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Background: Dangguilivhuang Tang (DGLHT), a classic traditional Chinese medicine formula, has long been used to treat type 2
diabetes mellitus (T2DM). Nevertheless, its therapeutic efficacy, pharmacological foundation, and underlying mechanisms warrant
further scientific exploration.

Methods: Ultra-high-performance liquid chromatography coupled with Thermo Vanquish UHPLC-Thermo Q Exactive HFX
(UHPLC-QE-MS) was utilized to identify the chemical components of DGLHT. A potential therapeutic network for DGLHT in
treating T2DM was constructed using network pharmacology. Untargeted metabolomics techniques were applied to reveal the
differential effects of DGLHT on T2DM, and 16S rDNA amplification sequencing technology was used to investigate the differential
metabolic regulation of gut microbiota in T2DM mice treated with DGLHT. Molecular biomedical experimental methods were
combined to validate and analyze expression levels of the relevant proteins in the liver. A correlation analysis between the active
ingredients of DGLHT and the differential gut microbiota was established.

Results: DGLHT improved glycemia, glucose tolerance, and liver injury in T2DM mice. A total of 38 major components were
identified. Core targets included mitogen-activated protein kinase 1 (MAPK1), mitogen-activated protein kinase 3 (MAPK3), non-
receptor tyrosine kinase (TNK), C-X-C motif chemokine ligand 8 (CXCLS), and serine/threonine kinase 1 (AKT1). DGLHT
significantly altered the serum metabolic profile and gut microbiota composition in T2DM mice. These alterations affected
inflammation-related Toll-like receptor signaling pathways, phosphorylation-associated ErbB signaling pathways, and functional
substance metabolism related to bile secretion, cholesterol metabolism, biosynthesis of unsaturated fatty acids, protein digestion and
absorption, cysteine and methionine metabolism, carbohydrate metabolism, intestinal membrane transport, and amino acid meta-
bolism. DGLHT modulated protein expression in several key signaling pathways, including the toll-like receptor 4 (TLR4)/nuclear
factor kappa-B (NF-kB)/NOD-like receptor thermal protein domain-associated protein 3 (NLRP3) pathway, phosphatidylinositide
3-kinase (PI3K)/protein kinase B (AKT)/glucose transporter type 4 (GLUT4) pathway, AMP-activated protein kinase (AMPK)/
sirtuin 1 (SIRT1)/peroxisome proliferators-activated receptor y coactivator 1 alpha (PGC-1a) pathway, and heme oxygenase 1 (HO-
1)/superoxide dismutase (SOD2)/catalase (CAT) pathway. The Candida genus and gamma-linolenic acid exhibited the strongest
correlation.

Conclusion: DGLHT alleviates T2DM insulin resistance via multi-pathway regulation of inflammation, energy metabolism, and
oxidative stress, mediated through metabolic and gut microbiota modulation.
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Introduction
Diabetes mellitus is a chronic metabolic disorder characterized by hyperglycemia resulting from insulin secretion defects
or insulin resistance(IR)." The primary types include type 1 diabetes (T1DM), type 2 diabetes (T2DM), and gestational
diabetes mellitus (GDM).? T2DM is characterized by a reduction in insulin production or IR, leading to elevated blood
glucose levels.® According to the latest data from the International Diabetes Federation (IDF), the global prevalence of
T2DM among adults was estimated to be 536.6 million (10.5%) in 2021, with projections indicating a further increase to
783.2 million (12.2%) by 2045.* There is substantial evidence demonstrating that a significant proportion of T2DM
cases can be prevented through the adoption of healthy lifestyle behaviors, including maintaining a normal body weight,
following a nutritionally balanced diet, engaging in regular moderate to vigorous physical activity, abstaining from
tobacco use, and consuming alcohol in moderation, both within the general population and among individuals at
increased risk,*’ such as those with elevated fasting plasma glucose levels.®

Western medicine’s diagnosis, treatment, and medication often fall short of achieving satisfactory therapeutic effects
and tolerability, making it challenging to meet individual treatment needs. Traditional Chinese medicine (TCM).”
Dangguilivhuang Tang (DGLHT) is a classic TCM formula commonly used to treat T2DM. Originating from Li
Dongyuan’s “LanTingMiCang” during the Jin and Yuan dynasties (1180-1251 AD), this formula comprises seven
herbs: Angelicae Sinensis Radix, Rehmanniae Radix, Rehmanniac Radix Praeparata, Scutellariac Radix, Coptidis
Rhizoma, Phellodendri Chinese Cortex, and Astragali Radix, in a ratio of 1:1:1:1:1:1:2. The National Administration
of Traditional Chinese Medicine has now included it in the First Batch of Ancient Classical Prescriptions Catalog. Key
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components include ferulic acid, catalpol, and berberine. Previous research demonstrated DGLHT’s effectiveness in
treating T2DM by regulating the interaction between dendritic cells and T lymphocytes, although its precise mechanism
and material basis remain unclear. DGLHT’s unique combination of Radix Rehmanniae and Rehmanniae Radix
Praeparata has been shown to enhance the expression levels of inflammation and energy metabolism-related proteins
in the liver of T2DM mice.'® Our team’s previous research and current research demonstrated that these herbs ameliorate
inflammation, oxidative stress, and autophagy dysfunction in T2DM mice.'""'? As a classic traditional Chinese medicine
formula, DGLHT has been increasingly used as an adjunctive therapy for DM in recent years, with multiple clinical
studies reporting its potential efficacy. However, the precise mechanisms underlying its hypoglycemic effects, particu-
larly its influence on the composition and function of the gut microbiota, have not been systematically elucidated.
Furthermore, the key active constituents responsible for its pharmacological actions, as well as their in vivo metabolic
processes, remain poorly characterized, resulting in an insufficient understanding of its material basis. These limitations
hinder the modern application and in-depth development of DGLHT. Therefore, further investigation into the mechan-
isms by which DGLHT modulates the gut microbiome and clarification of its pharmacodynamic material basis are crucial
to unveil the scientific rationale behind its anti-diabetic effects.

Each individual technology is limited in its ability to capture the full biological complexity of most human diseases.
As a result, the integration of multiple technologies has emerged as a promising approach to provide a more compre-
hensive understanding of biological systems and disease mechanisms.'? This study employs a multi-omics collaborative
research approach to investigate the material basis and mechanisms of action of DGLHT in treating T2DM. Ultra-high-
performance liquid chromatography coupled with Thermo Vanquish UHPLC-Thermo Q Exactive HFX (UHPLC-QE-
MS) was utilized to identify the chemical components of DGLHT. A potential therapeutic network for DGLHT in
treating T2DM was constructed using network pharmacology. Untargeted metabolomics techniques were applied to
reveal the differential effects of DGLHT on T2DM, and 16S rDNA amplification sequencing technology was used to
investigate the differential metabolic regulation of gut microbiota in T2DM mice treated with DGLHT. Molecular
biomedical experimental methods were combined to validate and analyze relevant molecular pathways in the liver.
A correlation analysis between the active ingredients of DGLHT and the differential gut microbiota was established. In
summary, this study provides a preliminary clarification of the material basis of DGLHT and elucidates its effects and
mechanisms in treating T2DM, contributing valuable insights to the field of traditional Chinese medicine, particularly in
the prevention and treatment of T2DM.

