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ARTICLE INFO ABSTRACT
Keywords: Background: The plant Smilax china L., also known as Jingangteng, is suspected of regulating glucose and lipid
Jingangtf:ng .CaPSUIeS metabolism. Jingangteng capsules (JGTCs) are commonly used to treat gynecological inflammation in clinical
I];‘_Vir lipid disorders practice. However, it is not clear whether JGTCs can regulate glucose and lipid metabolism, and the mechanism
iabetic rats .
is unclear.

Intestinal microbiota
Farnesoid X receptor (FXR)
Metabolomics

Purpose: To investigate the impact and mechanism of action of JGTCs on diabetes and liver lipid disorders in rats.
Methods: The chemical constituents of JGTCs were examined using ultra-high-performance liquid chromatog-
raphy with quadrupole time-of-flight mass spectrometry. A high-fat diet and streptozotocin-induced diabetes
model was used to evaluate anti-diabetic effects by assessing blood glucose and lipid levels and liver function.
The mechanism was explored using fecal 16S rRNA gene sequencing and metabolomics profiling, reverse
transcription-quantiative polymerase chain reaction (RT-qPCR), and Western blot analysis.

Results: Thirty-three components were identified in JGTCs. The serological and histomorphological assays
revealed that JGTC treatment reduced levels of blood glucose and lipids, aspartate aminotransferase, alanine
aminotransferase, and lipid accumulation in the liver of diabetic rats. According to 16S rDNA sequencing, JGTCs
improved species richness and diversity in diabetic rats’ intestinal flora and restored 22 dysregulated bacteria to
control levels. Fecal metabolomics analysis showed that the altered fecal metabolites were rich in metabolites,
such as histidine, taurine, low taurine, tryptophan, glycerophospholipid, and arginine. Serum metabolomics
analysis indicated that serum metabolites were enriched in the metabolism of glycerophospholipids, fructose and
mannose, galactose, linoleic acid, sphingolipids, histidine, valine, leucine and isoleucine biosynthesis, and
tryptophan metabolism. Heatmaps revealed a strong correlation between metabolic parameters and gut micro-
bial phylotypes. Molecular biology assays showed that JGTC treatment reversed the decreased expression of
farnesoid X receptor (FXR) in the liver of diabetic rats and inhibited the expression of lipogenic genes (SrebpIc
and FAS) as well as inflammation-related genes (interleukin (IL)-g, tumor necrosis factor (TNF)-a, and IL-6). Liver
metabolomics analysis indicated that JGTC could significantly regulate a significant number of bile acid me-
tabolites associated with FXR, such as glyco-beta-muricholic acid, glycocholic acid, tauro-beta-muricholic acid,
and tauro-gamma-muricholic acid.

Abbreviations: ALT, alanine aminotransferase; AUC, area under the curve; AST, aspartate aminotransferase; DM, diabetes mellitus; FBG, fasting blood glucose;
FXR, farnesoid X receptor; HFD, high-fat diet; H&E, hematoxylin and eosin; JGTCs, jingangteng capsules; JGTC-L, low-dose JGTC treatment; JGTC-H, high-dose JGTC
treatment; LDA, linear discriminant analysis; LDL-C, low-density lipoprotein; LEfSe, linear discriminant analysis effect size; OGTT, oral glucose tolerance test; OPLS-
DA, orthogonal partial least squares-discriminant analysis; PCA, principal component analysis; RT-qPCR, reverse transcription-quantitative polymerase chain re-
action; SC, Smilax china L.; STZ, streptozotocin; TCM, traditional Chinese medicine; TC, total cholesterol; TG, triglycerides; UHPLC-Q-Orbitrap MS, ultrahigh-per-
formance liquid chromatography quadrupole-orbitrap tandem mass spectrometry; UPLC-QTOF-MS/MS, ultra-high-performance liquid chromatography with
quadrupole time-of-flight mass spectrometry; VIP, variable importance in the projection.
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Conclusions: This was the first study to investigate the mechanisms of JGTCs’ effects on liver lipid disorders in
diabetic rats. JGTCs inhibited liver lipid accumulation and inflammatory responses in diabetic rats by affecting
intestinal flora and metabolic disorders and regulating FXR-fat synthesis-related pathways to alleviate diabetic

lipid disorders.

Introduction

Diabetes mellitus (DM) poses a significant global health concern,
with a predicted incidence of approximately 147.2 million people by
2045 (Baothman et al., 2016). The complications of diabetes include
liver lipopathy, cardiocerebrovascular disease, kidney disease, and
neuropathy. An earlier study found that the disruption of lipid meta-
bolism in the liver also serves as a significant contributing factor leading
to the higher occurrence of complications like atherosclerosis, as well as
cardiovascular and cerebrovascular diseases (Newman et al., 2012).
Although many lipid-modifying drugs, including statins, fibrates, and
nicotinic acid combined with hypoglycemic drugs, are used to treat
diabetic lipid metabolism disorders, long-term treatment with Western
medicine is associated with adverse reactions, such as headache,
insomnia, depression, dyspepsia, and nausea (Kern et al., 2016; Gar-
ibotto et al., 2017). Traditional Chinese medicine (TCM) addresses both
symptoms and causes, resulting in minimal side effects while compre-
hensively regulating the body. Therefore, TCM and natural medicine
research are focused on the identification of hypoglycemic and
lipid-lowering drugs with safe, definite curative effects and few side
effects.

The dried rhizome of the Liliaceae plant Smilax china L. (SC) is also
known as Jingangteng. In modern studies, SC has been shown to regu-
late lipid disorders in metabolic diseases (Yang et al., 2019). In obese
mice, SC can reduce the levels of total cholesterol (TC) and triglycerides
(TG), while enhancing the abundance and diversity of intestinal flora (Li
et al., 2021). In addition, previous studies showed that SC inhibited
a-glucosidase (Gan et al., 2016), decreased blood glucose concentra-
tions, and increased the liver glycogen content in mice with
alloxan-induced uracil disease (Ma et al., 1998). Jingangteng capsules
(JGTCs) are a marketed drug prepared by the water extraction and
alcohol precipitation of Smilax china. Clinically, JGTCs are used to treat
gynecological inflammation and have an annual sales revenue of over
100 million yuan. However, the potential of JGTCs to regulate disor-
dered hepatic lipid metabolism in individuals with DM has not yet been
explored.

