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Background: Polygonum capitatum Buch.-Ham. ex D. Don (P. capitatum), a traditional herb used in Miao medicine, is renowned for 
its heart-clearing properties. Davidiin, the primary bioactive component (approximately 1%), has been used to treat various conditions, 
including diabetes. Given its wide range of effects and the diverse biomolecular pathways involved in diabetes, there is a crucial need 
to study how davidiin interacts with these pathways to better understand its anti-diabetic properties.
Materials and Methods: Diabetic rats were induced using a high-fat diet and streptozotocin (STZ) administered intraperitoneally at 
35 mg/kg. Out of these, 24 rats with blood glucose levels ≥ 11.1 mmol/L and fasting blood glucose levels ≥ 7.0 mmol/L were selected for 
three experimental groups. These groups were then treated with either metformin (gavage, 140 mg/kg) or davidiin (gavage, 90 mg/kg) for 
four weeks. After the treatment period, we measured body weight, blood glucose levels, and conducted untargeted metabolic profiling using 
UPLC-QTOF-MS.
Results: Davidiin has been shown to effectively treat diabetes by reducing blood glucose levels from 30.2 ± 2.6 mmol/L to 25.1 ± 2.4 
mmol/L (P < 0.05). This effect appears stronger than that of metformin, which lowered glucose levels to 26.5 ± 2.6 mmol/L. The 
primary outcomes of serum metabolomics are significant changes in lipid and lipid-like molecular profiles. Firstly, davidiin may affect 
phosphatide metabolism by increasing levels of phosphatidylinositol and sphingosine-1-phosphate. Secondly, davidiin could influence 
cholesterol metabolism by reducing levels of glycocholic acid and glycochenodeoxycholic acid. Lastly, davidiin might impact steroid 
hormone metabolism by increasing hepoxilin B3 levels and decreasing prostaglandins.
Conclusion: Our study demonstrates that davidiin modulates various lipid-related metabolic pathways to exert its anti-diabetic 
effects. These findings offer the first detailed metabolic profile of davidiin’s action mechanism, contributing valuable insights to the 
field of Traditional Chinese Medicine in the context of diabetes treatment.
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Introduction
Diabetes mellitus (DM) is a chronic metabolic disease characterized by sustained hyperglycemia, which could damage 
the endothelial blood vessels, thus leading a range of organ lesions such as cardiovascular disease, retinopathy, diabetic 
foot, and nephropathy. It is also one of the leading causes of death worldwide.1–3 Since long-term effective control of 
blood glucose is essential, exploration of potential anti-diabetic drugs is required for better efficacy and safety. 
Traditional Chinese medicine (TCM) has always served as a treasure for drug development because of its long-term- 
practice-proved efficacy and safety.
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Polygonum capitatum Buch.-Ham. ex D. Don (P. capitatum, named Tou Hua Liao in Chinese) is a Miao herb 
belonging to the family of Polygonaceae. It is a heart-clearing drug, and mainly distributes in the southwest of China. 
Based on the perspective of TCM, DM is an “emaciation-thirst disease”, which is caused by internal heat due to 
deficiency of Yin.4,5 This condition is traditionally treated by heart-clearing drugs such as P. capitatum. Consistently, 
previous pharmacological studies have shown that the extract of P. capitatum has anti-oxidant, hypoglycemic, anti- 
inflammatory and analgesic effects. And it could inhibit α-glucosidase (α-Gase) in a dose-dependent manner.6,7 It has 
been reported that the hypoglycemic activity of P. capitatum was associated with the significant improvement of lipid 
metabolism and antioxidant capacity, as well as the up-regulation of gene expression of Adenosine 5’ monophosphate 
activated protein kinase (AMPK) and Glucose transporter protein (GLUT4).8 Therefore, P. capitatum is a potential TCM 
for treating DM.

