 versus the M group.
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Fig. 6. Pro-inflammatory cytokines expression in gastric tissues. (A) IHC staining of TNF-a. (B) IHC staining of IL-6. (C) IHC staining of IL-1f. (D)
TNF-a expression level. (E) IL-6 expression level. (F) IL-1f expression level. Arrows indicate brown-stained nuclei. Data are expressed as the mean +
SEM. *p < 0.05, **p < 0.01 versus the N group; #p < 0.05, ##p < 0.01 versus the M group. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

sections of rats in the M group (8.94%) compared to those in the N group (4.58%) (p < 0.01) while L-LPT and H-LPT administration was
associated with less elevated levels of AQP3 (6.58% and 3.39%, respectively) (both p <0.01) (Fig. 8C).

3.7. Effects of Liupao tea on serum metabolites

Levels of TC, LDL, TG, ALT, UA, and D-LA were higher in the M group than in the N group (all p < 0.05) (Fig. 9); however, MTL and
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Fig. 7. Pro-inflammatory cytokines expression in colonic tissues. (A) IHC staining of TNF-a. (B) IHC staining of IL-6. (C) IHC staining of IL-1f. (D)
TNF-a expression level. (E) IL-6 expression level. (F) IL-1f expression level. Arrows indicate brown-stained nuclei. Data are expressed as the mean +
SEM. *p < 0.05, **p < 0.01 versus the N group; #p < 0.05, ##p < 0.01 versus the M group. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Web version of this article.)
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GAS levels in the M group were significantly lower than those in the N group (p < 0.01). The IBS-induced elevations in the levels of TC,
LDL, TG, ALT, and UA were reversed by LPT treatment while LPT treatment upregulated MTL and GAS.

3.8. Effects of Liupao tea on the diversity and composition of gut microbiota

To assess the regulation of Liupao tea on gut microbiota, high-throughput sequencing was used to analyze and compare the gut
microbiota. a-Diversity was featured as Chao 1 and Shannon indexes. The Chaol and Shannon indexes were significantly reduced in
colonic inflammatory rats but significantly reversed by LPT treatment. The Shannon indexes proved that OUT abundance in LPT
groups was higher than that in the M group (Fig. 10A and B) and Chaol showed a similar tendency (Fig. 10C). As the Venn diagram
shows, the level of OUT was least among the groups; however, the intervention of Liupao tea increased OUT in rats with colonic
inflammatory.

The Principal Component Analysis was applied to evaluate p-diversity among the samples. The sample points of the M group were
assembled closely and clearly separated from those of the other groups (Fig. 10D), which indicated the success of the IBS animal model
and microbial imbalance. As Fig. 10E-F shows, the OUT level in the M group was 844 and the number of unique species was 3, which

B C

>

0.8-
% % goe# N & # o
£ £ ©
E E E 0.4
o o E
- o .| Al
202
|
0.0-
> @e@ Q« Q« 0\/
\;\'%’\’ s
D
0.8 150
I 0.6 - = L
3 3 el | 4 1 #
E S g100 #
it 5 2
= < g 50
AR S IR 0-
NOa Y, SN ¢ \3« Q«%ov
VR
G H |
400- 2001
200 R | i p—— ##
e E=) *k =
2 < 2001 £ 100+
100+ 7] *
< = b H%k
4 = 100 '
2 100 O 50
\
POEA A o
IR SR NP AV SNLLY DOLEA S
e\;\gx\g L S¥ ® x\\;\gw\g L

Fig. 9. Serum metabolites. (A) TC. (B) TG. (C)LDL. (D) HDL. (E) ALT. (F) UA. (G) D-LA. (H) MTL. (I) GAS. Data are expressed as the mean + SEM.
*p < 0.05, **p < 0.01 versus the N group; #p < 0.05, ##p < 0.01 versus the M group.
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Fig. 10. Comparison of gut microbial diversity and composition between groups. (A) Shannon curves. (B) Shannon indexes of OTU level. (C) Chao
indexes of OTU level. (D) PCA on OTU level. (E) and (F) Venn diagram of OTUs.

was the least among all the groups. The decrease in the diversity and abundance of microbiota was considered a sign of microbial
imbalance. This implied a successful induction of HFD/CE. LPT and HOL intervention significantly reversed the reduction in microbial

diversity and the abundance caused by HFD/CE induction.