Diabetic liver lipid metabolism disorder refers to high levels of TC,
TG, and low-density lipoprotein (LDL-C) in the blood of diabetic pa-
tients, leading to the deposition of large amounts of lipids in the liver,
the fatty degeneration of hepatocytes and the formation of fatty liver.
Recent studies identified intestinal dysbiosis and its metabolites as
important factors in the development of hepatic lipid metabolism dis-
orders in diabetes mellitus patients (Liu et al., 2020). Functional mi-
crobial metabolites produced by the gut microbiota have been shown to
regulate insulin sensitivity and energy metabolism in rodent models of
diabetes and in humans, and changes in metabolites, such as bile acids,
fatty acids, and gut hormones, also led to elevated lipid levels and
impaired insulin signaling (Heianza et al., 2019). The exchange of ma-
terial and information between the gut microbiota and the host is crucial
for the physiological function and metabolism of the host, with small
molecule substances serving as the bridge. Changes in the intestinal
microflora lead to corresponding alterations in the metabolism of sub-
stances to maintain a microecological balance between the intestinal
flora and the host (Baothman et al., 2016; Hartstra et al., 2015). Mul-
tiomics analysis provides valuable information about biomarkers related
to physiological and pathophysiological conditions (Huyiligeqi et al.,
2016). Therefore, merging serum, liver, and fecal metabolomics data
provides a more comprehensive metabolic profile.

The mechanism underlying the hypoglycemic and lipid-lowering

effects of JGTCs on diabetic rats remains unclear. Therefore, we inves-
tigated the alterations in microbial species, as well as serum and fecal
metabolomics, farnesoid X receptor (FXR) expression, and the
inflammation-related signaling pathway, to reveal the mechanisms by
which JGTCs exert their anti-diabetic and hypolipidemic effects. This
information will provide a scientific basis for expanding the application
of JGTCs in the clinic and the secondary development of JGTCs.

Materials and methods
Materials, chemicals, and reagents

JGTCs were purchased from FuRen Pharmaceutical Co., Ltd.
(Tongcheng County, Xian’ning City, Hubei Province, China). Chengdu
Pusi Biological Polytron Technologies Inc. (Chengdu, China) provided
quercitrin (CAS: 522-12-3), chlorogenic acid (CAS: 327-97-9), engeletin
(CAS: 572-31-6), and resveratrol (CAS: 501-36-0). Dapagliflozin (CAS:
461432-26-8) was obtained from Hanzun Bio-technology Co., Ltd.
(Shanghai, China).

UPLC-QTOF-MS/MS analysis of JGTC sample solution

After removal from the capsules, the drug (10 mg) was dissolved in 5
mL of methanol and sonicated for 20 min. The supernatant was then
collected and filtered (0.22 pm). The mobile phase consisted of 0.1 %
formic acid water (solvent A) acetonitrile (solvent B). Gradient elution
of the mobile phase was carried out 0-60 min (12-60 %B), 60-70 min
(60-12 %B) with a flow rate of 0.4 mL/min. Mass spectrometry condi-
tions are referred to previous study (Zhang et al., 2022a,b).

Animal treatments and biochemical assays

Male Wistar rats (180-220 g) were provided by the Hubei Beiente
Biotechnology Co., Ltd (License SYXK(E) 2021-0027) Hubei, China).
The experimental rats were maintained in a specific pathogen-free
experimental animal room at the Hubei University of Science and
Technology (License SYXK(E)2013-0071, Hubei, China) with free access
to food and water. The Animal Experimental Ethics Committee of Hubei
University of Science and Technology approved the study (2023-03-
103).

After one week’s acclimatization, 5 rats were randomly assigned to
the control group, and the other rats were assigned to the diabetic group.
A high-fat diet (HFD) (10 % lard, 5 % egg yolk powder, 15 % sucrose, 1
% cholesterol, and 0.2 % sodium cholate, purchased from Wuhan Chu-
nyuhong Laboratory Animal Feed Co., Ltd.) was fed to the diabetic rats
for 28 days. Streptozotocin (35 mg/kg) was then injected intraperito-
neally into the rats. After one week, fasting blood glucose (FBG) levels
were detected after fasting for 8 h. The model was considered to be
successfully established in rats with an FBG level >11.1 mmol/l. These
diabetic rats were divided into 4 groups based on FBG levels (n = 6):
model, positive (dapagliflozin, 0.105 mg/kg), low-dose JGTC treatment
(JGTC-L, 0.54 g/kg), and high-dose JGTC treatment (JGTC-H, equal to
1.62 g/kg). JGTCs and dapagliflozin tablets were suspended in pure
water. An equal amount of pure water was administered intragastrically
to both the control and model groups of rats. The dosing schedule lasted
4 weeks, after which oral glucose tolerance tests (OGTTs) were per-
formed. Rats were fasted for 8 h before the administration of glucose
(2.0 g/kg b.w.), and blood glucose levels were measured after 0, 30, 60,
and 120 min using a Sannuo blood glucose meter (Sinocare Inc., China).
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Table 1
Data from UPLC-QTOF/MS/MS on the major JGTC components in the negative mode.
Peak Identification RT Chemical Neutral Calculated [M—H] Observed [M—H] Error MS/MS
no. [min] formula mass (m/2) (m/2) (ppm)
1 4-Hydroxybenzoic acid 5.90 C;HgO3 138.0317 137.0239 137.0237 —1.46 92.9263, 109.0255
2 Caffeic acid 4.74 CoHgO 4 180.0423 179.0344 179.0343 —0.56 91.0585, 117.0359,135.0437
3 Resveratrol* 21.50 C14H;203 228.0786 227.0708 227.0702 —2.64 185.0294,164.0087
4 Oxyresveratrol 13.65 C14H1204 244.0736 243.0657 243.0642 —6.17 201.0120,173.9985,130.0413
5 trans-Piceatannol 12.66 C14H1204 244.0736 243.0657 243.0642 —-6.17 174.0471,159.0431,129,9736
6 Naringenin 24.41 Ci5H1205 272.0685 271.0606 271.0629 8.49 187.0348,151.0098,107.0143
7 Kaempferol 29.63 Cy15H1006 286.0477 285.0399 285.0378 -7.37 218.0101,151.0023
8 Dihydrokaempferol 15.02 C15H1206¢ 288.0634 287.0556 287.0569 4.53 259.0155,243.0259,201.0149
9 Eriodictyol 17.28 C15H1206 288.0634 287.051 287.05 —3.48 259.0221,243.0067,180.0028
10 (—)-catechin 3.10 C15H1406 290.079 289.0712 289.0727 5.19 245.0797,227.0640,205.0473,203.0698,135.0437,123.0438,109.0276
11 Quercetin 27.43 Ci5H1007 302.0427 301.0348 301.0315 —10.96 107.0121,121.0282,151.0023,
12 Taxifolin 12.78 C15H1207 304.0583 303.0505 303.0457 —15.84 285.0378,267.8192,241.0443
13 Gentianolic acid glycoside 1.76 C14H200g 316.1158 315.108 315.1054 —8.25 153.0170,180.0083,218.9878
14 Methyl gentianolic acid glycoside 3.81 C14H;509 330.0951 329.0873 329.0885 3.65 268.9901,191.0553,167.0331
15 3,5-Dihydroxy-4-methyl-3-O- 6.41 C14H;1509 330.0951 329.0873 329.0847 -7.9 167.0331,191.0327,269.0471
glucoside
16 Chlorogenic acid* 4.03 C16H1809 354.0951 353.0873 353.0847 —7.36 135.0437,179.0343,191.0553
17 Cryptochlorogenic acid 4.81 Ci16H1809 354.0951 353.0873 353.0847 -7.36 173.0436,179.0343,191.0553
18 Methyl chlorogenate 12.69 C17H2009 368.1107 367.1029 367.1003 —7.08 254.0564,178.9986,153.0170
19 (E/Z)-Polydatin 11.17 CaoH220g 390.1315 389.1236 389.1218 —4.63 227.0671,242.0022
20 Unknown 21.57 C21H20010 432.1056 431.0978 431.0959 —4.41 285.0343,184.9932,320.0025
21 Engeletin” 23.36 C21H22010 434.1213 433.1135 433.1136 0.23 287.0543,269.0438,259.0538,180.0055,151.0023
22 Isoengeletin 20.76 C21H25010 434.1213 433.1135 433.1136 0.23 287.0534,269.0438,259.0583,180.0055,151.0023
23 Quercitrin® 22.27 C21H20011 448.1006 447.0927 447.0921 —-1.34 301.0315,300.0268,271.0224,243.0291,151.0023
24 Cynaroside 20.10 C21H20011 448.1006 447.0927 447.0877 -11.18 285.0375,208.9332
25 Dihydrocaphen 3-O-p-D-glucoside 5.09 C21H22011 450.1162 449.1084 449.1034 —-11.13 287.0534,259.0583,153.0170
26 Dihydrocaphen 5-O-p-D-glucoside 6.64 C21H22011 450.1162 449.1084 449.1077 —-1.56 287.0534,269.0438,153.0170
27 Dihydrocaphen 7-O--D-glucoside 7.45 C21H22013 450.1162 449.1084 449.1077 —1.56 287.0534,269.0438,259.0583
28 Neoastilbin 14.58 C21H22011 450.1162 449.1084 449.1077 -1.56 303.0493,285.0378,178.9959,151.0375,125.0233
29 Astilbin 15.91 C21H22011 450.1162 449.1084 449.1077 —-1.56 125.0233,151.0023,449.1034
30 Neoisoastilbin 19.29 C21H25014 450.1162 449.1084 449.1077 —1.56 303.0529,285.0378,178.9959,151.0375,125.0233
31 Isoastilbin™ 20.22 C21H22011 450.1162 449.1084 449.1077 -1.56 303.0493,285.0378,178.9959,151.0375,125.0233
32 Taxifolin 3-O-glucoside 4.466 C21H22012 466.1111 465.1033 465.1004 —6.24 376.0091,303.0172,241.0093
33 Rutin 18.40 Ca7H30016 610.1534 609.1456 609.1483 4.43 300.0268,301.0315,229.1207,257.3998