Davidiin, the primary constituent of tannins, has demonstrated a range of biological activities,9 The percentage of 
davidiin in Polygonum capitatum was determined using the heating reflux method, the content of davidiin in the plant 
sample ranges from 1.69 to 10.93 mg/kg, with an approximate concentration of 1%.10 It is believed to be responsible for 
the antioxidant and hypoglycemic effects of Polygonum capitatum. Beyond these, davidiin has shown the ability to 
suppress hepatocellular carcinoma, inhibit SUMO protein modification, and modulate the activity of various receptors, 
including opioid receptors, dopamine 2 receptors, α2 adrenergic receptors, and β adrenergic receptors.11–13 These varied 
effects suggest that davidiin can target multiple biological pathways. Given this, there is a crucial need to study how 
these various targets are influenced in relation to its anti-diabetic properties. Similarly, our previous experiments showed 
that both P. capitatum extract and davidiin compound had significant hypoglycemic activity in vitro and in vivo. Based 
on our previous patented invention,14 it has been confirmed that davidiin is the main active ingredient of P. capitatum. 
This study aims to investigate these mechanisms, contributing to a deeper understanding of davidiin’s therapeutic 
potential. The chemical structure of davidiin is shown in Figure 1A.

The metabolome is an essential tool for studying the causes of DM, and more importantly, for implementing preventive 
measures against diabetes. DM is a metabolic syndrome, which is accompanied by changes in molecules related to glucose 
metabolism, lipid metabolism, and protein metabolism9. Consistently, the most widely accepted model for DM is induced by 
STZ injection, which can trigger a series effect to initiate DM. STZ is an antibiotic derived from colorless Streptomyces 
species, known for its broad spectrum of antimicrobial properties. STZ specifically targets pancreatic islet β cells, initiating 
a signaling cascade that results in the production of pro-inflammatory cytokines. Ultimately, this process leads to the 
development of diabetes.15,16 Furthermore, a growing body of evidence strongly suggests that STZ impacts multiple key 
enzymes within the energy metabolic pathway, directly contributing to the onset and progression of DM.17 On the other hand, 
both metformin and davidiin also have multiple targets along the energy metabolism pathway against DM.4,18

Metabolomics, which can offer a comprehensive analysis of the metabolite differences between pathological state and 
normal state, can be used to reveal the metabolites and molecular pathways associated with the pathological state 
including DM.19 This study aimed to investigate the effects of davidiin on endogenous metabolites by non-targeted 
metabolomics and explore its potential hypoglycemic mechanisms. Our findings provide the first plasma metabolic 
profile of davidiin’s potential anti-diabetic mechanism, and lay a foundation on further TCM studies of DM.

Materials and Methods
Experimental Animals and Reagents
Male Sprague-Dawley (SD) rats were purchased from Shanghai Slack Laboratory Animal Co., Ltd. Shanghai, China, 
animal license number: SCXK (Shanghai) 2022–0009. P. capitatum was purchased from Guizhou Warmen 
Pharmaceutical Co., Ltd. (Guizhou, China), and it was verified by the corresponding author of this article. Davidiin 
was extracted from P. capitatum using a reported method, and its purity was 83.60%. Metformin and Streptozotocin 
(STZ) (purity ≥ 99%), high-fat feed, and MAJOR Blood Glucose Monitoring System were purchased from Dalian 
Meilun Biotechnology Co., Ltd. (Dalian, China), Jieming Department Store, MAJOR Beijing Taierlong Economic and 
Trade Co., Ltd. (Beijing, China), respectively. All experimental protocols were designed according to the Guide for the 
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Care and Use of Laboratory Animals (NIH Publication, 8th edition, 2011) and approved by the Ethics Committee of 
Changzheng Hospital of Shanghai (Permit Number: PZSHUTCM2309070008).

Animal Preparation and Blood Collection
The project refers to the previous modeling method of the research group and the literature report to establish the diabetes 
model: high-fat feed plus small dose intraperitoneal injection of STZ.20–23 The overall flowchart of the animal experiment is 
shown in Figure 1B. A total of 22 male SD rats were raised to 180 ± 2 g. After 1 week of adaptation, 5 rats were randomly 