3.9. Comparative analyses at the phylum and genus levels

The community abundance of the different groups at the phylum level can be seen in Fig. 11A. Firmicutes, Bacteroidetes, Spirochaetes
and Actinobacteria were dominant in LPT groups while Firmicutes and Bacteroidetes were dominant in the M group. At the genus level,
Lacobacillus, norank_f_Muribaculaceae, Lachnospiraceae. NK4al63 group, unclassified f_Lachnospiraceae, Alloprevotella, and Clos-
tridlum_sensu stricto_1 had higher proportions in the LPT groups than in the M group (Fig. 11B). Microbiota diversity increased after LPT

12



D. Zhou et al.

Samples

1HOL.
2HOL,
3HOI
4HOI

Community barplot analysis

Heliyon 9 (2023) e16613

1 W Firmicutes.
1 M Bacteroidetes
1 M Proteobacteria
M Spirochaetes
.l -
= Ml Actinobacteria
Epsilonbacteraeota
| W Tenericutes
M Cyanobacteria
W others
1
]
]
u
]
]
]
——
]
L
]
L

0.4

Percent of community abundance at phylum level

N [ DT T .

cl B Peai I |

b TS PEEE N .

el  E— e -

3M -

N R ]

™ LI

- = L]

1NR 0 owm

g 2NR e -
roi - | -
= 4NR IEIE N -
© - [ B BN RNy |
v * .
e = S 8 T iy

- I BRI |

il 1

2H O 0

25 e I -

4H i .
THOL. I | -
2HOL, N o .
3HOL 0T T
4HOL T .

f’) 0'2 0'4 0‘5 DIS 1‘

08 08

Community barplot analysis

[l Lactobacillus
W norank_f__Muribaculaceae
[l Lachnospiraceae_NK4A136_group
[ unclassified_{__Lachnospiraceae
W Romboutsia
Alloprevotella
[ Clostridium_sensu_stricto_1
B Treponema_2
M Ruminococcaceae_UCG-014
M Ruminiclostridium_9
B Allobaculum
Prevotellaceae_GaBA1_group
[ [Eubacterium]_coprostanoligenes_group
B Ruminococcus_1
W Dubosiella

W Ruminococcaceae_NK4A214_group
[l Prevotellaceae_UCG-001
W norank_f__Ruminococcaceae
M Rikenellaceae_RC9_gut_group
I Bifidobacterium
Prevotellaceae_UCG-003
[ Christensenellaceae_R-7_group
[ norank_f__Desulfovibrionaceae
W Alistipes
M Ruminiclostridium_6
M norank_f__norank_o__Gastranaerophilales
W Blautia
Oscillibacter
W Coprococcus_2
Jeotgalicoccus

[ ' HIE

[ norank_f__Cl
M Corynebacterium_1
W norank_f__Lachnospiraceae
[l Ruminococcaceae_UCG-005
[l Roseburia
Desulfovibrio
[ Bacteroides
W Psychrobacter
W Prevotella_9
B [Eubacterium]_ruminantium_group
[l [Eubacterium]_xylanophilum_group
Helicobacter

0_group

Percent of community abundance at genus level

|
B Atopostipes
Turicibacter
Oligella
Dorea
Lachnospiraceae_UCG-010
[l norank_f__norank_o__Izimaplasmatales
M others

Fig. 11. Composition of the gut microbiota. (A) Column diagram of the microbial composition at the phylum level. (B) Column diagram of the

microbial composition at the genus level.

treatment.