" Compounds identified using reference compounds.
# Unrecognized isomer.
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Fig. 1. Total ion chromatogram (A) and extracted ion chromatogram (B-D) of JGTCs based on UPLC-QTOF-MS/MS profiles in negative mode.

The proximity ladder-shaped formula was used to calculate the area
under the curve (AUC) of blood glucose concentrations. On day 27 of the
dosing phase, fecal samples were obtained from every rat. Rats were
anesthetized with ether before euthanization by decapitation, and blood
was then obtained from the abdominal aorta. The blood samples were

centrifuged for 10 min at 1000 x g to obtain serum. Biochemical kits
purchased from the Nanjing Jiancheng Bioengineering Institute (Nanj-
ing, China) were used to measure the levels of the following serum
markers: aspartate aminotransferase (AST) (CAT: C010-2-1, LOT:
202304024), alanine aminotransferase (ALT) (CAT: C009-2-1, LOT:
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Fig. 2. JGTC regulates blood glucose and liver lipid accumulation in diabetic rats. (A-C) Biochemical indicators, including blood glucose levels. (D). Representative
images of hematoxylin and eosin (H&E) and Oil Red O staining of rat liver. (E-G). TC (E), TG (F), and LDL-C (G) contents. (H and I) Liver function indexes ALT (H)
and AST (I). JGTC-L, 0.54 g/kg treatment; JGTC-H, 1.62 g/kg treatment. “P < 0.05, *#P < 0.01 vs. the control group; *P < 0.05, **P < 0.01 vs. the model group.

202304024), TC (CAT: A111-1-1, LOT: 202304024), TG (CAT: A110-1-
1, LOT: 202304024), and low-density lipoprotein-cholesterol (LDL-C)
(CAT: A113-1-1, LOT: 202304024).

For histological evaluation, livers were fixed in 4 % para-
formaldehyde for 24 h, followed by routine dehydration and paraffin-
embedding. For all subgroups, paraffin-embedded liver tissue was
sectioned at 5 pm before hematoxylin and eosin (H&E) stainingto esti-
mate the extent of liver lesions. Oil Red O staining was employed to

identify lipid droplets in the liver tissues. These liver tissues were opti-
mum cutting temperature compound (OCT)-embedded, sectioned at a
thickness of 10 pm, and stained with the Modified Oil Red O Staining Kit
(Beyotime, Shanghai, China) for 15 min.

Western blot analysis

Total proteins were extracted, and Western blots were performed
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Fig. 3. JGTC regulates hepatic FXR and lipid metabolism-related gene expression in diabetic rats to alleviate liver injury. (A and B). Western blots and qRT-PCR
analysis of the expression of FXR protein (A) and mRNA (B). (C-D). gRT-PCR analysis of the expression of lipid synthesis-related genes CYP7A1 (C), Srebplc (D),
and Fas (E). (F-H). qRT-PCR analysis of the expression of inflammation-related genes IL-1/ (F), TNF-a (G), and IL-6 (H).

according to a previously described method (Chen et al., 2021) using
antibodies to detect the following proteins: FXR (1:1000, sc-25309;
Santa Cruz Biotechnology, Dallas, CA, USA) and p-actin (1:1000,
sc-47778; Santa Cruz Biotechnology). Horseradish
peroxidase-conjugated AffiniPure goat anti-mouse IgG (H + L) (1:5000,
SA00001-1; Proteintech, Wuhan, China) was used as the secondary
detection antibody, and the results were analyzed using ImageJ (Na-
tional Institutes of Health, Bethesda, MD) software.