Materials and Methods

Reagents and Materials

Angelicae Sinensis Rdixa, Radix Rehmanniae, Rehmanniae Radix Praeparata, Scutellariae Radix, Coptidis Rhizoma,
Phellodendri Chinese Cortex, and Astragali Radix were purchased from Shanxi Herentang Traditional Chinese Medicine
Yinpian and Ltd. Co. (Lot No.:220805, 220302, 220401, 191108, 220501, 220403, 220504, Taiyuan, Shanxi, China) and
were evaluated by Professor Shuosheng Zhang (Shanxi University of Chinese Medicine) before use. Angelicae Sinensis
Rdixa is the dried root of Angelica sinensis (Oliv.) Diels, a plant in the Umbelliferae family. Radix Rehmanniae is the
dried root of Rehmanmia glutinosa Libosch., a plant in the Scrophulariaceae family. Rehmanniae Radix Praeparata is
a processed product of Radix Rehmanniae. Scutellariae Radix is the dried root of Scutellaria baicalensis Georgi, a plant
in the Lamiaceae family. Coptidis Rhizoma is the dried rhizome of Coptis chinensis Franch., a plant in the Ranunculaceae
family. Phellodendri Chinese Cortex is the dried bark of Phellodendron chinense Schneid., a plant in the Rutaceae
family. Astragali Radix is the dried root of Astragalus membranaceus (Fisch.) Bge.var.mongholicus (Bge.) Hsiao,
a leguminous plant. Voucher specimens (No. SXTCM-Meng-2023111 for Angelicae Sinensis Rdixa, SXTCM-Meng
-2023112 for Radix Rehmanniae, SXTCM-Meng-2023113 for Rehmanniae Radix Praeparata, SXTCM-Meng-2023114
for Scutellariae Radix, SXTCM-Meng-2023115 for Coptidis Rhizoma, SXTCM-Meng-2023116 for Phellodendri
Chinese Cortex, SXTCM-Meng-2023117 for Astragali Radix) were deposited in the Herbarium of Shanxi University
of Chinese Medicine (SXTCM), Jinzhong, China.
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Streptozotocin (STZ, Lot No.: WXBC6558V, Sigma, USA) was used in conjunction with a Sanno blood glucose
meter and test strip (Lot No.: 2J01E210813, Sanno Biosensing Co., Ltd., Changsha, China). The following antibodies
were employed: phosphorylated phosphatidylinositol 3-kinase/phosphatidylinositol 3-kinase (p-PI3K/PI3K), phosphory-
lated protein kinase/protein kinase (p-AKT/AKT), phosphorylated AMP-dependent protein kinase/AMPK (p-AMPK/
AMPK), silent information regulator sirtuin 1(Sirtl), peroxisome proliferator-activated receptor gamma coactivator alpha
Or 1 alpha (PGC-1 alpha), B-actin, glucose transporter type 4 (GLUT4), phosphorylated nuclear factor kappa-B/nuclear
factor kappa-B (p-NF-«B/NF-xB), Toll-like receptor 4 (TLR4) (Lot No.: AP0854/A4992, AP0432/A12718, AP0124/
A19653, A18675, A11267, AC026, A12348, AC038/A7637, A5258, ABclonal Co., Ltd., Wuhan, China); HRP sheep
anti-rabbit IgG, Catalase(CAT), Heme Oxygenase-1(HO-1), NOD-like receptor thermal domain-associated protein 3
(NLRP3), superoxide dismutase 2 (SOD2) (Lot No.:BA1039, BA0605, PB0971, BST18G21CA18I54, AAD23161,
BOSTER Biological Technology Co., Ltd., Wuhan, China). Additionally, an SDS-PAGE gel preparation kit, enhanced
RIPA lysate (Lot No.: CR2202061, 18C23C02, BOSTER Biological Technology Co., Ltd., Wuhan, China), TBST
solution (batch number: 20240703, Solaibao Technology Co., Ltd., Beijing, China), phosphate buffer solution (PBS,
Lot No.: GA23090231725, Servicebio Technology Co., Ltd., Wuhan, China), and protein molecular weight standards
(BeyoColorTM Color Pre-Stained Protein Molecular Weight Standards [19-117kD, 15-120kD, 10-150kD, 14.4-116kD]
and M5 Precise Prestige Protein Ladder [15-120 kDa, 15-136kD]) were utilized (Lot No.: P0066 P0078, P0060s, P0O062,
Beyotime Biotechnology Co., Ltd., Shanghai, China; Lot No.: 24GH0423, 24GH0517, Mei5 Biotechnology Co., Ltd.,
Beijing, China).

The GeneGnome system (GeneGnome XRQ, Gene, USA), ImageJ (ImageJ 2, NIH, USA), and GraphPad Prism
(version 5.0; GraphPad Software, La Jolla, CA, USA) were used for data analysis. For UHPLC-MS analysis, a Thermo
UHPLC Vanquish system coupled with a Q Exactive HF-X Hybrid Quadrupole Orbitrap Mass Spectrometer (Thermo
Fisher Technology Co., LTD, CA, US) was employed. An ACQUITY UpLC HSS T3 column (2.1 mm X% 100 mm,
1.8 pm) (Waters Co., LTD, MA, US) was used for chromatographic separation.

Experimental Methods

Grouping and Treatment of Experimental

Male C57BL/6 mice (SPF grade, 7 weeks old, body weight 18-22 g) were obtained from SPF Biotechnology Co., Ltd.,
Beijing, China (Animal license number: SCXK (Jing) 2019-0010). The mice were housed under standard conditions with
a temperature of (23 £ 2) °C, relative humidity of (50 &+ 10)%, and a 12-hour light/12-hour dark cycle. The mice had free
access to food and water. All mice were acclimated for one week before the experiment. The experiment was approved
by the Ethics Committee of Shanxi University of Traditional Chinese Medicine (Approval No. 2022DWO087) and
conducted in accordance with national guidelines (Laboratory animal—Guideline for ethical review of animal welfare,
GB/T 35892-2018). In our experiments, we followed the blinded design protocols outlined in the ARRIVE guidelines 2.0
to minimize experimental bias.

Preparation of DGLHT

Angelicae Sinensis Radix, Radix Rehmanniae, Rehmanniae Radix Praeparata, Scutellariac Radix, Coptidis Rhizoma,
Phellodendri Chinensis Cortex, and Astragali Radix were combined in a ratio of 1:1:1:1:1:1:2 and soaked in twice their
volume of distilled water for 30 minutes. Subsequently, eight times the volume of distilled water was added, and the
mixture was heated and refluxed for 40 minutes. The solution was then filtered, and the remaining residue was treated
with six times its volume of distilled water and heated and refluxed for an additional 40 minutes. The two extracts were
combined and concentrated under reduced pressure to obtain a water decoction with a concentration of 0.13 g/mL.

Preparation and Administration of the T2DM Mice Model

After a one-week acclimatization period, 6 mice were randomly selected to serve as the normal control group, while the
remaining 24 mice were intraperitoneally injected with 100 mg/kg of STZ for modeling (once daily for 3 consecutive
days). Fasting blood glucose (FBG) levels were measured on the 3rd, 7th, and 14th days following the injection. An FBG
level > 11.1 mmol/L after stabilization indicated successful modeling. The successfully modeled mice were then
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randomly divided into four groups: a model group (Model), a low-dose group of Danggui Liuhuang Tang (Low Dose,
1.95 g/kg), a high-dose group of Danggui Liuhuang Tang (High Dose, 3.9 g/kg), and a metformin group (Metformin,
250 mg/kg),"" with 6 mice in each group. Dosages were adjusted according to the clinical daily dose for a 70 kg adult
human. The mice in the Control and Model groups were orally administered the same volume of purified water for 4
consecutive weeks.