Student’s t-test was used to verify the species’ variation between the N and M groups. According to community abundance results
(Fig. 12), the relative abundance of top-20 ranking bacteria was screened via Student’s t-test bar plot analysis. Only at p < 0.05 could
bacteria be considered biological markers. At the phylum level (Fig. 12A), the gut microbiota was primarily composed of Firmicutes and
Bacteroidetes. HFD/CE induction significantly increased the abundance of Firmicutes (p < 0.05) and decreased that of Bacteroidetes (p <
0.05). Although there was no significant difference in the abundance of other bacteria, such as Spirochaetes, Proteobaccteria, Epsi-
lonbacteraeota between the N and M group, they were screened for their higher abundance among bacteria. At the genus level
(Fig. 12B), the genera with greater reductions in rats with IBS included Muribaculaceae_f norank, Ruminococcaceae_f norank, Pre-

votellaceae_f unclassified, and group_020fcs_Lachnospiraceae.
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Fig. 12. Potential biological markers in rats with IBS. (A) Most abundant phyla in the N and M group. (B) Most abundant genera in the N and M
groups. *p < 0.05, **p < 0.01, ***p < 0.001 versus the N group.

3.10. Function prediction and relationship between physiological parameters and species

Cluster of Orthologous Groups of proteins (COG) function prediction analyses can predict the functional compositions between the
N and M group of microbial communities in samples from amplicon sequencing results. Changes in lipid metabolism, amino acid
metabolism, and other pathway functions were closely related to the pathogenesis of IBS (p < 0.05, Fig. 13A).

The relationship between the relative abundance of the top 20 genera and physicochemical parameters was analyzed via the
Spearman analysis. At the genus level, most bacterial strains, such as Bacteroides, Dubosiella, norank_f_Muribaculaceae, norank_-
f_Lachnospiraceae, were positively correlated with the BD, LV, GAS and SC but negatively correlated with the GER, D-LA, ALT, TC,
HLD, LDL, TG and UA (Fig. 13B). Lactobacillus and unclassified p_Firmicutes showed the opposite correlation with these indexes,
compared to most genera. At the phylum level, Firmicutes was negatively correlated with BS, LV, GAS and SC but positively correlated
with the other indexes (Fig. 13C). Bacteroidetes showed the reverse correlation compared to Firmicutes.

To further clarify the correlation between the efficacy indicators measured in this experiment and the intestinal flora of the
samples, the correlation between intestinal flora and the efficacy indicators was analyzed in this study, mainly based on the RDA and
the correlation heatmap of environmental factors. The results of the RDA showed that the changes in all efficacy indexes were
significantly correlated with the changes in the intestinal flora (Fig. 13D), among which the four indexes of blood lipids, the intestinal
water content, D-LA, UA, ALT, and GER were significantly positively correlated with the intestinal flora of rats, and LDL had the
strongest effect. The effects of BD, MTL, GAS, and LV on the intestinal flora of rats were significantly negatively correlated, and the
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positive correlation between indexes and bacteria. *p < 0.05, **p < 0.01,

color in this figure legend, the reader is referred to the Web version of

***p < 0.001 versus the N group. (For interpretation of the references to
this article.)
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effect of the body weight was the strongest.
4. Discussion

In recent years, intestinal health has gained increasing attention. We hope to find dietary modifications to maintain proper in-
testinal health. According to our previous studies [18], 11 batches of Liupao tea were qualified and quantified through HPLC fin-
gerprints. LPT contains 1.86-25.91 mg/g of EGCG and 2.81-30.48 mg/g of ECG. In terms of flavones, rutin, gallic acid, and ellagic acid
range from 5.75 to 14.34 mg/g, 5.06-14.13 mg/g, and 10.82-26.63 mg/g, respectively. There is a range of 56.24-82.30 mg/g of
caffeine. All of these chemical components are biologically active in Liupao tea. Our team has previously quantified these six main
components through UPLC-QTOF-MS/MS. Based on reported literature and database, more effective ingredients are identified in this
study. It provides us with a chemical foundation to study the therapeutic properties of Liupao tea. The data demonstrate Liupao tea is
rich in catechins, polyphenols, amino acids, caffeine, polysaccharides and other components.

