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Purpose: This study aimed to disclose the antidiabetic mechanisms of Rehmanniae Radix (RR).
Methods: The antidiabetic effect of RR was studied in Streptozocin (STZ)–induced diabetes mellitus (DM) rats and HepG2 cells with insulin resistance (IR). Antidiabetic targets and signaling pathways of RR were confirmed by the network pharmacology and transcriptome analysis as well as HK2 cells induced by high glucose (HG).
Results: After the DM rats were administrated RR extract (RRE) for 4 weeks, their body weight was 10.70 ± 2.00% higher than those in the model group, and the fasting blood glucose (FBG), AUC of the oral glucose tolerance test, and insulin sensitivity test values were 73.23 ± 3.33%, 12.31 ± 2.29%, and 13.61 ± 5.60% lower in the RRE group, respectively. When compared with the model group, an increase of 45.76 ± 3.03% in the glucose uptake of HepG2 cells with IR was seen in the RRE group. The drug (RR)–components–disease (DM)–targets network with 18 components and 58 targets was established. 331 differentially expressed genes (DEGs) were identified. TRPV1 and SCD1 were important DEGs by the intersectional analysis of network pharmacology and renal transcriptome. The TRPV1 overexpression significantly inhibited apoptosis and oxidative stress of the HK2 cells induced by HG, while SCD1 overexpression induced apoptosis and oxidative stress of the HK2 cells induced by low and high glucose. When compared to the HG group, the mRNA and protein expressions of TRPV1 in the presence of RRE (100 μg/ml) increased by 3.94 ± 0.08 and 2.83 ± 0.40 folds, respectively.
Conclusion: In summary, RR displayed an inspiring antidiabetic effect by reducing FBG and IR, upregulating the mRNA and protein expressions of TRPV1, and downregulating mRNA expression of SCD1. Induction of TRPV1 and inhibition of SCD1 by RR was possibly one of its antidiabetic mechanisms.
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INTRODUCTION
Diabetes mellitus (DM) is a metabolic/endocrine disorder with an increasing incidence and prevalence worldwide. According to the diabetes atlas of the International Diabetes Federation (IDF Diabetes Atlas 10th edition), 537 million adults (20–79 years) suffer from DM. This number is predicted to rise to 643 million by 2030 and 783 million by 2045. A large national survey (Li et al., 2020) indicated that the total number of patients with DM in the Chinese mainland is estimated to be 129.8 million. DM is characterized by hyperglycemia caused directly by insufficient insulin secretion or insulin resistance (IR). Its pathology is irreversible and is often accompanied by many complications. The blood vessels, heart, brain, kidney, nerves, eyes, feet, and other organs are damaged by long-term hyperglycemia, leading to death in severe cases (DiMeglio et al., 2018; Lascar et al., 2018).
Herbs [e.g., Rehmanniae radix (Gaert.) Libosch, Astragalus membranaceus (Fisch.) Bunge, Ginkgo biloba Linn, Pueraria lobata (Willd.) Ohwi] have been used to treat DM for thousands of years, those which exhibit favorable antidiabetic effects and low side effects (Yokozawa et al., 1986; Shi et al., 2011; Tong et al., 2012; Wen et al., 2012; Tzeng et al., 2013). As one of the most commonly used antidiabetic herbs, RR has been recorded in Chinese pharmacopoeia and many classical prescriptions such as Liuwei Dihuang decoction, Huanglian Dihuang decoction, and Dangguiliuhuang decoction (Zhang et al., 2008; Cao et al., 2017). Rehmanniae Radix (RR) displayed favorable clinical effects in the treatment of metabolic diseases such as DM (Kim et al., 2017). RR and its components, e.g., iridoid glycoside, catalpol, rehmannioside D, oligosaccharide, and polysaccharide, have been proven to ameliorate DM by improving IR, regulating lipid metabolism, protecting islet ß cells, and anti-inflammatory and antioxidant (Kitagawa et al., 1971; Zhang et al., 2008; Choi et al., 2013; Zhang et al., 2013; Zhang et al., 2014; Yan et al., 2018).