Figure 1 Chemical structure of davidiin and change of blood glucose and body weight. (A) Molecular structure of davidiin: Beta-1,6-hexa-hydroxydibenzoyl-2,3,4-trigallate- 
D-glucose. (B) Animal experiment flowchart. (C) Blood glucose at week 10 (D) Body weight at week 10. The Student’s t-test was utilized to compare the control group with 
the other three groups (denoted by #P < 0.05; and ##P < 0.01). Additionally, comparisons between the STZ-treated group and the remaining three groups were conducted, 
with significance levels indicated as *P < 0.05 and **P < 0.01. Notably, statistical significance at the 0.05 level was marked as *p < 0.05 vs Control, and #p < 0.05 vs STZ.
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selected to be fed with a normal diet as the control group; the remaining 17 rats were fed with a high-fat diet (18% lard, 1% 
cholesterol, 0.2% bile salt, 16% sugar, and high protein basic diet) for 4weeks. After another week, the 17 high-fat-fed rats 
received an intraperitoneal injection of STZ (35 mg/kg) after 12-hour fasting. Subsequently, rats with random blood glucose 
value ≥ 11.1 mmol/L and fasting blood glucose value ≥ 7.0 mmol/L were selected. Then, 15 rats with the highest fasting blood 
glucose levels were randomly divided into three treatment groups. These were diabetic model group (STZ group, n=5), STZ- 
davidiin group (90 mg/kg/d, n=5) and STZ-metformin group (140 mg/kg/d, n=6). The dosage of davidiin was determined 
based on our prior studies, which tested a series of concentrations (from 5 to 90 mg/kg/d) of Polygonum capitatum (equivalent 
to davidiin ranging from 3.8 mg/kg/d to 120.27 mg/kg/d) for diabetes treatment.14,20,24 Dosages of 90 mg/kg/d or higher 
demonstrated significant and consistent therapeutic effects without any notable side effects, including any damage to the 
pancreas by histopathological analysis.14,18 The dosage for metformin was established by both information from published 
literature and our own previous experimental experience.25,26 The control group and STZ groups were given an equal volume 
of physiological saline by gavage. All treatments were carried out at 8:30 am every day for 4 weeks. Fasting blood glucose and 
body weight were measured and blood samples were collected from the orbital venous plexus after 12-hour fasting at 9:30 am 
at week 10 after drug administration. The blood samples were centrifuged at 1200 g for 10 min, and the supernatant was 
collected and stored at −80°C until subsequent analysis.

UHPLC-Q-TOF-MS Analysis
The blood supernatant was spiked with 1 ug/mL puerarin as an internal standard and mixed with methanol (1:3, V/V) to 
precipitate protein. The mixture was then vortexed for 30s and centrifuged at 13,000 r/min for 15min. A volume of 5 μL of the 
supernatant was loaded on the Accurate-Mass Q-TOF LC/MS system (Agilent Technologies, Santa Clara, US) in positive 
Dual Agilent Jet Stream Electrospray Ionization (Dual AJS ESI) mode (Agilent Technologies, Santa Clara, US).

The column was an ACQUITY UPLC®HSS T3 column (2.1 mm × 100 mm, 1.8 μm), kept at 45 °C. Briefly, the 
mobile phase consisted of 0.2% formic acid (A) (V/V) and acetonitrile (B) with a gradient started with 45% B, kept 
steady for 9 min then increased to 60% at 9.5 min, 60% at 18 min, 95% at 20 min, followed by a post-run of 5 min. The 
flow rate was kept at 0.3 mL/min constantly. The quality control (QC) sample was injected after every 10 non-QC 
sample. The other parameters were set as follows: desolvation gas temperature, 350 °C; desolvation gas flow, 11 L/min, 
sheath gas temperature, 350 °C, sheath gas flow, 11 L/min; capillary voltage, 2000 V.

Data Analysis
The acquired MS data was analyzed by the Profinder program (Version b8.0, Agilent Technologies, Santa Clara, US). 
After integration and alignment, a list of spectral features was obtained with retention time (RT), m/z, and spectral area 
by recursive feature extraction. The spectral features generated by the internal standard, noise and column bleed were 
removed from the data set. Then, the integration results were manually checked before they were transferred to the Mass 
Profiler Professional program (Agilent Technologies, Santa Clara, US) for subsequent analysis. The background, 
nonbiologically relevant information, and mask effect were eliminated according to the 80% rule.27