Quantitative real-time PCR

As described previously, RNA was extracted and reverse-transcribed
to ¢cDNA (Ding et al., 2020). Quantitative real-time polymerase chain
reaction PCR (qRT-PCR) analysis was performed on the Bio-Rad CFX96
Real-Time PCR Detection System (Hercules, CA, USA) using the ChamQ

SYBR qPCR Master Mix (Low ROX Premixed) (Vazyme, Nanjing, China),
and the primers described in Supplementary Table 1. Data were
normalized against p-actin, and relative gene expression was determined
using the 2722CT method.

16S rDNA gene sequencing analysis
16S rDNA sequencing of fecal samples collected from the rats and
subsequent bioinformatics analysis was conducted using an Illumina

NovaSeq 6000 platform to obtain 250-bp paired-end reads as previously
described (Zhang et al., 2022a).

Metabolomics analysis

An extraction solution containing deuterated internal standards
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Fig. 5. Heatmap of significantly different liver metabolites between the control, model, and JGTC-L groups. The relative expression of liver metabolites is repre-

sented by different colors (n = 5 per group).

(MeOH:ACN:H20, 2:2:1 [v/v], 500 mL) was mixed with liver tissue
samples of the mice (25 mg). Protein precipitation was performed by
vortexing the mixed solution for 30 s, sonicating it for 10 min at 4 °C,
and incubating it for 1 h at —40 °C. Supernatant from the centrifuged
samples was transferred to a fresh glass vial for analysis after centrifu-
gation for 15 min at 13,800 x g at 4 °C.

Serum and fecal sample preparation, ultrahigh-performance liquid
chromatography Quadrupole-Orbitrap tandem mass spectrometry
(UHPLC-Q-Orbitrap MS) analyses, data preprocessing, and the annota-
tion of serum, liver, and fecal metabolomics were performed as

previously described (Zhang et al., 2022a).
Statistical analysis

All statistical analyses were performed using SPSS 22.0 and Graph-
Pad Prism version 8.0 software. The data are expressed as the mean +
standard error of the mean (SEM). Differences between groups of data
were evaluated by one-way analysis of variance (ANOVA). P < 0.05 was
set as the threshold for statistical significance.
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Fig. 6. Heatmap of significantly different liver metabolites between the control, model, and JGTC-H groups. The relative expression of liver metabolites is repre-

sented by different colors (n = 5 per group).
Results
Chemical components of JGTC

We used UPLC-Q-TOF/MS/MS to systematically investigate the
collision patterns of the primary constituents of JGTC, resulting in the
identification of 33 compounds in the negative mode, which are pre-
sented in Table 1 and, among the 33 compounds, there were 21 com-

pounds detected in the positive mode, which are presented in
Supplementary Table 2 and Supplementary Fig. 1.

Effect of JGTCs on streptozotocin-induced diabetic rats

We established a diabetic rat model by the intraperitoneal injection

of STZ and administration of an HFD to investigate the effects of JGTCs
on diabetes. Compared to the control group, the levels of FBG, PBG, and
glucose AUC were increased significantly in the diabetic rats (model
group) (P < 0.05 and P < 0.01; Fig. 1A-C). JGTC treatment signifi-
cantly decreased FBG, PBG, and glucose AUCs (P < 0.05 and P < 0.01,
Fig. 2) compared to the model group.

The liver histology of rats in the control group was normal. In
contrast, rats in the model group showed lipid accumulation, which is
typically observed in diabetes (Fig. 2D). Compared to the model group,
liver histological changes were significantly improved in the JGTC-L and
JGTC-H groups. H&E staining showed that JGTC treatment decreased
cytoplasmic fat vacuoles and ballooning degeneration compared to the
model group. In addition, Oil Red O staining confirmed that JGTCs
inhibited lipid droplet accumulation in liver tissues. The levels of TC,
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Fig. 7. Comparative abundance of significant differential liver metabolites in the control, model, JGTC-L, and JGTC-H groups.

TG, and LDL-C were significantly increased in the model group (P <
0.05 and P < 0.01, Fig. 2E-G), and these levels were significantly
decreased by JGTC treatment (P < 0.05 and P < 0.01, Fig. 2E-G). The
liver injury index test results revealed that the ALT and AST levels were
significantly increased in the model group (P < 0.05 and P < 0.01,
Fig. 2H, I), and these effects were also significantly improved by SC
treatment (P < 0.05 and P < 0.01, Fig. 2H, I).

JGTC regulates hepatic FXR expression in diabetic rats and reduces
lipid accumulation and the inflammatory response. FXR has been
identified as an important regulator of diabetes, with the ability to
alleviate the condition and its complications by regulating blood glucose
levels, lipid metabolism, and inflammatory response (Qin et al., 2020).
Our results showed that JGTCs also regulated blood glucose and lipid
metabolism and alleviated liver injury in diabetic rats (P < 0.05 and P
< 0.01, Fig. 2). Next, we evaluated the ability of JGTCs to protect
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against diabetes in rats by regulating FXR activity. As expected, we
found that FXR expression was downregulated in the liver of diabetic
rats, and this effect was alleviated by JGTC treatment (P < 0.05and P <
0.01, Fig. 3A, B). We also analyzed several genes involved in lipid
metabolism. CYP7A1, Srebp-1c, and FAS expression were upregulated in
diabetic rats, and this effect was reversed by JGTC treatment (P < 0.05
and P < 0.01, Fig. 3C-E). Considering the anti-inflammatory effects of
FXR, we examined the expression of immune factors in diabetic rats.
Compared with the control group, the expression of tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-1p was upregulated in model
rats, and this effect was alleviated by JGTC treatment (P < 0.05and P <
0.01, Fig. 3F-H).
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index (F).
JGTC alters liver metabolite composition in DM rats

The liver is an important regulatory organ for bile acid, glucose, and
lipid metabolism. Bile acid is an endogenous ligand of FXR, and meta-
bolic changes in bile acid can affect the expression and function of FXR.
We analyzed the liver metabolic profiles of the control, model, JGTC-L,
and JGTC-H groups using untargeted metabolomics techniques to
explore the relationship between FXR and liver bile acid metabolism in
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diabetic rats after JGTC treatment. The principal component analysis
(PCA) score plot showed a clear separation among the four groups, with
the JGTC-L and JGTC-H samples located between the control and model
groups (Fig. 4A and B).