According to the TCM view on the etiology of IBS, the invasion of evils (namely coldness, dampness, and heat) combined with the
weakness of Zang Fu (specifically the spleen, stomach, and kidney) can be defined as irritable bowel syndrome [28]. Improper diet and
emotional disorders lead to irritable bowel symptoms such as abdominal pain, bloating, diarrhea, and constipation. IBS not only alters
the form and frequency of stool but also contributes to the stagnation of bowel dampness, which results in diarrhea. To avoid the
adverse effects of chemical drugs, it would be worthwhile to use natural products to protect oneself from developing IBS. Liupao tea
has the functions of relieving heat and dampness, invigorating the stomach and spleen [29], arousing considerable attention as an
alternative treatment for treating IBS. We used the open-field test, gastrointestinal-related hormones, and its histopathological features
to evaluate the effect of Liupao tea on IBS. After model construction, HFD/CE induction led to morphological or histological alter-
ations, conforming to the criteria for IBS animal models [11], showing the success of the IBS model. These apparent symptoms were
significantly alleviated by Liupao tea. Firstly, HFD/CE rats exhibited slower growth in body length and weight loss, less desire for
exploration, lethargy, and even passed out loose stools. What interested us the most was that rats with IBS acted abnormally compared
to healthy rats during the open-field test. It is speculated that dysfunction of gut microbiota contributes to anxiety-like or
depression-like behaviors for the link between gut microbiota and stress-related behaviors have already been discussed through the
open-field test [30,31]. IBS is involved in the dysregulation of the brain-gut axis. When rats with IBS are experiencing abnormal pain or
discomfort in the gastrointestinal tract, they are more likely to experience psychiatric disorders, including panic disorders, anxiety
disorders, social phobia, and major depression [32]. Secondly, motilin and gastrin in serum are important hormones secreted by Mo
cells and G cells, respectively, to be involved in the regulation of gastrointestinal tract function. Motilin can stimulate the contraction
of gastric smooth muscle and promote gastric emptying while gastrin can accelerate gastric acid secretion and nourish the gastroin-
testinal mucosa [33]. p-lactic acid levels can be detected to evaluate the degree of intestinal mucosal injury and intestinal permeability
[34]. Higher p-lactic acid levels were found in the M group. Last but not the least, after high-fat diet with cold exposure, infiltration
occurred among epithelial mucosal cells. The maintenance of the integrity of the mucosal frontier as a barrier is indispensable for the
proper functioning of the mucosa in activities such as nutrient and fluid absorption and secretion [35]. In the current study, Liupao tea
showed protective effects on both gastrointestinal and renal epithelial cells. Liupao tea has been reported to modulate gastrointestinal
function by promoting the colonization of beneficial bacterial strains; however, few studies have suggested that renal damage can be
repaired by Liupao tea. The potential mechanism will be explained precisely as follows.

We also evaluated the effects of Liupao tea on lipid and water metabolism. Our long-term study showed that rats with IBS exhibited
signs of lipid metabolism disorders, including increased TC, LDL, and TG levels. Hyperlipidemia has been considered to be part of the
‘lipid turbidity’ category in traditional Chinese medicine, and its causes are closely related to the spleen and stomach. High-fat and
high-sucrose diets may induce splenic transport dysfunction, which leads to abnormalities in the generation, transportation, and
excretion of the spleen. Functional disorders of the spleen and the stomach are involved in the pathogenesis of IBS. In addition to the
TCM theory, this study demonstrates that damage to the intestinal mucosal barrier results in changes in lipid metabolism [36]. Alanine
aminotransferase mainly exists in liver cells, and its content is positively correlated with hepatitis and toxic hepatitis [37]. We found
that the liver coefficients and ALT levels in the model group were abnormally increased, indicating abnormal liver function. Sur-
prisingly, the abovementioned co-morbid symptoms could be alleviated by treatment with Liupao tea.