As everyone knows, herbs possess multicomponent and multi-target characteristics, which makes research on the antidiabetic mechanism of herbs full of challenges. In 2007, Hopkins (2007) proposed the theory of network pharmacology, believing that drugs produce pharmacodynamics and toxic effects based on the interaction of drug–disease–target (Hopkins, 2007, 2008), which coincides with the core idea of the Traditional Chinese medicine (TCM) theory. Network pharmacology provides an opportunity to forecast and explain the mechanism and pharmacodynamic material of antidiabetic herbs. Network pharmacology has been widely used to study the antidiabetic mechanism of multiple herbs and their preparations, e.g., Coptis chinensis Franch, Hedysarum multijugum Maxim, Sorghum bicolor (Linn.) Moench (L.), leaf of Morus alba Linn (Xu et al., 2020; Xu et al., 2020c; Guo et al., 2020; Meng et al., 2020; Oh et al., 2020; Pan et al., 2020; Wu and Hu, 2021). At present, there are few studies on RR against DM through network pharmacology.
As a macro approach, transcriptomics has changed the research mode of a single gene and brought omics research into the era of rapid development (Lander et al., 2001; Zhao et al., 2018). The application of transcriptomics in the field of herbs helps in explaining the syndrome differentiation theory of TCM and the action mechanism of herbs at the gene level. The antidiabetic targets and signaling pathways (e.g., PI3K/Akt/FoxO1 and PPARɑ) of herbs such as Coptis chinensis Franch., Panax ginseng C. A. Meyer, Alisma orientale, and Potentilla discolor Bunge have been studied, identified, and validated by transcriptome (Han et al., 2019; Xu et al., 2020b; Yang et al., 2020; Wu et al., 2021).
At present, some targets and signaling pathways of RR and its component catalpol against DM have been revealed, such as AGEs/RAGE/SphK1, Nrf-2, mitogen-activated protein kinases (MAPK), nuclear localization of nuclear factor kappa B (NF-ΚB), and the AMPKX4/PI3K/AKT signaling pathway (Choi et al., 2013; Lv et al., 2016; Mohamed and Samak, 2017; Yan et al., 2018).
Among the numerous antidiabetic targets, transient receptor potential vanilloid 1 (TRPV1) and stearoyl-CoA desaturase 1 (SCD1) were particularly interesting. TRPV1 was discovered by David Julius in 1997 and was identified as an ion channel that can be activated by heat and capsaicin to cause pain, for which David Julius was awarded the 2021 Nobel Prize. In recent years, numerous studies have demonstrated that TRPV1 plays a vital role in metabolic diseases (Radu et al., 2013). TRPV1 is linked to adipose accumulation and energy expenditure by inhibiting the development of preadipocytes into mature adipocytes and increasing their lipolysis (Zhang et al., 2007). It has been proven that TRPV1 activation may mediate the browning of white adipose tissue (WAT) via activating peroxisome proliferators–activated receptors γ (PPARγ), positive regulatory domain containing 16 (PRDM16), and the AMPK signaling pathway (Baskaran et al., 2016), which indicates that TRPV1 is a promising target against DM.
SCD1 is a rate-limiting enzyme that converts saturated fatty acids (SFA) to monounsaturated fatty acids (MUFA). It plays an important role in metabolic abnormalities (Liew et al., 2004; Liu et al., 2013) by affecting insulin sensitivity and lipid metabolism (Popeijus et al., 2008; Sampath and Ntambi, 2011). It is a potential therapeutic target for DM, obesity, hypertension, and dyslipidemia (Enoch et al., 1976).
In this study, the DM rats were constructed to study the antidiabetic efficacy and mechanism of RR. The HepG2 cells with IR were established to study the influence of RR on glucose uptake. The drug (RR)–components–disease (DM)–targets network was established, and the antidiabetic targets and signaling pathways of RR were identified by the combination of network pharmacology and transcriptomics analysis. The role of TRPV1 and SCD1 in the treatment of DM was studied using the HK2 cells with the overexpressions of the two key targets in the low- and high-glucose groups, respectively. Regulation of mRNA and protein expressions of TRPV1 and SCD1 by RRE was assayed by qRT-PCR and western blot. This study will be conducive to disclosing the antidiabetic mechanism of RR from multiple perspectives, especially the regulation of TRPV1 and SCD1.