On the 25th day of administration, after a 12-hour fasting period, an oral glucose tolerance test (OGTT) was
conducted by gavaging a glucose solution (2 g/kg). Blood was collected through the tail vein at 0, 15, 30, 45, 60, 90,
and 120 minutes to measure blood glucose levels. The changes in blood glucose levels over time were recorded, and the
area under the curve (AUC) was calculated using the linear trapezoidal method. After 4 weeks of administration, an
insulin tolerance test (ITT) was conducted. The mice were fasted for 3 hours, and their fasting blood glucose levels were
measured. Insulin (0.5 U/kg) was injected intraperitoneally, and blood glucose levels were measured at 15, 30, 45, and
60 minutes, with the AUC for each group calculated. One day before the conclusion of the experiment, a second sample
of fresh feces from mice subjected to tail-lifting stress defecation was collected from a sterile operating table and quickly
transferred to a sterile freezing tube for storage at —80°C. Following the final administration, the mice were fasted
without water for 12 hours. After anesthesia with 2% isoflurane, blood was collected from the abdominal aorta,
centrifuged (4000 rpm/min, 15 minutes, 4°C), and serum was collected and stored at —80°C for future use. The mouse
liver was then fixed in 4% formaldehyde or stored at —80°C for further analysis.

Hematoxylin and Eosin (H&E) Staining

After collecting blood from the mice, liver samples were obtained and fixed in 4% paraformaldehyde for 72 hours. The
samples were subsequently decalcified, washed, dehydrated with ethanol, cleared, and embedded in paraffin. The
resulting sections were then examined and photographed using a microscope.

UHPLC-QE-MS

Metabolite extraction: After thawing the samples at 4°C, an appropriate amount was aliquoted and mixed with pre-
cooled methanol/acetonitrile/water solution (2:2:1, v/v/v). The mixture was vortexed and subjected to low-
temperature ultrasonication for 30 minutes, followed by incubation at —20°C for 10 minutes. Subsequently, the
samples were centrifuged at 14,000 g and 4°C for 20 minutes. The supernatant was collected and vacuum-dried. For
mass spectrometry analysis, the dried extract was reconstituted in 100 uL of acetonitrile/water solution (acetonitrile:
water= 1:1, v/v), vortexed, and centrifuged again at 14,000 g and 4°C for 15 minutes. The final supernatant was
used for injection and analysis.

Chromatographic conditions for serum metabolites: ACQUITY UPLC HSS T3 chromatographic column. The mobile
phase consisted of a 0.1% formic acid aqueous solution (A) and a 0.1% formic acid acetonitrile solution (B). Gradient
elution was employed as follows: from 0.0 to 17.0 minutes, the composition was 95% A and 5% B; from 17.0 to
17.2 minutes, the composition shifted to 2% A and 98% B; and from 17.2 to 20.0 minutes, the composition returned to
95% A and 5% B. The flow rate was set at 0.3 mL/min, and the column temperature was maintained at 35°C. Mass
spectrometry parameters: Q-Exactive HFX mass spectrometer, utilizing both positive and negative ion acquisition modes.
Test conditions: spray voltage was —3500V and 3800V, respectively; the sheath gas pressure was maintained at 45
arbitrary units,'* while the auxiliary gas pressure was set to 20 arb. The ion transport tube temperature was 320°C, and
the atomization temperature was 350°C. The scanning range was from 90 to 1300 m/z.

Chromatographic conditions were established using an Agilent 1290 Infinity LC HILIC chromatographic column.
The mobile phase consisted of a 0.1% formic acid aqueous solution (A) and a 0.1% formic acid acetonitrile solution (B).
A gradient elution was employed, starting with 95% B (0-0.5 minutes), followed by a linear decrease to 65%
B (0.5-7.0 minutes), then to 40% B (7.0-8.0 minutes), maintaining 40% B for 1.0 minutes (8.0-9.0 minutes), and
finally increasing to 95% B (9.0-9.1 minutes), which was held for the remaining 2.9 minutes (9.1-12.0 minutes). The
flow rate was maintained at 0.5 mL/min, and the column temperature was kept constant at 25°C.

Mass spectrometry parameters were optimized for the AB Triple TOF 6600 Mass Spectrometer, operating in both
positive and negative ion acquisition modes. Test conditions included a spray voltage of =5500 V for negative ion mode

Diabetes, Metabolic Syndrome and Obesity 2025:18 heeps: 3911



Meng et al

and 5500 V for positive ion mode, a sheath pressure of 45 arbitrary units (au), an auxiliary gas pressure of 20 au,
a transmission capillary temperature of 320°C, a probe heater temperature of 370°C, and a scanning range of
90-1300 m/z.

The UPLC-QE-MS method was employed to identify the chemical components in mice serum both before and after
administration. Secondary Spectrum (MS2) data was compared with the mass spectrometry database. Screening criteria
were established based on MS2 fragment similarity scores exceeding 0.7, allowing for the identification of components
with higher concentrations. Differential components were imported into the MetaboAnalyst platform for pathway
enrichment analysis, using criteria of an impact value greater than 0.1 and a P-value less than 0.05.

Chromatographic conditions for rehmannioside D and ferulic acid were as follows: a HypersilGOLD DaQC18
column (4.6 mm x 250 mm, 5 um) was used with a flow rate of 1.0 mL/min and an injection volume of 10 pL. The
column temperature was maintained at 25°C. To determine the ferulic acid content, the mobile phase consisted of
acetonitrile and 0.1% phosphoric acid aqueous solution (17:83), employing isocratic elution with a detection wavelength
of 322 nm. To determine the content of rehmannioside D, the mobile phase was composed of acetonitrile and 0.1%
phosphoric acid aqueous solution (30:70), employing isocratic elution with a detection wavelength of 203 nm. A standard
solution of ferulic acid was prepared with a mass concentration of 510.5 pg/mL, and a standard solution of rehmannio-
side D was prepared with a mass concentration of 501.4 pg/mL. Methanol served as a blank control. A DGLHT solution
with a mass concentration of 0.05 g/mL was filtered through a 0.45 um microporous membrane to obtain the test
solution, and three parallel samples were prepared. High-performance liquid chromatography (HPLC) was utilized to
detect the content of ferulic acid and rehmannioside D in the DGLHT.

Information was gathered from Chemicalbook (https://www.chemicalbook.com/), Chemspider (https://chemspider.

com), PubMed (https:/pubmed.ncbi.nlm.nih.gov), and Scifinder (https:/scifinder.cas.org). A database was then estab-

lished that included the molecular formula, molecular weight, chemical name, and chemical structure of relevant
compounds. UHPLC-QE-MS analysis was subsequently performed on the serum of DGLHT-treated mice and mice
with T2DM. This analysis was conducted according to previously established liquid chromatography and mass spectro-
metry conditions.