After PCA, supervised orthogonal partial least squares-discriminant
analysis (OPLS-DA) was applied to identify metabolites. The liver
OPLS-DA score plots of pairs of groups (model vs. JGTC-L or model vs.
JGTC-H) are shown in Fig. 4C and E. The established OPLS-DA models
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Fig. 9. Changes in species abundance at the genus level in the 4 groups. *P < 0.05, **P < 0.01, vs. the control group; *P < 0.05, **P < 0.01, vs. the model group.

were identified by 200 response permutation testing (Fig. 4D-F). In the
comparison of the model and JGTC-L groups, R’Y =0.96, Q> =-0.45.In
the comparison of the model and JGTC-H groups, R2Y = 0.96, Q* =
-0.31. The differential liver metabolites are illustrated in the volcano
plots shown in Fig. 4G and H.

Metabolites were identified by variable importance in the projection
(VIP) values (threshold >1) of OPLS-DA and P-values (threshold < 0.05)
in the Student’s t-test. We found 114 differential metabolites between
the control and model groups (Supplementary Fig. 2), 52 between the
model and JGTC-L groups (Supplementary Fig. 3), and 43 between the
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model and JGTC-H groups (Supplementary Fig. 4). 43 differential me-
tabolites were found among the control, model, and JGTC-L groups
(Fig. 5). Thirty-six metabolites were found among the control, model,
and JGTC-H groups (Fig. 6), and 26 differential metabolites among the
control, model, JGTC-L and JGTC-H groups, as presented in Fig. 7. We
detected a significant number of bile acid metabolites associated with
FXR, such as glyco-beta-muricholic acid, glycocholic acid, tauro-beta-
muricholic acid, and tauro-gamma-muricholic acid. Compared with
the control group, the levels of glyco-beta-muricholic acid and glyco-
cholic acid were increased significantly in model rats, and the levels of
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the two bile acid metabolites were decreased in the JGTC-L and JGTC-H
group. The levels of tauro-beta-muricholic acid and tauro-gamma-
muricholic acid were higher in the model group than in the JGTC-L
group.

JGTC improves intestinal flora disorder in DM rats

We analyzed the 16S rDNA of rats in the control, diabetic, JGTC-L,
and JGTC-H groups to determine how JGTC affects gut microbial com-
munities and compared microbial species in different samples using non-
metric multidimensional scaling (NMDS) based on beta diversity anal-
ysis. We detected a large variability in the control and model groups,
with those in the JGTC group closer to those in the control group
(Fig. 8A and B). Shannon and Simpson indices were used to reflect the
diversity of the sample population. Compared with the control group,
the Shannon and Simpson indices of the model group were decreased,
whereas the two indices of the JGTC-L and JGTC-H groups were higher
than those of the model group (Fig. 8C-F). Phylum, class, order, family,
and genus information are provided in Supplementary Figs. 5-9. Dif-
ferences between the 4 groups at the genus levels were evaluated by
ANOVA and the results are shown in Fig. 9.

At the genus level, the relative abundance of g Aerococcus, g Bifido-
bacterium, g Coprococcus, g Coriobacteriaceae UCG-002, g Corynebacte-
rium, g Enterorhabdus, g Escherichia-Shigella, g Mesotoga, g Mycoplasma,
g Dubosiella, g Pediococcus, g Blautia, and g Turicibacter was significantly
increased in the model group compared with the control group (P <
0.05 and P < 0.01, Fig. 9), whereas the relative abundance of g Cor-
iobacteriales unclassified, g Enterorhabdus, g Flavonifractor, g Monoglobus,
g Prevotella, g Prevotellaceae UCG-001, g Tuzzerella, g UCG-
010_unclassified, g Bacteroidales RF16_group unclassified, and g Odor-
ibacter was decreased (P < 0.05 and P < 0.01, Fig. 9). JGTC adminis-
tration significantly reversed the differences observed at the genus level
in the model group, resulting in intestinal microflora relative abundance
levels similar to those in the control group (P < 0.05 and P < 0.01).

We analyzed all validated sequences using the linear discriminant
analysis effect size (LEfSe) method to determine which phylotypes were
significantly modulated in the model group and the effect of JGTC
treatments. Discriminative features were identified based on an linear
discriminant analysis (LDA) score of >3.0 (Supplementary Figs. 10 and
11). In accordance with the changes observed at the genus level, phyla
such as g Blautia, g Escherichia-Shigella, g Corynebacterium, g Marvin-
bryantia, g Bifidobacterium, g Coprococcus, g Kroppenstedtia, and g Ped-
iococcus were enriched in the model group compared with the control
group.

JGTC alters fecal metabolite composition in DM rats

Small molecules are used as bridges for substance and information
exchange between the gut microbiota and the host. Alterations in the
intestinal flora are reflected by changes in the metabolism of substances.
Therefore, we assessed the metabolic functionality of the gut microbiota
by analyzing fecal samples to investigate potential changes in the in-
testinal microbiota.

UHPLC-Q-Orbitrap MS was used to analyze fecal samples from rats in
the control, model, JGTC-L, and JGTC-H groups, and unsupervised PCA
was performed to visualize the general clustering of the samples. PCA
plots of all fecal samples showed clear group distinctions (Supplemen-
tary Fig. 12A and B). The JGTC-L and JGTC-H samples were closer to the
control group than the model group. All fecal samples fell within the 95
% confidence interval. After PCA, supervised OPLS-DA was applied to
identify the metabolites. The OPLS-DA score plots of pairs of groups
(model vs. JGTC-L or model vs. JGTC-H) are shown in Supplementary
Fig. 12C and E. Permutation tests of 200 responses were used to identify
the established OPLS-DA models (Supplementary Fig. 12D and F). The
model quality was estimated by R%Y and Q2 values. The differential fecal
metabolites are illustrated in the volcano plots shown in Supplementary
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Fig. 10. Summary of the pathways altered by JGTC-L treatment (A). a: Histi-
dine metabolism, b: taurine and hypotaurine metabolism, c: tryptophan meta-
bolism, d: arginine and proline metabolism, e: arachidonic acid metabolism, f:
glycerophospholipid metabolism, g: vitamin B6 metabolism, and h: tyrosine
metabolism. Summary of the pathways altered by JGTC-H treatment (B). a:
Histidine metabolism, b: tyrosine metabolism, c: arachidonic acid metabolism,
d: phenylalanine, tyrosine, and tryptophan biosynthesis, e: arginine bio
synthesis, f: arginine and proline metabolism, g: tyrosine metabolism, h:
pantothenate and CoA biosynthesis, and i: glycerophospholipid metabolism.

Fig. 12G and H.