On the grounds of the TCM theory, the kidney governs water metabolism. This indicates that the kidney regulates water meta-
bolism. The water content, together with kidney-related indexes, was detected. Interestingly, it follows the same rule as our previous
research results, showing that uric acid levels of the model group were significantly higher than those of the normal group, which
implies that high uric acid can aggravate the inflammatory response by promoting the release of inflammatory factors. It has been
found that uric acid crystals trigger the release of pro-inflammatory cytokines [38]. Apart from the relation with cytokines, elevated
uric acid levels can also be used to predict the development of renal function deficiency in people under normal renal conditions [39].
AQP3 is considered to exert a beneficial effect in regulating the fecal water content in the colon and reabsorption work of colonic
epithelial cells. Because the osmotic pressure is lower in the lumen of the colon than that on the vascular side, water molecules pass
from the intestinal tract to the vascular side of the cells through AQP3, which further concentrates feces. When there is a decrease in the
expression levels of AQP3, the transit of water reduces, resulting in water retention in the intestine and, thus, diarrhea [40]. In this
study, HFD/CE led to an increase in the fecal water content and a decrease in the expression level of AQP3 in colon tissues; however,
both indexes are reversed by Liupao tea administration. Therefore, it is speculated that Liupao tea may accelerate water transportation
into the intestinal tract via the upregulation of AQP3 and the downregulation of water retention in the colon, which will reduce the
fecal water content and alleviate diarrhea. Our study revealed that the expression level of AQP3 in the colonic tissue of the model group
was significantly less than that of the normal group, which was consistent with the findings of a previous study on rats with IBS [12]. In
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the kidney, AQP3 is mainly involved in water reabsorption and urine concentration because studies have found that the water con-
sumption and urine volume of AQP3 knockout mice are more than 12 times higher than those of wild mice, which indicates that the
urine-concentrating ability of the mice is seriously impaired [41]. According to the abnormal AQP3 expression, we suspect that
aquaporin 3 may be involved in the pathogenesis of IBS. Liupao tea may contribute to the balance of water and fluid metabolism by
regulating the expression of aquaporin in the gastrointestinal tract and kidneys.

According to our results, HFD/CE induction promotes the expression of pro-inflammatory cytokines. Liupao tea exerts a beneficial
effect in relieving inflammation caused by HFD/CE. Lard oil-derived diet increased systemic TLR activation, triggered by a hetero-
dimer composed of RelA and p50 in the NF-kB family [42], and white adipose tissue inflammation as well as altered microbial pattern.
From what has been mentioned above, high uric acid levels can contribute to the production of pro-inflammatory cytokines. We also
point out that Liupao tea exerts anti-inflammatory effects through the inhibition of pro-inflammatory cytokines, and the activation of
NF-kB, TNF-q, IL-6, and IL-1p are the key pro-inflammatory cytokines identified in our study. TNF-a has been shown to play a central
role in the pathogenesis of IBD by activating the NF-kB signaling pathway. The activation of NF-xB is related to the synthesis of IL-6-and
IL-1pB [43,44]. HFD/CE-induced rats showed a tendency to have reduced levels of TNF-a, IL-6, and IL-1f after Liupao tea treatment,
which is in line with the reported results [20]. Therefore, the revealed anti-inflammatory effect of Liupao tea may be associated with
the inhibition of the NF-xB pathway.

It has been known that the intestinal flora is closely related to gastrointestinal diseases. We investigated the composition and
structure of the microbial community of the model rats through multiple techniques such as the a-diversity analysis, p-diversity
analysis, and function prediction analysis. It was found that the gut microbiota of HFD/CE-induced rats was significantly different from
that of rats in the N group. Liupao tea reversed the changes in gut microbiota diversity caused by an unhealthy lifestyle. Consistently,
Liupao tea improves gut microbiota in rats challenged with HFD [17].

Our understanding of the gut microbiota of rats with IBS can be further enhanced by the remarkable changes in abundance and
diversity of microbiota between the N and M groups. Firmicutes and Bacteroidetes, the two most important bacterial phyla in the
gastrointestinal tract representing 90% of the gut microbiota, have gained much attention in the last decades [45]. Fecal microbiota for
patients with IBS included increased Firmicutes and decreased Bacteroidetes [46]. We observed consistent changes in the Firmicu-
tes/Bacteroidetes ratio. Although Actinobacteria and Patescibacteria did not show a significant difference at the phylum level, they have
been reported for their nonnegligible role in IBS. Actinobacteria are involved in the biodegradation and biotransformation of substances
introduced into the diet and gastrointestinal tract [47]. Enrichment of Actinobacteria was observed significantly in the patients with IBS
[48]. Actinobacteria and Firmicutes dominate the fecal-associated microbiota in IBS patients [49]. Patescibacteria increased in the model
group compared to the blank group. The long-term drug treatment sharply reduced Firmicutes and Patescibacteria [50]. There are five
genus species stressed out in our study. Patients with IBS showed significantly higher counts of Lactobacillus than controls (p = 0.031).
The rise in Lactobacillus counts results in increase in the levels of acetic acid and propionic acid in patients with IBS [51]. Species
abundance of Muribaculaceae reduced greatly in IBS with diarrhea. Muribaculaceae also is reported to decrease in colitis mice [52].
Futhermore, Ruminococcaceae and Lachnospiraceae are found to decrease significantly in IBS mice [53,54]. Researchers propose that a
greater abundance of Prevotellaceae is a feature of healthy individuals [55].