Network Pharmacology Analysis

Following the analysis of DGLHT as described in UPLC-QE-MS Section, relevant target keywords, including Angelicae
Sinensis Radix, Radix Rehmanniae, Rehmanniae Radix Praeparata, Scutellariac Radix, Coptidis Rhizoma, Phellodendri
Chinensis Cortex, and Astragali Radix were investigated in the context of T2DM. This investigation utilized the
Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (https://old.tcmsp-e.

com/tcmsp.php), the Traditional Chinese Medicine Integrative Database (TCMID) (http://www.megabionet.org/tcmid/),

and the Comparative Toxicology Database (CTD) (http://ctdbase.com/). Subsequently, Uniprot (https://www.uniprot.org/)

was employed to standardize gene names across the databases. To identify potential active ingredients in traditional
Chinese medicine for diabetes treatment, a comparison was conducted between the potential action targets of identified
compounds and known disease targets. String database (https://cn.string-db.org/) was then used to analyze key targets

and their protein interactions. Network topology analysis and generation of relevant network diagrams were performed
using NetworkX (networkx-2.8.2, https:/networkx.org). Furthermore, Gene Ontology (GO) database (https://geneontol
ogy.org) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/) were utilized for GO
and KEGG analysis, respectively. Finally, the results of this pathway enrichment analysis were visualized using the

R programming language.

Gut Microbiota

Extraction of genome DNA: Total genome DNA from samples were extracted using Mag-bind soil DNA kit (Omega).
DNA concentration and purity were monitored on 1% agarosegels. According to the concentration. Amplicon
Generation: 16S rRNA genes were amplified used the specific primer with the barcode. All PCR reactions were carried
out in 30 pL reactions with 15 pL of Phusion High-Fidelity PCR Master Mix (New England Biolabs); 0.2uM of forward
and reverse primers, and about 10 ng template DNA. Thermal cycling consisted of initial denaturation at 98 °C for 1 min,
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followed by 30 cycles of denaturation at 98°C for 10s, annealing at 50 °C for 30s, and elongation at 72 °C for 30s.
Finally 72 °C for 5 min. PCR Products quantification and qualification: Mix same volume of 1X loading buffer
(contained SYB green) with PCR products and operate electrophoresis on 2% agarose gel fordetection. Samples with
bright main strip between 400-450 bp were chosen for further experiments.

Intestinal samples from mice were collected, followed by DNA extraction and amplification via PCR. The V3-V4
regions of 16S rRNA genes were subsequently sequenced using the Illumina NovaSeq 6000.'> Abundance level curves
were drawn based on the operational taxonomic unit (OTU) abundance distribution for each sample. Additionally, alpha
diversity indices, including Observed Species, Shannon, Simpson, Chao 1, ACE, Coverage, and PD whole tree, were
calculated to assess the diversity of gut microbiota components.

In this experiment, the following measures were implemented to control contamination: Negative Controls:
Extraction negative controls were included in each DNA extraction procedure, and amplification negative controls
were included in each PCR amplification. All negative controls were subjected to subsequent sequencing analysis
alongside the samples. Standardized Operating Procedures (SOPs): A unified and standardized protocol was strictly
followed for sample collection, storage, DNA extraction, and PCR amplification. All procedures were conducted within
dedicated laminar flow hoods or PCR workstations. Operators wore gloves, masks, and caps; work surfaces were
regularly decontaminated; and UV sterilization was routinely applied. Reagent Batch Control: Wherever possible, all

samples were processed using the same batch of DNA extraction kits, PCR reagents, and sequencing kits.

Western Blotting

Protein was extracted from mouse liver using cell lysate and its content measured via the BCA method. Subsequently, the
protein was isolated using Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and transferred to NC
membrane. The membrane was blocked with 5% skim milk at room temperature for 2 hours, followed by incubation with
antibodies against p-NF-kB (p65)/NF-«kB (p65), TLR4, NLRP3, p-PI3K/PI3K, p-AKT/AKT, GLUT4, HO-1, SOD2, CAT,
p-AMPK/AMPK, Sirtl, and PGC-1a at 4°C overnight. After washing the membrane three times with TBST, it was incubated
with HRP-conjugated sheep anti-rabbit IgG at room temperature for 4 hours. Finally, the membrane was exposed using the
GeneGnome imaging system, and the relative expression levels of the proteins were analyzed using ImageJ software.

Data Analysis

Statistical analyses on various experimental datasets were performed using GraphPad Prism 8.0 software, and the
resulting plots were generated. The data was subjected to the Shapiro—Wilk normality test. Data that conformed to
a normal distribution were expressed as mean £ SD. One-way analysis of variance (ANOVA) was used to compare
differences between sample groups, and Tukey’s post-hoc test was conducted for pairwise comparisons between groups.
A P-value of less than 0.05 was considered statistically significant.

Gut microbiota statistical analyses were performed on the preprocessed community data, encompassing T-tests,
Wilcoxon rank sum tests, and Tukey’s tests to evaluate intergroup differences in beta diversity based on weighted
Unifrac and unweighted UnifracBeta distances. For each sample or group, the top 10 species with the highest abundance
rankings at each taxonomic classification level (Phylum, Class, Order, Family, Genus, Species) were identified and
visualized in a bar chart representing their relative abundance and proportions across different classification levels.
STAMP differential analysis was employed to compare species abundance among multiple sample groups (Kruskal
Wallis test analysis) and identify significantly different species, a P-value of less than 0.05 was considered statistically
significant. Furthermore, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt)
software was used to predict the metabolic functions of microbial communities based on the species composition
information derived from the 16S sequencing data. A relative abundance bar graph was created to illustrate the
abundance distribution of each functional group within the sample group.

Correlation analysis: Spearman’s statistical method was used to analyze the correlation coefficients between the
components and differential components of the DGLHT compound identified in UHPLC-QE-MS Section, as well as the
differential microbiota obtained in Gut microbiota Section. This analysis was conducted using R 3.4.2 language software
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to explore the potential interactions between the microbiota and the components of DGLHT. Microbiome data and TCM
constituent data frequently violate the assumption of normal distribution and often contain zero values or extreme values.

Results

DGLHT Alleviates Abnormal Blood Glucose Levels and Glucose Tolerance in Mice
with T2DM

Compared to the Control group, the FBG levels of mice in the Model group were significantly elevated (P < 0.0001 in
weeks 1-4). Conversely, the FBG levels of mice in the low dose group (P < 0.0001 in weeks 1-3), high-dose group (P <
0.0001 in weeks 1-2 and P < 0.001 in week 3), and Metformin group (P < 0.0001 in weeks 1-2 and P < 0.001 in week 3)
were significantly reduced compared to the Model group. These experimental results demonstrate that DGLHT can
effectively lower FBG levels in T2DM mice (Figure 1A).

In the OGTT experiment, Model group mice exhibited a significant increase in average blood glucose levels compared to
the Control group at various time points: 0 minutes (P < 0.05), 30 minutes (P < 0.01), 45 minutes (P <0.0001), 60 minutes (P <
0.001), 90 minutes (P <0.0001), and 120 minutes (P < 0.001) following glucose injection. Conversely, mice in each treatment
group demonstrated a significant decrease in blood glucose levels at 15, 30, 45, 60, 90, and 120 minutes post-glucose injection
compared to the Control group. Additionally, the area under the curve (AUC) for the Model group was significantly higher
than that of the Control group (P <0.0001). Furthermore, the AUC for the low-dose group (P < 0.0001), high-dose group (P <
0.0001), and Metformin group (P < 0.0001) was significantly reduced compared to the Model group (Figure 1B). These
experimental results collectively suggest that DGLHT can effectively enhance glucose tolerance in T2DM mice.