Based on the above analysis, JGTC-L altered 142 key metabolites in
model rats (Supplementary Fig. 13). These metabolites were enriched in
the metabolism of histidine, taurine and hypotaurine, tryptophan,
arginine and proline, arachidonic acid, glycerophospholipids, vitamin
B6, and tyrosine (Fig. 10A). JGTC-H altered 165 key metabolites in the
model rats (Supplementary Fig. 14), and these metabolites were
enriched in histidine metabolism, tyrosine metabolism, arachidonic acid
metabolism, phenylalanine, tyrosine and tryptophan biosynthesis,
arginine biosynthesis, and arginine and proline metabolism (Fig. 10B). A
Venn diagram of the differential metabolites in the JGTC-L and JGTC-H
groups (Supplementary Fig. 15) revealed 114 shared fecal metabolites
(Fig. 11).
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Fig. 11. Comparative abundance of significant differential fecal metabolites in the control, model, JGTC-L, and JGTC-H groups.

JGTC alters serum metabolite composition in DM rats metabolomics techniques. The PCA score plot showed a clear separation
among the 4 groups (Supplementary Fig. 16A and B), with the JGTC-L

Changes in the composition of the blood reflect metabolism and and JGTC-H samples located between the control and model groups.
health. Therefore, we also analyzed the serum metabolic profiles of rats Metabolites were identified using supervised OPLS-DA after PCA.

in the control, model, JGTC-L, and JGTC-H groups using untargeted The serum OPLS-DA score plots of pairs of groups (model vs. JGTC-L or
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Fig. 12. Serum metabolites and pathways significantly modulated by JGTC-L. Comparison of the relative abundance of serum metabolites in the control, model, and
JGTC-L groups (A). Summary of the pathway analysis (B). a: Glycerophospholipid metabolism, b: fructose and mannose metabolism, c: galactose metabolism, d: linol
eic acid metabolism, e: amino sugar and nucleotide sugar metabolism, f: valine, leucine, and isoleucine biosynthesis, g: tryptophan metabolism, and h: histidine

metabolism.

model vs. JGTC-H) are shown in Supplementary Fig. 16C and E. The
established OPLS-DA models were identified by 200 response permu-
tation testing (Supplementary Fig. 16D-F). In the comparison of the
model and JGTC-L groups, R?Y = 0.95, Q2 = —0.45. In the comparison of
the model and JGTC-H groups, R’Y = 0.96, Q? = —0.41. The differential
serum metabolites are illustrated in the volcano plots shown in Sup-
plementary Fig. 16G and H.

15

JGTC-L altered 63 key metabolites in model rats (Fig. 12A, Supple-
mentary Table 3) and these metabolites were enriched in the meta-
bolism of glycerophospholipids, fructose and mannose, galactose,
linoleic acid metabolism, amino sugars and nucleotide sugars, trypto-
phan, and histidine, as well as valine, leucine, and isoleucine biosyn-
thesis (Fig. 12B). JGTC-H altered 49 key metabolites in model rats
(Fig. 13A, Supplementary Table 4) and these metabolites were enriched
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JGTC-H groups (A). Summary of the pathway analysis (B). a: Glycerophospholipid metabolism, b: linoleic acid metabolism, c: alpha-linolenic acid metabolism, d:
glycosylphosphatidylinositol-anchor biosynthesis, e: sphingolipid metabolism, f: histidine metabolism, and g: lysine degradation.

in the metabolism of glycerophospholipids, linoleic acid, alpha-linolenic
acid, sphingolipids, and histidine, as well as
glycosylphosphatidylinositol-anchor biosynthesis and lysine degrada-
tion. A Venn diagram of the differential metabolites in the JGTC-L and
JGTC-H groups (Supplementary Fig. 17) revealed 36 shared serum
metabolites (Fig. 14).

Correlation between intestinal flora and metabolites

Spearman’s correlation analysis was used to examine the relation-
ship between altered fecal metabolites and the gut microbiota (top 30).

16

Heatmaps of the results are shown in Fig. 15. Specifically, g Tuzzerella
was associated with 26 fecal metabolites; g Prevotellaceae. UCG-001 and
g Flavonifractor were associated with 24 fecal metabolites; g Aerococcus
and g UCG-010_unclassified were associated with 25 fecal metabolites;
g Monoglobus and g Coprococcus were associated with 23 fecal metabo-
lites; g Corynebacterium, and g Mycoplasma were associated with 21 and
22 fecal metabolites, respectively; g Coriobacteriaceae UCG-002, g Blau-
tia, and g Odoribacter were each associated with 18 fecal metabolites;
g Enterococcus, g Mesotoga, and g Pediococcus were each associated with
16 fecal metabolites; g Bifidobacterium, g Prevotella, and g Bacteroidales_
RF16_group unclassified were each associated with 17 fecal metabolites;
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Fig. 14. Comparative abundance of significant differential serum metabolites in the control, model, JGTC-L, and JGTC-H groups.

g Turicibacter, g Escherichia-Shigella, and g Coriobacteriaceae UCG-002
were associated with 13, 14, and 9 fecal metabolites, respectively; and
g Dubosiella and g Enterococcus were each associated with 10 fecal me-
tabolites. With the exception of oleamide, all fecal metabolites were
significantly correlated with at least one genus. Spearman’s correlation
analysis showed a strong correlation between the differential metabolic
profiles of feces and serum (Supplementary Fig. 18).

Discussion

In our study, a diabetic rat model was established using an HFD and
STZ to investigate the role of JGTCs. Treatment with JGTCs alleviated
the symptoms associated with hyperglycemia and hyperlipidemia and
protected model rats from lipid metabolism disorders. The mechanism
underlying the effects of JGTCs in this model may be due to its ability to
regulate the structure of the intestinal microbiota (by altering the rela-
tive abundances of 22 genera, including g Aerococcus, g Bifidobacterium,
g Coprococcus, g Coriobacteriaceae. UCG-002, and g Corynebacterium) and
thus, affect FXR and inflammatory factors, and prevent changes in some
key fecal, serum, and liver metabolites. These findings implicate JGTCs
as a potential therapeutic agent for hyperglycemia and hyperlipidemia.

DM is also commonly associated with disturbances in lipid meta-
bolism, which typically determine the course and severity of the disease
(Yang et al., 2019). Our study showed that diabetic rats had significantly
higher blood glucose levels, along with higher TC, TG, and LDL-C levels,
which confirmed the existence of disrupted lipid metabolism in the DM
model rats. Following a 4-week administration of JGTCs, serum blood
glucose and lipid levels were significantly decreased. Previous studies in

17

HFD-fed mice showed that the ethanol extract of Smilax china reduced
cholesterol biosynthesis, reduced plasma and liver cholesterol concen-
trations, and enhanced TG lipase activity (Yudhani et al., 2023). In our
current study, we found that the JGTC extract solution had similar ef-
fects in DM rats induced by STZ administration and an HFD (Yudhani
et al., 2023). Hepatocyte function can be impaired by DM and its com-
plications (Yan et al., 2022). The histopathological observations were
consistent with the biochemical observations in serum. These results
indicate that JGTCs exert hypoglycemic effects and regulate lipid
metabolism to decrease the liver injury associated with DM in model
rats.