The online statistical tool Metaboanalyst 3.0 (https://www.metaboanalyst.ca) was used for further analyses.28 P-value 
< 0.05 was considered statistically significant. Principal component analysis (PCA) was applied to exam data distribu-
tion, and to get a comprehensive and complete understanding of the metabolic profile. Partial least squares discriminant 
analysis (PLS-DA) was carried out to focus on clustering information and visualize the metabolic alterations in all groups 
at week 3 and 5. Student’s t-test was performed between two groups to select biomarker candidates. Spectral features 
with a low P-value (< 0.05) and a high fold change (FC) (≥ 2) in Student’s t-test, or with a high value of variable 
importance in the projection scores (> 1) based on PLS-DA model were added to the candidate list for further metabolite 
identification. These metabolites were identified by an integrated method which includes comparing to commercially 
approached standards and web-based spectrum databases such as Human Metabolome Database (https://www.hmdb.ca) 
and METLIN (https://metlin.scripps.edu).29,30
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Results
Weight and Blood Glucose
In our experiment, the mortality rate was 0% in the normal group. In contrast, the STZ group experienced a 20.0% 
mortality rate (one out of five rats died). The STZ-davidiin group had a slightly lower mortality rate of 16.7% (one out of 
six rats died), while the STZ-metformin group recorded no deaths (0% mortality rate among six rats). These mortality 
rates fall within the expected range for STZ-induced type 2 diabetes in rats.21,22,31

After five weeks of treatment with STZ, blood glucose levels in rats significantly increased from 5.3 ± 0.9 to 30.2 ± 
2.6 mmol/L compared to the control group, success-fully establishing the STZ-induced diabetes model (Figure 1C). This 
method is commonly used to create experimental diabetes models in animals. These findings align with those reported in 
the existing literature.22,32 In this model, both metformin and davidiin significantly reduced blood glucose levels, 
demonstrating their effectiveness in managing hyperglycemia. Despite the reductions, blood glucose levels in treated 
rats remained above normal levels (25.1 ± 2.4 mmol/L for davidiin and 26.5 ± 2.6 mmol/L for metformin), indicating that 
while these treatments effectively lower high blood glucose, they do not completely restore normal levels. Notably, 
davidiin was found to be more effective than metformin in reducing blood glucose levels.

Regarding body weight, the STZ group experienced a significant decrease from 504.4 ± 42.7 to 327.8 ± 40.9 g (P < 
0.0001). The body weight in the STZ-metformin and STZ-davidiin groups also decreased, reaching 343.75 ± 65.29 g and 
328.83 ± 22.30 g (P < 0.0001), respectively. Although both the STZ-metformin and STZ-davidiin groups had lower body 
weights compared to the control, their body weights were not significantly different from the STZ group (Figure 1D).

Serum Metabolic Profiles
The typical metabolic profiles for the control group, STZ group, STZ-davidiin group, and STZ-metformin group are 
illustrated in Figure 2 with peaks include a mix of endogenous metabolites and drug-derived metabolites. Detailed data 
tables listing all the positive and negative ions detected in each sample are available in Supplementary Tables 1 and 2. 
Additionally, summary tables that visually repre-sent the key TIC peaks in Figure 2 for both positive and negative ions 
can be found in Supplementary Tables 3 and 4.

In the total ion chromatogram, the positive ionization mode yielded significantly more ions than the negative mode, 
recording 20,922 versus 3491 ions respectively. Among the treatment groups, the general profile of the total ion 
chromatograms displayed similar overall shapes but with notable differences, especially in the number of peaks ob- 
served. Specifically, the STZ, STZ-davidiin, and STZ-metformin groups exhibited more peaks compared to the control 
group, predominantly appearing between 10 to 16 minutes retention time. This observation indicates that the serum 
metabolism of rats was altered following STZ-induced type 2 diabetes, evidenced by a significant disturbance in the 
serum metabolome. The variation in the number and height of peaks among these groups highlights the broader 
physiological impacts of the treatments. These metabolic changes emphasize the need for a comprehensive metabolomic 
analysis to delve deeper into the broader implications of these treatments on metabolic pathways and biological 
processes.

Differential Analysis of Serum Metabolomics Amongst the Four Rat Groups
Compounds were identified and endogenous metabolites filtered based on their chemical composition. Lipids and lipid- 
like molecules emerged as the most prevalent chemical class, totaling 270 compounds (Figure 3A). Among these, 48 
decreased and 222 increased when comparing the control group with the STZ group. In the comparisons of STZ- 
metformin versus STZ, 23 compounds decreased and 138 increased, while in STZ-davidiin versus STZ, 32 decreased and 
104 increased. This pattern of change was consistent across the control, STZ-metformin, and STZ-davidiin groups in 
comparison to the STZ group, which served as the diabetic model. Thus, both metformin and davidiin treatments appear 
to significantly counteract the biomolecular effects induced by STZ.