MATERIALS AND METHODS
Chemicals and Biological Products
Rehmanniae Radix extract (30:1, i.e., 1 g extract/30 g herb) was purchased from Xi’an Xinlu Biotechnology Co., Ltd. (#20200910, China). Streptozocin (STZ, #S0130), recombinant human insulin (#91077C), and metformin hydrochloride (PHR1084) were obtained from Sigma-Aldrich Inc. (United States). 2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG, #GC10289) was obtained from GlpBio Inc. (United States). Insulin aspart 30 injection (#S20133006) was obtained from Novartis Inc. (Switzerland). cDNA Synthesis SuperMix for qPCR (#11141ES6), qPCR SYBR Green Master Mix (#011199ES08), Annexin V-Alexa Fluor 647/PI Apoptosis Detection Kit (#40304ES60), JC-1 Mitochondrial Membrane Potential Assay Kit (#40706ES60), Mitochondrial ROS Detection Kit (#50102ES02), and CCK-8 assay kit (#40203ES80) were obtained from Yeasen Co., LTD. (China). Lipofectamine 3000 (#L3000075) was obtained from Thermo Scientific (United States). The TRPV1, SCD1, and GAPDH antibodies were obtained from Cell Signaling Technology (United States). The HepG2 and HK2 cells were purchased from ATCC (American Type Culture Collection, United States).
Cell Culture
The human hepatocellular carcinoma cell line (HepG2) was cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 25.5 mM glucose, 1% penicillin/streptomycin, and 10% fetal bovine serum under 5% CO2 and 95% air at 37°C. The human renal proximal tubular epithelial cell line (HK2) was cultured in DMEM with 5.5 mM glucose, and all the other conditions remained the same as for HepG2. When the cells grow to about 80% fusion, the passage was carried out in a ratio of 1:2.
Cell Viability
The cells were seeded in 96-well plates at a density of 5 × 104 cells per milliliter. After 24-h culture, the cells were incubated with different stimulation for 48 h. Then, the cell viability was evaluated using the CCK-8 kit (Meilunbio, China) following the manufacturer’s instructions. The OD value was detected at 450 nm by a microplate reader. The cell survival rate was calculated according to the following formula:
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where As is the absorbance of the experimental well (given stimulation); Ac is the absorbance of the control wells (no stimulation); and Ab is the absorbance of the blank well (no cells).
Glucose Uptake
The HepG2 cells were cultured in 12-well plates at a density of 5 × 104 cells per milliliter. The optimal concentration (25, 50, 100, 200, and 300 μM) of 2-NBDG (Ex/Em = 502/530 nm) was explored. The cells were incubated with 2-NBDG solution diluted in glucose-free DMEM for 1 h, with three duplicates at each concentration. After PBS washing, the cells were digested and suspended again and detected within 1 h. Fluorescence was detected by the FITC channel from flow cytometry (FCM), which was characterized by the mean area of FITC, and the results were analyzed by the FlowJo software.
Influence of Rehmanniae Radix Extract on HepG2 Cells With Insulin Resistance
The HepG2 cells were cultured in 12-well plates at a density of 5 × 104 cells per milliliter. A high concentration of insulin was used to induce insulin resistance in the HepG2 cells. The HepG2 cells were incubated with a series of insulin solutions (0.5, 5, 10, 20, and 40 μg/ml) for 48 h to determine the optimal insulin concentration so as to reach the lowest glucose uptake. To investigate the influence of RRE on the HepG2 cells with IR, the blank control group [insulin (−), drug (−)], the model group [insulin (+), RRE (−)], the positive control group [insulin (+), 1 mM metformin], and the administration group [insulin (+), 25, 50, 100 μg/ml of RRE] were incubated with the HepG2 cells for 48 h. The assays were performed in triplicates. Then, the glucose uptake detection was performed.