The liver regulates blood glucose and lipid metabolism by respond-
ing to insulin signals and is an important site of glucose and lipid
metabolism. FXR, an important regulator of metabolism, is highly
expressed in the liver. CYP7Al is a downstream target gene of FXR,
which is involved in bile acid and lipid metabolism. Jiang et al. found
that baicalin inhibited CYP7A1 expression in the liver of diabetic mice to
reduce lipid accumulation (Jiang et al., 2007). In our study, FXR
expression in the liver of diabetic rats was downregulated, and this effect
was reversed by JGTC treatment. JGTC also inhibited the up-regulation
of CYP7A1 and lipid accumulation-related genes Srebpl and FAS in the
liver of diabetic rats. FXR has been reported to alleviate
diabetes-induced nonalcoholic fatty liver disease by regulating the in-
flammatory response (Hu et al., 2018). Our study found that
pro-inflammatory factors (IL-p, TNF-a, IL-6) were improved in diabetic
rats. Our results also showed that JGTC treatment inhibited
pro-inflammatory factors (IL-p, TNF-a, and IL-6) in the liver of diabetic
rats and alleviated liver injury. These results suggest that FXR may be a
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Fig. 15. Correlation analysis of the top 30 significant changes in fecal metabolites by bacterial strain (by genus). Positive and negative correlations in the heatmap
are shown in red and blue, respectively (*P < 0.05, **P < 0.01, ***P < 0.001).

potential target for JGTCs in alleviating liver injury in diabetic rats.

Disordered gut microbiota composition manifests as intestinal
inflammation and impaired intestinal tight junction with higher
permeability, leading to peripheral inflammation, and, ultimately, the
development of diabetes. Previous studies reported that FXR not only
inhibited the activity of nuclear factor (NF)-xB to protect hepatocytes
from inflammatory damage but also regulated glycolipid metabolism
and alleviated diabetes-induced nonalcoholic fatty liver (Hu et al., 2018;
Shiragannavar et al., 2023; Valencia-Ortega et al., 2023). Our results
also showed that JGTC treatment promoted the expression of FXR in the
liver of diabetic rats and inhibited the expression of adipokines (Srebplc
and Fas) and pro-inflammatory factors (IL-B, TNF-a, and IL-6) to alle-
viate liver injury. These results indicate that JGTCs may regulate liver
inflammation and glucose and lipid metabolism in diabetic rats through
FXR. However, further exploration is needed.

Considering that bile acid is an endogenous ligand of FXR, its
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metabolic changes will affect the expression and function of FXR.
Therefore, we performed a metabolomics analysis of the liver and found
that some bile acid metabolites were abnormal. Glyco-beta-muricholic
acid is a bile acid and a potent, selective, and oral bioactive inhibitor
of the FXR (Jiang et al.,, 2015). In our study, the content of
glyco-beta-muricholic acid was higher in the model group, and the levels
of tauro-gamma-muricholic acid were decreased in the JGTC-L and
JGTC-H groups.

To explore the diversity of the gut microbiota in rats, we analyzed
16S rRNA sequences. Our results showed that the Shannon and Simpson
indexes were decreased in DM rats compared with healthy rats and both
indexes were improved following JGTC treatment. The control and
model samples were clearly separated based on NMDS analysis, with the
JGTC-L and JGTC-H samples located between them. Subsequently,
LEfSe and one-way ANOVA analysis of the different intestinal microflora
revealed that the levels of 13 genera were increased in the model group
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compared with the control group, whereas 14 genera were decreased.
JGTC treatment reversed the abundance of these flora to levels that were
more similar to those in the control group. JGTC-H treatment altered 18
genera, and JGTC-L altered 14, with 8 genera, including g Aerococcus,
g Bifidobacterium, and g Corynebacterium, shared by the 2 groups.

The correct identification and treatment of g Aerococcus is critical to
avoid a life-threatening systemic infection (Cattoir et al., 2010). The
abundance of g Blautia is positively associated with DM (Gurung et al.,
2020; Wang et al., 2021). Huang et al. also showed a higher abundance
of g Blautia in individuals with DM compared to healthy individuals
(Huang et al., 2022). Our study found that DM rats had higher levels of
g Blautia than control rats, and JGTC treatment decreased this relative
abundance of g Blautia. Huang et al. reported an increased abundance of
g Coprococcus in a DM rat model (Huang et al., 2022). In this study, we
found that JGTC treatment could reduce the abundance of g Coprococcus
in diabetic rats. The human microbiome is highly populated with
g Prevotella spp., which is a key player in the balance between health and
disease (Tett et al., 2021). Some studies showed that the relative
abundance of g Prevotella and g Prevotellaceae UCG-001 was lower in DM
patients and animal models than in healthy controls (Zhang et al., 2023;
Li et al., 2022). In accordance with previous studies, we also detected a
decrease in the abundance of g Prevotella and g Prevotellaceae. UCG-001
in the model group (Zhang et al., 2023; Li et al., 2022) and demonstrated
that this was reversed after JGTC treatment. Changes in the abundance
of g Dubosiella in diabetes are controversial with decreased abundance
in the DM group in some studies (He et al., 2022; Yin et al., 2022; Zhou
et al., 2023) and increased abundance in other studies (Zhang et al.,
2022b; Wang et al., 2023). In our study, the abundance of g Dubosiella
was increased in the DM group (Zhang et al., 2022b; Wang et al., 2023).
The presence of g Turicibacter was increased in patients with severe
fibrotic non-alcoholic fatty liver disease (NAFLD) (Rodriguez-Diaz et al.,
2022). Another study showed that the abundance of Turicibacter was
also increased in HFD-induced NAFLD (Somm et al., 2021). Other re-
searchers also found that the abundance of g Turicibacter was increased
in diabetic mice (He et al., 2022; Shang et al., 2023). Our results are
consistent with these previous studies. Our study demonstrated that the
intestinal flora was changed in diabetic rats, and JGTC treatment
regulated the balance of the intestinal flora to increase beneficial bac-
teria and reduce harmful bacteria.