PCA and PLS-DA based on these differential metabolites demonstrated relative-ly strong separation among groups 
(Figure 3B and C). The control group and the STZ group showed the least intra-group variation and were distinctly separate, 
with no overlapping prediction areas in both PCA and PLS-DA. However, the STZ-metformin and STZ-davidiin groups 
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exhibited higher intra-group variation. Despite this, the center of their prediction areas was located between the control and 
STZ groups, with this trend being more pronounced in PLS-DA.

Functional Analysis of Differential Serum Metabolomics Amongst the Four Rat Groups
Pathway analysis reveals that Transport of Small Molecules, Metabolism of Lipids and Immune System are the 3 major 
enriched pathway categories exhibiting significant changes among the four rat groups in Figure 4A. Within the pathways 
showing significant changes, in comparison to the STZ group, the STZ-davidiin group showed downregulated Synthesis 
of Prostaglandins (PG) and Thromboxanes (TX), Eicosanoid ligand-binding receptors, Acyl chain remodeling of CL. The 

Figure 2 Typical total ion chromatograms (TIC) via UHPLC-QTOF-MS. The x-axis represents retention time (minutes), and the y-axis represents intensity (arbitrary units). 
The groups depicted are: (A and E) control group; (B and F) STZ-treated group; (C and G) STZ-davidiin group; and (D and H) STZ-metformin group.
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STZ-metformin group showed downregulated Transport of organic anions, Arachidonic acid metabolism, Synthesis of 
PG and TX.

Both of metformin and davidiin seems not directly affect the phosphatide abundant, On the other hand, they showed 
significant influence on lysophosphatidic acid (LPA) and its metabolites (Figure 4B and C). Elevated LPA does not 
contribute to recovery of insulin resistance, it might be a side effect of metformin.

Next, we tried to reveal the underline mechanism of pathological and pharmacological mechanisms by STZ, 
metformin and davidiin based on those metabolome changes we have identified. Firstly, differential compounds from 
those significantly altered metabolome pathways and key compounds selected through PLS-DA were adopted for 
bioinformatic analysis. Subsequently, literature on how the selected compounds were involved in diabetes-related 
molecule mechanism, such as glucose metabolism and lipid metabolism were reviewed and studied. At last, based on 
the current knowledge of this field and the selected molecules, we produced a metabolic network described the most 
likely mechanism how STZ induced diabetes and how metformin and davidiin prevented it (Figure 5). This detail of this 
pathway network was discussed in the discussion section.

Discussion
STZ damages rat through multiple targets, disrupting normal glucose and lipid metabolism, thereby promoting the onset 
of diabetes. The anti-diabetic effects of metformin and davidiin are supported by both lowered glucose levels and 

Figure 3 Serum levels of differential metabolites among four groups. (A) Serum levels of differential metabolites; (B) PCA of differential metabolites; (C) PLS-DA of 
differential metabolites.

Drug Design, Development and Therapy 2024:18                                                                             https://doi.org/10.2147/DDDT.S459931                                                                                                                                                                                                                       

DovePress                                                                                                                       
1987

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 4 Metabolic pathway enrichment analysis and Heatmap and clustering analysis of metabolites among four rat groups. (A) Metabolic pathway enrichment analysis; (B) 
Heatmap of fatty acids and conjugates; (C) Heatmap of phospholipids.
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Figure 5 Metformin and davidiin promoting anti-Diabetic effects through altered lipid metabolism. A metabolic network based on intake and synthesis of Glucose, 
metabolism of phosphatide, cholesterol and steroid hormones was constructed to describe the most likely mechanism how STZ induced diabetes and how metformin and 
davidiin prevented it.
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metabolomic analyses. In our experiment, both metformin and davidiin significantly reduced the rise in blood glucose 
induced by STZ, with davidiin demonstrating a greater hypoglycemic effect compared to metformin. At the same time, 
both davidiin and metformin are multi-target drugs, which can counteract the negative effects of STZ by influencing 
various genes involved in glucose and lipid metabolism.15,16,33,34 The following discussion will primarily focus on the 
functional effects of the STZ-induced metabolome on the diabetes phenotype. This is followed by a discussion of 
the beneficial functional effects of the davidiin-induced metabolome on the diabetes phenotype and a comparison with 
the effects of metformin. And the discussion is summarized graphically in Figure 5 and succinctly summarized in 
Figure 6, highlighting Davidiin’s proposed anti-diabetic mechanism and its potential therapeutic implications.