Animals
The rats were reared in the Laboratory Animal Center, School of Pharmacy, Fudan University. The temperature was set at 25 ± 2°C, the humidity was kept at 45–50%. All the animal cages, feed, drinking water, and bedding materials were sterilized by high-pressure steam. All the laboratory operations were conducted in an ultraclean platform. After 2 weeks of adaptive feeding, 15 healthy Sprague Dawley (SD) male rats (200–250 g) were randomized into groups and fasted for 12 h, from which 10 rats were intraperitoneally injected with 1% STZ solution at a dose of 60 mg/kg bodyweight, and an equal volume of saline was intraperitoneally injected into the other five rats. On the 7th day after injection, all the rats were fasted for 12 h, and the fasting blood glucose (FBG) level was tested. When the FBG of the rats was ≥16.7 mmol/L (300 mg/dl), it was considered to meet the standards of DM. The DM rats were randomly divided into the model group (n = 5) and RRE group (n = 5), and the healthy rats (n = 5) were divided into the normal group. The normal group and model group were given an intragastric administration of saline once a day, and the RRE group was given RRE suspension at the dose of 450 mg/kg once a day. The administration lasted for 4 weeks, and the fasting body weight and FBG of all the rats were measured weekly. One week after the last experiment, the kidneys, small intestines, and skeletal muscles of the rats were collected and stored at −80°C. All animal care and experimental protocols complied with the Animal Management Rules of the Ministry of Health of the People’s Republic of China and were approved by the Animal Ethics Committee of the School of Pharmacy, Fudan University (Ethics approval No. 2020-04-LY-MG-01, Shanghai, China).
Oral Glucose Tolerance Test and Insulin Sensitivity Test
An oral glucose tolerance test (OGTT) was performed 4 weeks after the administration of RRE. After fasting for 12 h, all the rats were weighed and their FBG was detected. Glucose solution was orally administrated to the rats at the dose of 2 g/kg body weight. Blood glucose was detected at 30, 60, 120, 180, and 240 min after administration. An insulin sensitivity test (IST) was performed a week after the OGTT. After fasting for 12 h, all the rats were weighed and their FBG were detected. The solution of insulin was injected intraperitoneally into the rats at a dose of 0.8 U/kg body weight. Blood glucose was detected at 30, 60, 120, and 180 min after insulin administration.
Network Pharmacology of Rehmanniae Radix
Active Components Screening
All the components of RR were obtained from a systematic pharmacological database of TCM, i.e., TCMSP (https://old.tcmsp-e.com/tcmsp.php). Two ways to filter these components were conducted, one of which was the conditioning of the TCMSP database, which was set at an oral absorption rate (OB) ≥20% and druglikeness (DL) ≥0.1. The second way was the ADME filtering through the SwissADME database (http://www.swissadme.ch/), which included absorption, distribution, metabolism, and excretion. The relevant parameters were calculated by the database when the structural formula of the components was input. The components were included when GI absorption in the pharmacokinetics parameter was high and at least two “yes” appeared in the five parameters of druglikeness (Lipinski, Ghose, Veber, Egan, and Muegge). The components included in the TCMSP and Swiss databases were combined.
Prediction and Intersection of Target
The TCMSP and Swiss databases were used to predict drug-related targets. The protein name of targets obtained from the TCMSP database was converted into the corresponding gene name by the UniProt database (https://www.uniprot.org/). The targets were also predicted using the SwissTargetPrediction database (http://www.swisstargetprediction.ch/) by entering the component structure formula and were screened according to a probability p value >0.4. The drug-related targets were obtained by merging the two databases, of which the repeated targets of the same component were removed. For the disease-related targets, the GeneCards database (http://www.genecards.org/) was searched using “Diabetes” or “diabetic” as the keywords. Venny 2.1.0 tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html)was used to obtain the intersection of the drug-related targets and disease-related targets.
Protein–Protein Interaction Network Construction
Calculation of the intersection targets was performed by the String database platform (https://www.string-db.org/). The conditions were set to Homo sapiens, and the minimum required interaction score to ≥0.4. Proteins without interaction were removed. The number of nodes connected by each target was calculated and sorted by R language.
Transcriptome Analysis
The kidney, small intestine, and skeletal muscle tissue samples from the rats (three in each group) were used for the transcriptome analysis by Shanghai Majorbio Bio-pharmTechnology Co., Ltd, using the Illumina HiSeq™ 2500 sequencer. The raw data obtained by the Illumina sequencing platform were analyzed following the process of sequence alignment, transcript assembly, functional annotation and query, and expression analysis. Transcripts per million (TPM) reads were used to characterize gene expression, and the calculation formula is as follows:
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where R and L represent the read counts and gene lengths of the genes to be calculated, respectively. R1–Rn and L1–Ln represent the read counts and gene lengths of all genes in the sample, respectively.