The microbiota in the intestine is crucial to regulating the physio-
logical functions of the host, particularly metabolic homeostasis.
Untargeted metabolomics analysis can be used to highlight the gut
microbiota metabolites that can be used to infer the co-metabolism of
the host and the microbiome (Griffiths et al., 2010). We found that
histidine metabolism, glycerophospholipid metabolism, and tryptophan
metabolism, which are closely related to the abundance of the intestinal
flora, were altered by JGTC treatment. Histamine, 1-methylhistidine,
and methylimidazole acetic acid are crucial components of histidine
metabolism. In each target organ, histamine signals H1Rs and H2Rs to
regulate metabolic and inflammatory processes (Thangam et al., 2018).
In our study, fecal histamine levels were decreased in the DM model
group, whereas the levels of 1-methylhistidine and methylimidazole
acetic acid were increased. After the administration of JGTCs, these
metabolites returned to levels that were similar to those detected in the
control group. In accordance with our fecal metabolomics data, our
serum metabolomics analysis also showed that JGTCs regulate histidine
metabolism. In our study, fecal histamine levels were decreased in the
DM model group, whereas the levels of 1-methylhistidine and methyl-
imidazole acetic acid were increased. The levels of these metabolites
returned to control levels after JGTC administration. In accordance with
our fecal metabolomics data, our serum metabolomics analysis also
showed that JGTCs regulated histidine metabolism. Previous studies
identified g Aerococcus, g Bifidobacterium, and g Dubosiella as common
flora associated with histidine metabolism (Wang et al., 2022; Liao et al.,
2023). In addition, Liao et al. found that g Dubosiella abundance was
increased in NAFLD and affected histidine metabolism (Liao et al.,
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2023). We also found an increased abundance of g Dubosiella and altered
histidine metabolism in diabetic rats with fatty liver, the result was
consistent with the above study (Liao et al., 2023).

The metabolism of tryptophan can be affected by gut microbes and
host interactions (Agus et al., 2018). In addition to neuronal function
and metabolism, tryptophan metabolism affects inflammation, oxidative
stress, immune responses, and intestinal homeostasis (Xue et al., 2023).
Our results showed that tryptamine was positively associated with
g Prevotellaceae UCG-001, g Monoglobus, g Enterorhabdus, and g Tuzzer-
ella, and negatively associated with 7 genera, including g Blautia,
g Aerococcus, and g Coprococcus. G_Aerococcus was negatively associated
with tryptamine. Tryptamine, which stimulates serotonin secretion by
enterochromaffin cells, also regulates intestinal motility and function
(Yano et al., 2015). Study demonstrated that tryptamine has antibac-
terial and anti-inflammatory properties (Malik et al., 2019). In our
study, the abundance of tryptamine was decreased in DM model rats,
whereas the expression of inflammatory factors (IL-1p, TNF-a, and IL-6)
and the level of g Aerococcus were significantly increased in STZ-induced
diabetic rats, consistent with a previous report (He et al., 2022). These
effects were improved by JGTC treatment. Prevotella was found to
accumulate phenylethylamine, tyramine, and tryptamine, while
cadaverine and histamine accumulated in the latter (Fernandez-Cantos
et al, 2024). Our results showed that gPrevotella and g Pre-
votellaceae UCG-001 were all positively associated with tryptamine.

Alpha-linolenic acid metabolism, glycerophospholipid metabolism,
and linoleic acid metabolism are lipid metabolism pathways (Han et al.,
2015). Disturbances in these lipid metabolic pathways in DM model rats
are consistent with pharmacodynamic phenotyping studies that showed
that hepatic lipid metabolism was disturbed in diabetic rats. In addition,
these phospholipids are abundant in atherosclerosis and found in all
major lipoproteins. Both plasma PC and sphingomyelin have been
identified as independent risk factors for coronary heart disease (Jiang
et al., 2000; Schlitt et al., 2006; Wang et al., 2011). We found that the
serum levels of PC (22:6(4Z,77,10Z,13Z,16Z,197)/20:3(5Z,8Z,11Z)), PE
(16:0/18:2(9Z,127)), and fecal glycerophosphocholine were increased
in the DM group, whereas the level of fecal PC was decreased in the DM
group, and JGTCs regulated the levels of all 4 of these metabolites. In
DM model rats, arginine and proline metabolism was greatly enriched
(Yang et al, 2023). In our study, we found that the levels of
L-4-hydroxyglutamate semialdehyde and gamma-aminobutyric acid,
which are the key metabolites in arginine and proline metabolism, were
increased in DM model rats, and the levels of both metabolites were
decreased in the JGTC-L and JGTC-H groups.

A few recent studies reported the potent antidiabetic properties of
Smilax china L. in mice with alloxan-induced uracil disease by inhibiting
a-glucosidase and increasing the liver glycogen content (Gan et al.,
2016; Ma et al., 1998). However, studies on the anti-diabetic effects of
JGTCs have not yet been reported in the literature. The prevalence of
diabetic lipid metabolism disorders has increased annually. Therefore, it
is important to find drugs with the ability to treat diabetic liver lipid
metabolism disorders. As far as we know, our study is the first to report
the anti-diabetic effects and mechanisms of JGTCs in a diabetic rat
model. We showed that JGTCs can affect the FXR signaling pathway and
alleviate hyperglycemia, liver lipid accumulation, and inflammatory
responses, as well as intestinal flora and bile acid metabolism disorders
in diabetic rats. The results of this study may provide a basis for the
clinical application and secondary development of JGTCs.

However, the mechanism by which JGTCs modulate FXR signaling
and whether factors, such as intestinal flora and bile acid metabolism,
are regulated through FXR remain to be fully elucidated. In future
studies, we will investigate the mechanism underlying the close asso-
ciation of FXR with gut flora and bile acids. We will also further explore
the ability of JGTCs to alter the gut microbiota and bile acid metabolism
in diabetic rats.
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Fig. 16. Jingangteng capsules maintain metabolism and intestinal flora homeostasis in diabetic rats, and alleviates liver damage and lipid metabolism disorders in

diabetic rats.
Conclusions

JGTCs were investigated in diabetic rats to determine their amelio-
rative effects on liver lipid disorders. As shown in Fig. 16, our results
indicated that JGTC maintains metabolism and intestinal flora homeo-
stasis in diabetic rats, and alleviates liver damage and lipid metabolism
disorders in diabetic rats. Our findings revealed that the metabolism of
histidine, glycerophospholipids, taurine and hypotaurine, tryptophan,
arginine and proline, arachidonic acid, and linoleic acid was the key
metabolic pathway involved in the effects of JGTCs. Our study high-
lights the potential of JGTCs for treating DM patients and uses in the
design and secondary development of JGTCs.
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