In the ITT experiment, blood glucose levels in the Model group of mice significantly decreased after 15 minutes of
insulin injection compared to the Control group (P < 0.05). Both the high-dose group (P < 0.05) and the Metformin group
(P < 0.05) also exhibited a significant reduction in average blood glucose levels following 15 minutes of intraperitoneal
insulin injection. However, blood glucose levels in the Metformin group demonstrated a significant increase after
45 minutes (P < 0.05) and 60 minutes (P < 0.05) of insulin injection. The AUC for the Model group was higher
compared to the Control group. In contrast, the AUC for the low-dose group (P < 0.0001) and the high-dose group (P <
0.001) was significantly lower than that of the Model group (Figure 1C). These experimental results suggest that DGLHT
can effectively alleviate IR in T2DM mice.

DGLHT Alleviates Liver Injury in T2DM Mice

H&E staining revealed that the Control mice exhibited a normal liver lobule structure with neatly arranged hepatic cords and
radially organized liver cells devoid of fat vacuoles. In contrast, the Model group displayed a disrupted liver lobule structure,
characterized by disordered hepatic cords and unevenly sized fat vacuoles within the liver cells. Compared to the Model group,
the Metformin, low-dose, and high-dose groups demonstrated well-defined liver lobule structures with neatly arranged hepatic
cords and radially organized liver cells. Notably, the high-dose and Metformin groups exhibited a significant reduction in
intracellular fat vacuoles (Figure 1D), suggesting that DHLHT can effectively ameliorate liver damage in T2DM mice.

DGLHT Component ldentification

To obtain comprehensive data, the experiment utilized both positive and negative ion modes of electrospray ionization
for mass spectrometry analysis. By comparing the results with the mass spectrometry database, a total of 3051 chemical
components were identified within the DGLHT compound and its individual drug samples. The peak shapes of
chromatographic peaks with high abundance were confirmed. In the positive ion mode, the following compounds were
identified: L-tryptophan, Magnoflorine, Epiberberine, Berbericinine, Apigenin 7-glucuronide, Naringenin, Genistin-4'-
glucuronide, baicalin, Chrysoeriol, and 7,8,3'-trihydroxyflavone. In the negative ion mode, 17 chemical components were
identified, including Cynarin, Heriguard, Apigenin 7-glucuronide, Baicalin, Oroxyloside, Baicalein, and Neobaicalein.
Additionally, 21 chemical components were identified in both ion modes, including 3'-trihydroxyflavone, Neobaicalein
I, Comanthoside B, Ferulic acid, and Rehmanniaside D (Figure 2A). The concentrations of Ferulic acid and
Rehmanniaside D were 1.18 + 0.37 pug/mL and 198.39 + 19.89 pg/mL, respectively.
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Figure | Effects of DGLHT on blood glucose levels, glucose tolerance, and liver in T2DM mice. (A) The effect of DGLHT on fasting blood glucose levels in T2DM mice. (B)
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Untargeted Metabolomics

A total of 1941 components were identified in the Control, Model, and DGLHT groups. Principal component analysis
(PCA) was performed on liver components in both positive and negative ion modes to highlight differences among the
groups. The PCA score plot revealed that the cumulative variance for positive and negative ion modes was 48.1% and
51.2%, respectively, capturing most of the metabolic variation. In both ion modes, a clear separation trend was observed
among the Control, Model, and DGLHT groups. Following DGLHT intervention, components levels returned to those of
the Control group (Figure 2B). A comparison of the Total Ion Chromatogram'® of Quality Control (QC) samples, which
displayed overlapping spectra, demonstrated minimal experimental error and reliable data quality.

The Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) results (statistical thresholds are VIP>1,
P<0.05) demonstrated a clear separation of metabolic profiles between the Control group and the Model group, as well as
between the Model group and the DGLHT group, suggesting that this model is suitable for screening differential
components (Figure 3A). The OPLS-DA model was validated through permutation testing, which revealed that all
simulated values were lower than the true values (VIP>1.0), and the Q2 regression line intercepts were below —0.05.
These findings indicated a good model fit, predictive ability, and the absence of overfitting (Figure 3B).

According to the OPLS-DA results, compounds with VIP values greater than 3 and P values less than 0.05 were
identified as potential differential components for DGLHT treatment of T2DM through FC plot analysis. Ultimately, the
Control group and Model group exhibited 119 differential components, including 56 upregulated differential components
such as phenylpropanoids, lipids, and organic acids (eg, 2,6-di-tert-butylphenol, Erucic acid, Betaine, Glutathione) and
63 downregulated differential components such as alkaloids, organic heterocycles, phenylpropanoids, and polyketides (eg
Trigonelline, 4-hydroxyquinoline, Daidzein 4'-sulfate, hydroxyphenylacetic acid). In comparing the Model and DGLHT
groups, 31 differentially expressed components were identified, with 17 upregulated and 14 downregulated. Table 1
provides a list of some significant components. Notably, after DGLHT intervention, 8 components were downregulated
compared to the Model group, including 5-hydroxyindole, D-galactouronic acid, glycocholic acid, prostaglandin F2a,
succinic acid, 9-cis-retinal, isopimaric acid, and methionine sulfide. The KEGG pathway enrichment results indicated
that the most significant differences in metabolic pathways between the Model group and both the low-dose and high-
dose groups were bile secretion, cholesterol metabolism, biosynthesis of unsaturated fatty acids, protein digestion and
absorption, cysteine and methionine metabolism, and primary bile acid biosynthesis (Figure 3C).

Establishment of a Treatment Network for T2DM with Active Ingredients of DGLHT
After screening and deduplication, 693 potential DGLHT targets were identified, and 19,751 diabetes-related genes were
sourced from the CTD database. The intersection of these two sets yielded 693 potential targets for DGLHT treatment of
T2DM (Figure 4A). Using the KEGG platform, pathway function annotation and enrichment analysis were conducted on
the core targets. Results indicated that 50 core targets were linked to 107 KEGG pathways (Figure 4B and C). Analyzing
the top 20 pathways based on P value (P < 0.05), key pathways identified for DGLHT treatment of T2DM included the
cancer signaling, MAPK, and ErbB pathways. A key component core target pathway network was then constructed from
these top 20 results, which included Wortmannin, Gallic acid, Morphine, and Isoquercin. This network comprised 48 core
targets, including mitogen-activated protein kinase 1 (MAPK1), mitogen-activated protein kinase 3 (MAPK3), serine/
threonine kinase 1 (AKT1), tyrosine kinase non-receptor (TNK), and C-X-C motif chemokine ligand 8 (CXCLS), which
may be key targets. Additionally, 20 related pathways, such as Cell cycle, Neurotrophin signaling pathway, Chemokine
signaling pathway, ErbB signaling pathway, and Toll-like receptor signaling pathway, were identified (Figure 4D).