The DESeq2 software was used to calculate the differential expression of genes according to the TPM value. Differentially expressed genes (DEGs) were identified with the standard of |FC| >1.5 and p value <0.05. The DEGs were intersected and divided into two parts, i.e., upregulation and downregulation, and the 10 DEGs with the lowest p values were selected to verify the gene expression trend by qRT-PCR.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analyses
GO and KEGG enrichment analyses were performed on the DAVID database (https://david.ncifcrf.gov/). The GO terms mainly included molecular functions, cellular components, and biological processes. The KEGG pathway was classified according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (https://www.kegg.jp/kegg/pathway.html). When p.adjust was <0.1, the GO terms and KEGG pathways were considered to be significantly enriched.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA of the rat kidney tissues or HK2 cells was isolated using RNAiso Plus (TaKaRa Biotech, China). After reverse-transcription, qRT-PCR was performed by the Applied Biosystems QuantStudio 3 system (Thermo Fisher, American). The reactions were performed following the cycling conditions: 95°C for 10 s, followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 30 s. The mRNA level of the target genes was normalized and analyzed by the 2−ΔΔCT method. The primers were designed from the Prime-BLAST function of the National Center for Biotechnology Information (NCBI) database and synthesized by Shenggong Bioengineering Co., Ltd. (Shanghai, China). The primer sequences are listed in Supplementary Table S2.
Cell Transfection
The coding sequences of TRPV1 and SCD1 were constructed on pcDNA3.1-3× Flag (+) vector by Hunan Fenghui Biotechnology Co., Ltd. (Fenghui, China). The plasmid extraction was carried out according to the plasmid extraction kit scheme (# DP103-03, Tiangen Biotech, China). The HK2 cells were cultured in 12-well plates at a density of 5 × 104 cells per milliliter for 24 h. Transfection of TRPV1 and SCD1 as well as the vector in HK2 cells (1,250 ng plasmids per well) was performed using Lipofectamine® 3000 (#L3000015, Thermo Fisher Scientific, United States). And every transfection group was divided into low-glucose (5.5 mM) and high-glucose (60 mM) groups with three duplicates. Total RNA was extracted 48 h after transfection, and the gene overexpression was verified by qRT-PCR.
Cell Apoptosis Detection
The HK2 cells transfection was carried out as described above. Apoptosis was evaluated using the Annexin V-Alexa Fluor 647/Propidium Iodide (PI) Apoptosis Detection Kit 48 h after transfection. The cells were digested by EDTA-free trypsin, washed with PBS, and resuspended with the binding buffer. The cells in each well were incubated with Annexin V-Alexa Fluor 647 (5 μl) and PI (10 μl) at room temperature in the dark for 15 min. The detection was conducted by using the APC and PE channels from FCM within 1 h.
Reactive Oxygen Species Detection
The HK2 cells transfection was carried out as described above. DCFH-DA (10 mM) was diluted with serum-free low-glucose DMEM at a ratio of 1:3000 to obtain the staining solution. 500 μl of the staining solution was added into each well and incubated at 37°C for 30 min. After the probe was transferred, the cells were washed with PBS, digested and resuspended, and detected by FCM within 1 h. The fluorescence intensity of the cells was measured by the FITC channel.
Mitochondrial Superoxide Detection
The HK2 cells transfection was carried out as described above. Mitochondrial superoxide (MitoSOX, 5 mM) was diluted with serum-free low-glucose DMEM at a ratio of 1:1,000 to obtain the staining solution. Probe loading was carried out the same as " ROS detection," but the incubation time was 20 min. The cells were digested and resuspended, and then detected by the PI channel of FCM.
Mitochondrial Membrane Potential Detection
The HK2 cells transfection was carried out as aforementioned. The JC1 staining working solution and buffer solution were configured according to the instruction of the kit. The probe loading and cell collection methods were the same as 1.14. The cells were detected by FCM within 1 h. The fluorescence intensity of the cells was measured by FITC and PE double-channel.