Intake and Synthesis of Glucose
The accumulation of glucose in the body is not only a consequence of various factors contributing to diabetes, but it also 
stands as a primary instigator of symptoms and complications associated with different types of diabetes. Carbohydrate 
nutrients from food are converted into glycogen via the Glut2 transporter protein. Glycogen is enzymatically converted 
into glucose by α-Gase. Subsequently, it undergoes metabolism through the glycolytic pathway, resulting in the 
generation of pyruvic acid and acetyl coenzyme A, which are then utilized in lipid synthesis. The changes in blood 
glucose levels following treatments align with these expectations in this study. These results also correspond with 
previous literature, where STZ is known to inhibit the expression of the Glut2 transporter protein, metformin can 
decrease the expression of glucose 6-phosphatase (G6Pase) in the gluconeogenesis pathway.17,18 For the suppression of 
glucose intake, α-Gase inhibition may play a key role. Davidiin, the primary active compound in polygonum capitatum, 
makes up about 1% of the plant’s composition.14,20 Research has shown that an 80% ethanol extract of Polygonum 
capitatum has α-Gase inhibitory activity.6 Polygonum capitatum can mitigate lipid metabolism disorders by upregulating 
the expression of AMPK and GLUT4 genes in liver tissues, promoting glucose uptake.8 It has been shown to influence 
the metabolism of phosphatides, arachidonic acid, steroid hormones, and cholesterol.7 These changes might indirectly 
contribute to a hypoglycemic effect. These factors directly influence the synthesis and metabolism of glucose.

Metabolism of Phosphatide
The body’s most abundant glycerophospholipids are phosphatidylcholine and phosphatidylethanolamine, comprising 
over 75% of the total phospholipids. Changes in PC and/or PE content in various tissues have been reported to be 
associated with insulin resistance and obesity.35 Fatty acids and 3-phosphoglycerat, the basic raw materials of glycerol 
phospholipid synthesis, primarily derived from glucose metabolism.36 Glycerophospholipids is a metabolic intersection 
of energy metabolism, which link glucose metabolism and types of lipid metabolisms.

Figure 6 A proposed mechanism of davidiin’s anti-diabetic action. Davidiin exerts itshypoglycemic effect by inhibiting α-Gase to reduce glucose uptake and affecting multiple 
products in the lipid metabolism pathway to increase insulin synthesis and sensitivity.
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It was reported that STZ can increase acetyl-CoA carboxylase (ACC), and long-chain acyl-coenzyme A synthetase 
(LACS),17 key enzymes on the phospholipid metabolism pathway. Consistently, in the STZ-group, we have found that 
important products on the ACC and LACS pathways, palmitic acid, stearic acid and phosphatidylcholine were upregu-
lated. Stearate is obtained in the diet or through the extended synthesis of palmitate, the main product of the fatty acid 
synthase system in animal cells. Like palmitate, stearate is the primary substrate of stearyl-CoA desaturase that catalyzes 
the conversion of stearate to oleate, which is the preferred substrate for the synthesis of triglyceride and other complex 
lipids. In rat, targeted disruption of the stearyl-CoA desaturase-1 gene results in the production of a lean mouse that is 
resistant to diet-induced obesity and insulin resistance.37 Thus, the downregulation of palmitic acid, stearic acid, and 
phosphatidylcholine may indicate a diminished metabolic capacity of phosphate.

Both of metformin and davidiin seems not directly affect the phosphatide abundant, which is consistent with the 
observation that they also showed no significant influence on the overall body weight. On the other hand, they showed 
significant influence on LPA and its metabolites. Elevated LPA does not contribute to recovery of insulin resistance,38,39 

it might be a side effect of metformin.
On top of this, davidiin’s influence on metabolism of phosphatide seems stronger than metformin, where the STZ-davidiin 

group up-regulated phosphatidylinositol (PI) and sphingosine-1-phosphate (S1P), downregulated PG. Both PI and PG are 
derived from CDP-DAG synthesized under the action of different enzymes. It has been reported that adipocyte PI biosynthesis 
through the gonad circulation can prevent insulin resistance.40 PG is a mitochondrial phospholipid involved in various 
metabolic diseases, and it has been reported that loss of the remodeling acyltransferase LPGAT1 of phosphatidylglycerol (PG) 
significantly impairs insulin signaling in the liver.41 S1P is a multifunctional bioactive lipid mediator, S1P can promote β cell 
proliferation and antagonize its apoptosis and insulin resistance in muscle tissue, playing a positive role in preventing and 
delaying the development of T2DM.42 We are the first to report that davidiin can raise S1P. Therefore, we speculate that 
davidiin enhanced phospholipid metabolism promotes PI and S1P expression to play a hypoglycemic effect.