Gut Microbiota

The richness of intestinal bacteria was assessed using various alpha diversity indices. Compared to the Control group,
mice in the Model group exhibited higher Observed Species, Shannon, Simpson, Chao 1, and ACE indices but lower
Coverage and Phylogenetic Diversity(PD) whole tree indices. In the DGLHT group, these trends were partially reversed,
with decreases in Observed Species, Shannon, Simpson, Chao 1, and ACE indices, and increases in Coverage and PD
whole tree indices (Figure 5A).
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Table | Differential Metabolites

Mode Name miz tr(s) P value VIP Con. vs. Mod. vs
Mod. DGLHT
ESI™ Palmitic acid 255.2331 | 52.5040 0.0007 | 25.9977 Down -
Taurodeoxycholic acid 498.2889 | 162.4670 | 0.0468 | 23.6568 Up -
Cis-4,7,10,13,16,19-docosahexaenoic acid 327.2320 | 49.4255 0.0216 22.6821 Down -
Pe(16:1e/10-hdohe) 762.5079 | 150.2450 | 0.0061 15.2288 Down -
Cholesteryl sulfate 465.3048 | 29.7120 0.0242 | 13.3535 Up -
| -oleoyl-sn-glycero-3-phosphoethanolamine 478.2923 | 206.4395 | 0.0313 10.8236 Up -
Deoxycholic acid 391.2831 | 172.2465 | 0.0014 9.9332 Up -
Eicosenoic acid 309.2779 | 47.2730 0.0008 7.9644 Up -
Eicosapentaenoic Acid 301.2150 | 48.7600 0.0044 6.5124 Down -
Propanoic acid, 2-[[4-[2-[[(cyclohexylamino)carbonyl] 501.3184 | 115.4660 | 0.0103 6.0094 Down -
(4-cyclohexylbutyl)amino]ethyl]phenyl]thio]-2-methyl-
| 3s-hydroperoxy-9z, | | e-octadecadienoic acid 293.2104 | 58.3400 0.0088 5.4880 Down -
Lumichrome 241.0724 | 66.3335 0.0179 5.353 Down -
Pc(16:0e/11,12-epete) 840.5747 | 147.3745 | 0.0013 4.3561 Down -
gamma-linolenic acid 277.2154 | 50.4630 0.0176 9.0077 - Down
| -palmitoyl-2-hydroxy-sn-glycero-3-phospho-(|'-rac-glycerol) | 483.2702 | 170.9055 | 0.0022 6.0318 - Down
Dl-lactate 89.0250 | 278.0210 | 0.0254 8.3246 - Up
Histidine 154.0616 | 481.0800 | 0.0194 4.0840 - Up
Indoxyl sulfate 212.0010 | 32.6530 0.0168 3.8411 - Down
Linoleic acid 279.2330 | 48.2565 0.0347 | 28.0188 - Down
Oxyresveratrol 487.1281 | 169.6340 | 0.0178 3.628I - Down
Pseudouridine 243.0620 | 171.4095 | 0.0156 | 15.8173 - Down
ESI |-Stearoyl-sn-glycerol 3-phosphocholine 546.3516 | 191.0180 | 0.0027 10.4030 Down -
Betaine 118.0865 | 289.8060 | 0.0034 8.3430 Up -
Hypoxanthine 137.0449 | 183.8575 | 0.0376 7.6656 Up -
6-[3-[(3,4-dimethoxyphenyl)methyl]-4-methoxy- 415.1954 | 38.1985 0.0125 5.8786 Up -
2-(methoxymethyl)butyl]-4-methoxy- |,3-benzodioxole
Sphingosine 282.2774 | 115.6180 | 0.0407 5.5663 Down -
| -palmitoyl-2-stearoyl-sn-glycero-3-phosphocholine 784.5791 | 65.1310 0.0329 4.6185 Down -
Erucamide 338.3410 | 35.6345 0.0338 5.8971 - Down
Hypoxanthine 137.0449 | 183.8575 | 0.0228 | 11.2401 - Down

Notes: ESI": negative ion mode. ESI”: positive ion mode. Up: The compound is upregulated. Down: The compound is downregulated.

B-diversity analysis assesses the similarity of gut microbiota between groups. In the Model group, Bray-Curtis and
Weighted Unifrac indices increased, while the Unweighted Unifrac index decreased compared to the Control group.
Following DGLHT intervention, the Unweighted Unifrac index increased, and both Bray-Curtis and Weighted Unifrac
indices decreased compared to the Model group (Figure 5B).

After identifying operational taxonomic units (OTUs) with a 97% similarity threshold, analyzing common and unique
OTUs among each group, and constructing a Venn diagram, it was observed that the Control group and Model group, as well
as the DGLHT group and Model group, were both classified into the same OTUs with 293 and 325 OTUs, respectively. Based
on species annotation results, the top 10 species with the highest abundance ranking at each classification level (Phylum, Class,
Order, Family, Genus, and Species) were selected for each group, and a bar chart of relative species abundance was generated.
At the Phylum level, Actinobacteria abundance increased, while Bacteroidota abundance decreased in both the Model and
DGLHT groups compared to the Control group. Proteobacteria and Actinobacteria levels rose following DGLHT interven-
tion. At the Class level, Bacilli abundance increased and Bacteroidia abundance decreased across all groups compared to the
Control. At the Order level, Bifidobacteria abundance increased significantly, and Bacteroidales abundance decreased
significantly in all groups compared to the Control. At the family level, Muribaculaceae abundance decreased significantly.
At the Genus level, Lachnospiraceae showed no significant change, while Lactobacillus decreased and Dubosiella increased
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Figure 5 The effect of DGLHT on gut microbiota in T2DM mice. (A) Analysis of alpha diversity in gut microbiota. (B) Beta diversity map of gut microbiota.
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significantly after DGLHT intervention. At the Species level, Cyanobacteria abundance did not differ significantly among the
groups (Figure 6A).

STAMP analysis revealed significant differences in the microbial communities at the genus level, specifically
Muribaculaceae and Enterorhabdus, among the Model, DGLHT, and Control groups (Figure 6B). KEGG functional
prediction indicates that DGLHT influences carbohydrate metabolism, intestinal membrane transport, and amino acid
metabolism in mice (Figure 7A).

Correlation Analysis

A Spearman correlation hierarchical clustering analysis on the microbiota, compound components, and components with
significant differences revealed that the bacterial genus Candidatus Saccharimonas, the compound Bayin, and the components
Linoleic acid and gamma-Linolenic acid exhibited the strongest correlations before and after DGLHT administration (Figure 7B).

DGLHT Affects the Protein Expression of the TLR4/NF-kB/NLRP3 Pathway in Liver
Tissue of T2DM Mice

To assess the impact of DGLHT on liver protein expression in T2DM mice, the expression levels of p-NF-«kB/NF-«B,
TLR4, and NLRP3 were measured in mouse liver tissue. Following DGLHT treatment, p-NF-kB (p65)/NF-«B (p65)
(high-dose group P < 0.05; Metformin group P < 0.01), TLR4 (low-dose group P < 0.05; Metformin group P < 0.01),
and NLRP3 (low-dose group and Metformin group P < 0.05) were significantly reduced. These findings indicate that
DGLHT effectively alleviates the inflammatory response in T2DM mice (Figure 8).

DGLHT Affects the Expression of PI3K/AKT/GLUT4 Pathway Proteins in Liver Tissue

of T2DM Mice

To assess the impact of DGLHT on protein expression in T2DM mice, the expression levels of p-PI3K/PI3K, p-AKT/AKT, and
GLUT4 were measured in the mouse liver. Following DGLHT treatment, the expression level of p-AKT/AKT significantly
increased in the high-dose group (P < 0.01), indicating that DGLHT effectively alleviates IR in T2DM mice (Figure 8).

DGLHT Affects the Expression of HO-1/SOD2/CAT Pathway Proteins in Liver Tissue
of T2DM Mice

To assess the impact of DGLHT on liver protein expression in T2DM mice, the expression levels of HO-1, SOD2, and
CAT were measured in mouse liver tissue. Following DGLHT treatment, the expression level of HO-1 significantly
increased in the high-dose group (P < 0.05). Additionally, SOD2 expression was significantly reduced in the low-dose,
high-dose, and Metformin groups (P < 0.01). These findings collectively indicate that DGLHT effectively alleviates
oxidative stress levels in T2DM mice (Figure 8).