Western Blot
Proteins from the HK2 cells were extracted by using RIPA buffer with 1% of PMSF and protease inhibitor cocktail following the standard protocol, and then protein concentrations were quantified using a bicinchoninic acid (BCA) protein assay kit. Equal amounts of protein extracts were loaded on SDS-PAGE (150 V, 80 min) and electrotransferred to a 0.45-μm PVDF membrane (200 mA, 90 min). The membranes were blocked with 5% nonfat milk for 1 h at room temperature and incubated with primary antibodies overnight at 4°C. On the next day, fluorescence-conjugated secondary antibodies were applied to the membranes for 1 h at room temperature. The membranes were visualized with FluorChem Alpha Imaging (ProteinSimple, United States). Target proteins were normalized to GAPDH and quantified by the ImageJ software.
Effect of Rehmanniae Radix Extract on mRNA and Protein Expressions of TRPV1 and SCD1
The HK2 cells were seeded at a density of 5 × 104/ml in 6-well plates. The cells were grouped into low-glucose (LG) and high-glucose (HG) groups; and the HG groups were further divided into groups of RRE administration (25, 100, and 400 μg/ml) and positive control (CAP, capsaicin, 10 μM). Total RNA and protein were extracted after 48 h of the administration, and the mRNA and protein expressions of TRPV1 and SCD1 were detected by qRT-PCR and Western blot, respectively.
Statistical Analysis
The data were analyzed by GraphPad Prism 9.0 software for Windows (GraphPad Software, San Diego, CA). Two-way ANOVA and one-way ANOVA were used. p < 0.05 was considered to be significant.
RESULTS
Cytotoxicity of Rehmanniae Radix Extract and Glucose
RRE was nontoxic to the HepG2 and HK2 cells within the concentration range of 0–400 μg/ml, and the cell survival rate was above 80% (Supplementary Figure S1A). Moreover, the survival rate of the HK2 cells increased with an increase of RRE concentration and decreased with an increase of glucose concentration (5.5–120 mM) (Supplementary Figure S1B). The survival rate of the HK2 cells was lower than 80% at 80 mM of glucose (Supplementary Figure S1C). Finally, 60 mM was chosen as the concentration for high-glucose stimulation.
Rehmanniae Radix Extract Increases Glucose Uptake of HepG2 Cells With Insulin Resistance
Compared to the blank group, the glucose uptake of the HepG2 cells with IR in the model group was significantly reduced (p < 0.05) and that of the positive control group was increased (Figure 1F; Supplementary Figure S2). Compared to the model group, RRE (25–100 μg/ml) can increase glucose uptake of the cells and inhibit IR of the cells with increasing concentration of RRE, of which the glucose uptake of the cells increases 45.76 ± 3.03% in the RRE (100 μg/ml) group (Figure 1G).
[image: Figure 1]FIGURE 1 | Antidiabetic effect of RRE in in vivo and in vitro studies. (A) Schematic timetable for the suggested antidiabetic experiments in vivo. The SD rats were induced by STZ at 7 weeks of age. After 4 weeks of RRE administration, the metabolic phenotype of the rats was evaluated by an oral glucose tolerance test (OGTT) at 12 weeks of age, followed by 1 week of recovery time and subsequently an IST. (B) Weekly weight of the SD rats in different groups. (C) Weekly FBG of the SD rats in different groups. (D) Blood glucose of the SD rats at each time point in the OGTT. The table shows the area under the curve (AUC) and its 95% CI. (E) Blood glucose at each time point in the insulin sensitivity test. The table shows the area under the curve (AUC) and its 95% CI. (F) Influence of different concentrations of insulin on glucose uptake in HepG2 cells. Glucose uptake was characterized by fluorescence intensity of 2-NBDG. ****, comparison with the blank group, p < 0.0001. (G) Effects of different concentrations of RRE on glucose uptake in the HepG2 cells with insulin resistance (IR). Glucose uptake was characterized by fluorescence intensity of 2-NBDG. MET, Metformin. *, **, ***, ****, comparison with the model group, p < 0.05, p < 0.01, p < 0.001, p < 0.0001, respectively.