Metabolism of Arachidonic Acid and Steroid Hormones
Phosphatide can be utilized to synthesis Arachidonic Acid (AA) through phosphatidylcholine. AA has anti-inflammatory and 
anti-diabetic actions by enhancing the production of its anti-inflammatory metabolite.43 AA can be metabolized in the body 
through three different pathways, regulated by cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome P450 
(CYP450), leading to synthesis of Steroid Hormones.44 The metabolic alterations associated with davidiin exhibit potential 
anti-diabetic effects on downstream metabolites of both COX and LOX, as suggested by findings in published literature.

AA could be converted into hepoxilins and leukotrienes (LTs) through the enzymatic activity of 12-LOX and 5-LOX 
respectively. Hepoxilin, particularly hepoxilin B3, has been shown to directly stimulate insulin release.45 Notably, 
davidiin appears to positively influence 12-LOX activity, as evidenced by an increase in hepoxilin B3 levels. 
Additionally, AA can be transformed into LT A4 by 5-LOX, subsequently leading to the generation of LT D4 and LT 
B4. These LTs have the potential to induce the production of inflammatory factors such as TNF-α, ultimately contributing 
to impaired insulin signaling.45–47 While our data revealed a downregulation LTs with metformin treatment, such an 
effect was not observed with davidiin.

AA could be converted into prostaglandin H2 (PGH2) through the enzymatic activity COX2, which can be further 
converted to all the other prostaglandins, such as PGD2, PGJ2, PGE2, PGB2 with a series of enzymatic reactions. It is 
known that STZ could increase the expression of inflammatory mediators such as TNF- α and COX2 in rat spinal cord 
lysates.48 And this negative effect could be reversed by metformin by suppression of COX2.17 The PGs have distinct 
influence on the insulin production and sensitivity. Inhibition of PGD2 receptor GPR44 can reduce plasma TNF-α level, 
increasing insulin sensitivity; PGE, can promote TNF- α and IL-6, leading to inflammation in adipose tissue and 
ultimately insulin resistance.49–51 In line with the prevailing understanding of PGs and their impact on insulin sensitivity, 
our observations indicate a relatively lower level of PGB2, a direct product of PGE2, in the control group compared to 
the STZ-treated group. Metformin exhibits downregulation of PGD2, while davidiin demonstrates downregulation of 
both PGB2 and PGD2. Moreover, PGJ2, recognized as a PPAR-γ agonist, attenuates TNF-α-induced glycerol release, 
thereby reducing serum free fatty acids and enhancing insulin sensitivity.52–56 It was also found that P. capitatum can 
inhibit TNF- α generation though PGE2 in the body.55 These results indicated that both metformin and davidiin 
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effectively downregulate PGJ2, counteracting the impact of STZ. This suggests that the beneficial effect of PGD2 (or 
PGE2) downregulation on insulin sensitivity outweighs the potentially adverse effects associated with PGJ2 
downregulation.

Our study reveals, for the first time, showed that the anti-diabetic mechanisms of davidiin may involve increased insulin 
sensitivity through the upregulation of hepoxilin B3, as well as the regulation of steroid hormones to inhibit TNF-α levels 
and promote PPAR expression.

Metabolism of Cholesterol
Phosphatides can be utilized for the synthesis of cholesterol via acetyl-CoA, which, in turn, contributes to the production of 
bile acids.36 Under the influence of CYP2C70, glycocholic acid (GCA) and glycochenodeoxycholic acid (GCDCA) can be 
converted into β-MCA and UDCA. Our findings indicate that STZ increases GCA and GCDCA levels, a phenomenon 
effectively mitigated by both davidiin and metformin. The impact of davidiin may be attributed to the observed induction of 
CYP3A4-mediated hydroxylation of GCA and GCDCA, as suggested by previous studies on polygonum.4,57

These findings align well with the potential pro-diabetic effects of β-MCA and UDCA through FXR suppression.58 

Firstly, the intestinal FXR signaling pathway directly stimulates the secretion of GLP-1 and insulin.59 Secondly, FXR 
promotes fatty acid consumption by activating fatty acid β-oxidation.60,61 Thirdly, the FXR/SHP pathway inhibits 
PEPCK and G6Pase, thereby suppressing gluconeogenesis and enhancing glucose tolerance and insulin sensitivity.62 

The results suggest that davidiin may modulate the bile acid pool by promoting CYP3A4 expression, leading to 
a hypoglycemic effect through the FXR-GLP-1/PPAR/SHP pathway.