Correlation analysis was adopted to describe the correlation between biological parameters and gut microbiota. HFD/CE induction
increased the Firmicutes/Bacteroides ratio but decreased the body weights of rats with IBS. To date, numerous studies have demon-
strated that the relative abundance and relative abundance ratios of Firmicutes and Bacteroides are positively correlated with obesity.
The higher the ratio, the more obese the host is [56]. This perspective contradicts our results to some extent since body weight gain did
not occur in HFD/CE-induced rats. However, scientists have proved that reduced temperatures promote weight loss in obese rats [57,
58]. Sustained and intermittent cold exposure may explain the body weight loss in the model group. COG function prediction illus-
trates there is a strong connection between alterations in lipid transport and metabolism and IBS animal model. Lipid metabolism
includes the biosynthesis and degradation of lipids, such as fatty acids, TC and TG. TC, TG, HDL, and LDL are important indexes when
evaluating lipid metabolism. The elevated TC, TG and LDL levels explicitly indicate Liupao tea might manage lipid transport and
metabolism directly or indirectly through the regulation of gut microbiota. Intestinal bacteria produce bile acids and short chain fatty
acids (SCFAs), thus indirectly modulating lipid metabolism. Bacteria produce one class of metabolites, SCFAs. Subsequently, SCFAs are
metabolized by the host or act as hormones. A greater concentration of butyrate was caused by the increase of Firmicutes/Bacteroidetes
ratio [59]. Liupao tea significantly downregulate the Firmicutes/Bacteroidetes ratio but upregulate the abundance of the other phylum
bacteria. The remarkable decrease in the abundance of Lactobacillus bacterial strains should also be attached some importance in
Liupao tea groups. Lactobacillus probiotics contributes to balancing the microbial ecology in obese animals [60] while an excessive
number of Lactobacillus might disrupt metabolic homeostasis, increasing lipids. A positive correlation was observed between Mur-
ibaculaceae and butyrate production (p < 0.05). Ruminococcaceae was strongly negatively correlated with isovalerate (p < 0.05) [61].
Acetic and propionic acids were positively correlated with Prevotellaceae (p < 0.05) [62]. Butyrate concentrations were positively
correlated with Lachnospiraceae (p = 0.002) [63]. HFD/CE-induced rats with IBS may benefit from Liupao tea administration by
regulating the abundance of bacterial phyla and genera in the gut flora.

5. Conclusion

Liupao tea have various kinds of active ingredients, such as catechins, polyphenols, amino acids, caffeine, polysaccharides and
other components. Liupao tea effectively improves gastrointestinal dysfunction, inflammation, and abnormal water metabolism in rats
with IBS. In addition, the intervention of Liupao tea could reverse gut microbiota imbalance. The traditional Chinese medicine of

Huoxiang Zhenggqi oral liquid shows similar therapeutic effects to that of Liupao tea in treating IBS. This study not only fills the
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knowledge gap of modern pharmacological research about the action of Liupao tea against IBS, but also provides a new idea for the
daily treatment for IBS. However, our study had several limitations that should be further discussed. A more comprehensive evaluation
of the IBS model is needed. Though the protective effects of Liupao tea mainly focused on rats with IBS, its preventative or therapeutic
properties in people with IBS need to be further investigated. Physiological indicators should also be evaluated, and multidimensional
perspectives will help clarify the underlying mechanism of Liupao tea’s action. Nonetheless, this study fills the knowledge gap on the
action of Liupao tea against IBS in spite of its limitations.
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