DGLHT Affects the Expression of AMPK/Sirt]/PGC-1 o Pathway Proteins in the Liver

Tissue of T2DM Mice
To assess the impact of DGLHT on liver protein expression in T2DM mice, the expression levels of p-AMPK/AMPK,

Sirtl, and PGC-1a were measured in mouse liver tissue. Following DGLHT treatment, the expression level of p-AMPK/
AMPK significantly increased in the low-dose group (P < 0.05), indicating that DGLHT effectively alleviates energy
metabolism in T2DM mice (Figure 8).

Discussion

T2DM, the most prevalent metabolic disease, is characterized by hyperglycemia, hyperlipidemia, and insulin resistance,
leading to severe complications such as coronary and lower limb artery diseases and diabetic nephropathy, which
significantly impact the quality of life."” Genome-wide association studies (GWAS) have revealed a significant associa-
tion between T2DM and variations in gut microbiota, bacterial genes, and metabolic pathways.'® Metabolomics
technology has made substantial advancements in the field of traditional Chinese medicine in recent years. Its holistic
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research approach aligns with the “holistic view” of traditional Chinese medicine, emphasizing the regulation of body
functions through multiple targets and mechanisms. Metabolomics techniques are commonly used to identify chemical
components and components, thereby validating drug mechanisms of action. This experiment investigated the material
basis of DGLHT treatment for T2DM using metabolomics and 16S rRNA sequencing. Additionally, protein immuno-
blotting was employed to verify pathway-related protein expressions, providing valuable insights for the application of
traditional Chinese medicine in T2DM treatment.

Contemporary pharmacokinetic studies indicate that the primary active constituents in the formula—such as berber-
ine, astragaloside IV, and catalpol—generally reach steady-state plasma concentrations within 2 to 4 weeks after
administration. These compounds effectively activate the AMPK/PI3K-Akt signaling pathway, which promotes
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GLUT4 translocation and enhances insulin sensitivity. As a result, Phase II clinical trials commonly adopt the 4-week
time point as the primary endpoint for efficacy assessment, enabling efficient identification of potentially effective
formulations.'® A network pharmacology study revealed that the 70 bioactive constituents in DGLHT need sustained
administration over a period of 3—4 weeks to effectively regulate key pathways such as glycolysis and insulin secretion
via molecular targets including GAA, PRKCB, and GCK. This cumulative pharmacological effect supports the rationale
for utilizing a 4-week observation window in efficacy evaluations.”® Current protocols involve the addition of herbal
medicine to established conventional hypoglycemic regimens. A 4-week evaluation period is recommended to minimize
glycemic fluctuations that may confound the assessment of treatment efficacy.?' Extended monitoring primarily focuses
on the prevention and management of diabetic complications, including improvements in vascular endothelial function.'?
DGLHT includes Angelicae Sinensis Radix, Radix Rehmanniae, Rehmanniae Radix Praeparata, Scutellariae Radix,
Coptidis Rhizoma, Phellodendri Chinensis Cortex, and Astragali Radix, which exhibit properties such as heat-clearing,
yin-tonifying, anti-liver fibrosis, inhibition of pancreatic islet cell apoptosis, and immune suppression. DGLHT contains
Ferulic acid, Rehmannin D, and other components that can promote glucose uptake by HepG2 cells, inhibit
T lymphocyte proliferation, promote the differentiation of regulatory T cells (Tregs) in vivo, inhibit the interaction
between dendritic cells (DCs) and T lymphocytes, increase the expression of programmed death ligand 1, reduce the
percentage of dendritic cell subsets of proliferating cells, thereby reducing T-cell-mediated inflammation and improving
diabetes.”” Our experiment confirmed the presence of Ferulic acid and Rehmannin D within DGLHT, both of which
harbor anti-inflammatory properties that can alleviate IR and treat diabetes complications.”> The liver, as the body’s
primary metabolic organ, demonstrates remarkable regenerative and self-repair capabilities. Each hepatocyte contains
approximately 1000 to 2000 mitochondria.** Mitochondria, which are critical for metabolic regulation in organisms,
produce ATP by breaking down macronutrients—such as carbohydrates, proteins, and lipids—to sustain cellular
functions and maintain energy homeostasis. Dysfunction of mitochondria, manifested as impaired insulin secretion
from pancreatic B-cells and IR, plays a key role in the development of diabetes.”> Thus, quantifying hepatic protein
expression serves as a key indicator for evaluating mitochondrial function.

Research has demonstrated that the pathogenesis of liver injury in T2DM involves various factors, such as glucose
and lipid metabolism disorders, inflammatory reactions, and oxidative stress.”® Low-grade inflammatory response has
been identified as a key mediator in the development of IR, activating TLR4 to induce NF-kB-mediated secretion of
inflammatory cytokines,?” including tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1p), and interleukin-18
(IL-18), which subsequently affect the transactivation of the insulin signaling pathway. TLR4 activates NF-xB and
downstream pro-inflammatory cytokines through signal transduction, triggering inflammatory responses.”® Inhibiting
TLR4 expression can reduce NF-kB activation, thereby mitigating inflammatory responses. The production of NLRP3 is
dependent on the NF-«B pathway and plays a crucial role in the inflammatory response. As an important regulatory
factor upstream of the inflammatory pathway, NLRP3 participates in the occurrence and development of diabetes.
Inhibiting NLRP3 inflammasome activation can significantly suppress the cascade amplification of downstream inflam-
matory pathways, improving the progression and prognosis of related inflammatory diseases. This study indicates that
DGLHT significantly ameliorates inflammation in T2DM mice by modulating the TLR4/NF-kB/NLRP3 pathway.*’

Poorly managed diabetes and related metabolic disorders, such as impaired lipid metabolism, oxidative stress, and
hypertension, can lead to microvascular and macrovascular complications.>® IR is the primary factor contributing to
T2DM. Once IR occurs, the body’s glucose uptake and utilization decrease, leading to a continued rise in blood glucose
levels. The body’s compensatory secretion of excessive insulin results in hyperinsulinemia, which further contributes to
the occurrence and development of diabetes. Factors that cause IR include central nervous system inflammation,
increased inflammation mediated by macrophages, activation of the tumor necrosis factor pathway, changes in mitochon-
drial dynamics, elevated levels of circulating fatty acids, and lipid accumulation in muscles and liver.>' > The liver, the
largest endocrine organ in the human body, is a primary target organ for insulin action. In T2DM patients, the inhibitory
effect of insulin on liver cell glucose production is disrupted, leading to increased IR and elevated blood glucose levels.
The insulin-mediated PI3K/AKT pathway regulates glucose and lipid metabolism by modulating effector factors related
to metabolism, such as GLUT4. GLUT4 promotes the ability of cells in insulin-sensitive tissues to uptake glucose,
thereby improving IR symptoms.>* Conversely, the absence of GLUT4 can also lead to IR. Our study demonstrates that
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DGLHT improves T2DM by reducing OGTT and ITT levels, potentially through the amelioration of IR via the PI3K/
AKT/GLUT4 signaling pathway.>”