Here, we have discovered that metformin and davidiin target different molecular pathways, a finding supported by 
three key factors. First, metformin and davidiin possess distinct molecular structures, leading to different interactions 
with biomolecules and hence, unique mechanisms of action. This structural variance not only explains their distinct 
therapeutic effects but also why each can treat different conditions. For instance, metformin is known to target multiple 
pathways associated with type 2 diabetes management.63–65 Second, DM is a complex and heterogeneous metabolic 
disorder with diverse underlying causes, suggesting that targeting multiple pathways may be beneficial for anti-diabetic 
effects. Both metformin and davidiin impact lipid metabolism, though through different mechanisms.66–68 Finally, 
advancements in metabolomics have enhanced our ability to investigate these mechanisms in greater detail, as demon-
strated in this study.

Limitation and Future Direction Research
Our study, while comprehensive in its analysis of davidiin’s anti-diabetic effects through serum metabolomic profiling, 
encounters several limitations. Firstly, the translation of results from animal models to human patients remains 
a significant challenge, as physiological responses in humans can differ considerably. Furthermore, while we have 
demonstrated notable effects on certain metabolic pathways, our study has not fully explored the mechanistic bases of 
these changes at the molecular level. The interactions between davidiin and specific metabolic enzymes or receptors were 
inferred but not directly confirmed. Also, the metabolic pathways were analyzed at specific time points, which may not 
fully capture the dynamic changes over time or the potential delayed effects of davidiin treatment.

Despite its limitations, the current study has unveiled several potential anti-diabetic mechanisms of davidiin. Future 
research should aim to translate these findings into clinical settings to evaluate davidiin’s efficacy and safety in human 
subjects. A more detailed investigation into the molecular interactions between davidiin and key metabolic enzymes or 
receptors, using both in vitro and in vivo methods, would enhance our understanding of its mechanisms. Longitudinal 
studies are also essential to monitor the long-term effects and stability of metabolic changes induced by davidiin. 
Broadening the scope of research to include transcriptomic and proteomic analyses could deepen our insight into the 
metabolic shifts and aid in identifying new therapeutic targets. Additionally, the design of our study could be applied to 
investigate the potential pharmacological mechanisms of other TCMs beyond davidiin. By utilizing advanced metabo-
lomic techniques and other analytical tools, our understanding and application of TCM could be significantly expanded, 
ultimately providing more options for disease treatment.
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Conclusion
Davidiin has demonstrated effectiveness in treating diabetes by reducing blood glucose levels from 30.2 ± 2.6 mmol/L to 
25.1 ± 2.4 mmol/L (P < 0.05). This effect is also seemingly more potent than metformin, which lowered glucose levels to 
26.5 ± 2.6 mmol/L. This indicates davidiin’s potential as a viable anti-diabetic treatment option.

Serum metabolomics analysis has revealed potential metabolic pathways that contribute to the anti-diabetic effects of 
davidiin and metformin. The primary effects are notable changes in lipid and lipid-like molecular profiles, which can be 
grouped into three categories. First, davidiin may alter phosphatide metabolism by increasing levels of PI and S1P, 
possibly through the induction of LACS or ACC. Second, davidiin seems to impact cholesterol metabolism by reducing 
levels of GCA and GCDCA, potentially by inducing CYP3A4. Finally, davidiin may affect steroid hormone metabolism 
by increasing hepoxilin B3 and decreasing prostaglandins, which could be related to the induction of COX-2. In 
phosphatide metabolism and steroid hormone metabolism, davidiin exhibited a more substantial impact than metformin, 
with a greater number of affected metabolites. These findings offer new insights into davidiin’s anti-diabetic mechanisms, 
providing a solid foundation for further studies in TCM for DM.
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