The stimulation of inflammatory factors can also lead to excessive production of reactive oxygen species (ROS),
causing liver damage. Specifically, the excessive production of lipid peroxidation substance malondialdehyde (MDA)
consumes SOD and CAT, which possess antioxidant and free radical scavenging abilities, resulting in an imbalance of the
body’s antioxidant system and oxidative stress.*® This study indicates that DGLHT alleviates liver oxidative stress and
improves liver damage in T2DM mice to varying degrees through the HO-1/SOD2/CAT pathway. During the oxidative
stress process induced by high glucose environment stimulation, downregulation of SIRT1/PGC-la expression was
detected, leading to a reduction in mitochondrial oxidative energy supply in related cells. This can cause damage to
skeletal muscle and other cells, exacerbate glucose metabolism disorders, and accelerate the progression of complications
such as obesity. Research has shown that SIRT1 is an important regulatory factor in liver fat production and fat oxidation,
capable of regulating AMPK activation. Activated AMPK inhibits liver fat production and stimulates fat oxidation,
thereby regulating cellular lipid metabolism processes. As the most representative factor of the Sirtuins protein family,
SIRT1 is located in the nucleus and has deacetylase activity.>’ Its acetylation can act on histones, transcription regulators,
or other proteins to modify and regulate gene expression. SIRT1 exhibits various biological regulatory effects, including
inhibiting cell apoptosis, regulating energy metabolism, and exerting anti-inflammatory and antioxidant stress regulation.
Multiple studies have demonstrated that stimulating the normal expression of SIRT1 can not only alleviate cell damage
and apoptosis but also regulate various related signaling pathways such as energy metabolism, thereby maintaining the
normal function of cells and organs.*®>° This study indicates that DGLHT alleviates liver energy metabolism in T2DM
mice to varying degrees through the AMPK/Sirt1/PGC-1a pathway, as evidenced by the significant increase in p-AMPK/
AMPK expression levels in the low-dose group.

The gut microbiota interacts with host metabolism and immune function. Human health and diet influence gut
microbiota composition, affecting metabolism.***' Numerous studies have indicated a strong association between
changes in gut microbiota and diabetes development. Bacteroides/Firmicutes probiotics are linked to increased intestinal
permeability, allowing bacterial by-products to enter and trigger diabetes-related inflammation.*? Consequently, this leads
to IR, which is characterized by impaired ITT and fasting hyperglycemia. Candidatus Saccharimonas is a common
symbiotic bacterium found in the oral cavity of healthy individuals. It can cause opportunistic fungal infections, and the
immune function of patients with diabetes is often reduced, frequently accompanied by oral Candida infection. Some
studies have also demonstrated a correlation between blood sugar levels and Candida, which is further confirmed by this
study.** DGLHT is rich in alkaloids and flavonoids, which directly inhibit Candida proliferation by disrupting fungal
membrane integrity and suppressing hyphal formation, thereby reducing infection-associated glycemic fluctuations and
enhancing disease management.** Patients with T2DM often exhibit compromised immune function, rendering them
susceptible to opportunistic infections such as Candidiasis. Notably, such infections and associated inflammatory
responses can exacerbate glycemic fluctuations, thereby establishing a vicious cycle. Alkaloids and flavonoids have
been demonstrated to directly suppress the overgrowth of conditional pathogens, including Candida species. By
inhibiting these pathogenic microorganisms, this cycle is effectively disrupted, thereby fostering a microenvironment
conducive to glycemic stability.

Angelica and Astragalus polysaccharides promote the proliferation of probiotics, thereby enhancing intestinal barrier
function, reducing gut permeability, and increasing short-chain fatty acid (SCFA) production, which collectively
contribute to stabilizing the gut microbiota. Astragalus polysaccharides and Angelica polysaccharides have been
demonstrated to selectively promote the proliferation of probiotics such as Bifidobacterium and Lactobacillus. These
probiotics enhance intestinal barrier function, reduce endotoxin translocation, mitigate systemic inflammation at its
source, and consequently improve insulin sensitivity and FBG levels.*> Patients with T2DM exhibit a significant
reduction in the abundance of SCFA-producing bacteria, particularly butyrate-producing species, whose decline is closely
associated with insulin resistance and deteriorated glycemic control. SCFAs serve not only as an energy source for
intestinal epithelial cells but also enter systemic circulation to exert effects on hepatic and peripheral tissues.*® Through
activation of G protein-coupled receptors and inhibition of histone deacetylases, SCFAs promote glucose uptake and fatty
acid oxidation, thereby enhancing insulin sensitivity and improving ITT and OGTT. The polysaccharide components in
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DGLHT provide ample fermentation substrates for SCFA-producing microbiota, significantly elevating intestinal SCFA
levels and thereby beneficially regulating host metabolism. Through gradual release within the intestinal lumen, DGLHT
markedly increases the abundance of Akkermansia, which confers beneficial effects through multiple mechanisms
including enhancement of mucus layer thickness, improvement of intestinal barrier integrity, and modulation of immune-
inflammatory responses. During decoction, baicalin and berberine form hydrophobic complexes that precipitate and
subsequently dissociate gradually in the intestine, prolonging the retention time of bioactive compounds and significantly
increasing the abundance of Akkermansia.*’

The results indicate that DGLHT effectively manages T2DM by lowering blood glucose levels, thereby supporting
the initial research hypothesis. Furthermore, DGLHT exhibits potential in intervening in chronic pre-diabetic conditions.
However, its clinical application should strictly follow the principles of TCM syndrome differentiation, particularly for
patients diagnosed with the yin deficiency with effulgent fire pattern. While DGLHT shows promise in diabetes
prevention and may offer tailored therapeutic benefits across different stages of the disease, further investigation through
stage-specific clinical trials is warranted. It is important to note that translating findings from murine models into clinical
practice is complicated by factors such as comorbidities and polypharmacy. Patients with clinical T2DM often present
with concurrent conditions like hypertension, dyslipidemia, or obesity, requiring combination therapies involving
antihypertensive agents, statins, or antiplatelet drugs, which may influence treatment outcomes.*® The monodisease-
state animal model utilized in this study limited the evaluation of DGLHT’s interactions with conventional pharma-
cotherapies. Moreover, substantial metabolic heterogeneity is present in human T2DM, with approximately 20-30% of
refractory cases exhibiting endogenous hypercortisolism that aggravates insulin resistance—a specific endocrine sub-
phenotype that cannot be recapitulated in animal models. Therefore, the translation of findings into clinical practice
necessitates comedication strategies guided by therapeutic outcomes.

The clinical application of DGLHT for T2DM requires strict adherence to prescribed protocols, including compliance
with the recommended treatment duration and dietary guidelines. Patients should undergo weekly monitoring of both
fasting and postprandial blood glucose levels. Conventional medications must be continued as prescribed without self-
discontinuation, particularly during combination therapy, which necessitates intensified glycemic monitoring to prevent
hypoglycemia. Concurrently, lifestyle modifications should emphasize the consumption of low-glycemic-index foods,
avoidance of high-glycemic-index items, engagement in appropriate physical activity to improve IR, and maintenance of
sufficient sleep to enhance insulin sensitivity.

Conclusion
DGLHT demonstrates remarkable therapeutic potential in the management of T2DM by ameliorating IR through
multiple interconnected pathways, such as modulating inflammatory responses, optimizing energy metabolism, and
mitigating oxidative stress. By influencing the body’s metabolic processes and reshaping the composition of gut
microbiota, DGLHT lays a solid foundation for clinical interventions and offers promising prospects for effective
diabetes therapy.
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