Rehmanniae Radix Extract Ameliorates Diabetic Conditions in Streptozocin-Induced Diabetes Mellitus Rats
The DM-related indicators such as body weight, FBG, OGTT, and IST were determined after administrating RRE for 4 weeks (Figure 1A). The weekly weight was significantly increased and the weekly FBG was significantly decreased in the rats that of the RRE group than that of the model group during the experimental cycle (p < 0.05, Figures 1B, C). After the DM rats were administrated RRE for 4 weeks, their weight was 10.70 ± 2.00% higher (Figure 1B) and FBG was 73.23 ± 3.33% lower (Figure 1C) than those of the model group. For OGTT, the AUC for blood glucose was 12.31 ± 2.29% lower in the rats of the RRE group than in those of the model group (Figure 1D). For IST, the AUC for blood glucose was 13.61 ± 5.60% lower in the rats of the RRE group than in those of the model group (Figure 1E). All these results indicated that RRE can alleviate DM.
Prediction of Antidiabetic Effect of Rehmanniae Radix Extract Based on Network Pharmacology Analysis
Seventy-six components in the RR were screened using the TCMSP database. According to the screening conditions, 17 components were obtained. At the same time, the 76 components were screened using the SwissADME database and 24 of them met the requirements. Thirty-two components were obtained by combining the screened components based on the TCMSP and Swiss databases. One hundred twenty-eight drug targets with 18 components were obtained by combining the TCMSP database and the SwissTargetPrediction database, and 60 targets of these were non-repetitive (Supplementary Table S1).
A total of 17,158 diabetes-related targets were screened by the GeneCards database. Fifty-eight targets were obtained by intersecting the 17,158 targets with 60 drug targets of RR (Figure 2A). Then, the RR–components–targets–DM network was established, which consisted of 18 components and 58 targets with edges connecting drugs with diseases (Figure 2B). From the network, the relationship between the active component and targets was disclosed. The target’ PPI network was established to evaluate the significance of different targets, which contained 53 nodes and 208 edges (Figure 2C). There were 16 nodes with more than 10 edges, of which IL6 ranked first from sorting the number of edges connected to each node (Figure 2D). The family members of the peroxisome proliferators–activated receptors (PPAR), fatty acid binding protein (FABP), matrix metalloproteinase (MMP), and nuclear receptor corepressor (NCOA) occupy the majority. They play important roles in the fight against DM using RR.
[image: Figure 2]FIGURE 2 | Potential antidiabetic targets of RR were predicted by network pharmacology. (A) Venn diagram of the intersection of the targets between RR and DM. (B) RR–components–targets–DM network. For the nodes, red represents DM, yellow represents RR, green represents components of RR, and blue represents targets. Edges represent interactions. (C) Diagram of the protein–protein interaction (PPI) network. Each node represents a protein, with the protein structure located in the middle of nodes, and edges represent interactions between nodes. (D) Histogram of the number of adjoining nodes in the PPI network. The number of adjoining nodes for each gene was calculated and is marked to the right of the histogram. (E) Histogram of GO enrichment. The abscissa represents the number of genes enriched in the GO term. The ordinate represents different GO terms, and the color represents the p value. Twenty GO terms with the smallest p value are listed in the histogram. (F) Histogram of KEGG enrichment. The abscissa represents the number of genes enriched in the KEGG pathway. The ordinate represents the different KEGG pathways, and the color represents different p value.
Of the GO enrichment analysis of 58 targets, 6 significantly enriched GO terms are DM-related, namely, regulation of the fatty acid binding (GO:0005504), steroid hormone receptor activity (GO:0003707), monocarboxylic acid binding (GO:0033293), lyase activity (GO:0016829), carboxylic acid binding (GO:0031406), and organic acid binding (GO:0043177) (Figure 2E). Besides, many GO terms are related to lipid metabolism, which implies these pathways are important for RR against DM.
According to the screening conditions of p.adjust < 0.1 in the KEGG enrichment analysis, 12 pathways were obtained (Figure 2F). Among them, the PPAR signaling pathway (hsa03320) ranked first in terms of p value and gene count. It indicated that PPAR was one of the important antidiabetic signaling pathways of RR. RR possibly influences the PPAR pathway by affecting its genes (i.e., PPAR, SCD1, MMP, and FABP). It is worth mentioning that neuroactive ligand–receptor interaction (hsa:04080) appeared in the enriched KEGG pathways and the gene count (e.g., TRPV1) ranked second.
Identification of Antidiabetic Mechanism of Rehmanniae Radix Extract by Transcriptomics Analysis
In addition to network pharmacology, we also used the transcriptomics approach to further clarify the potential mechanisms of RRE against DM. The raw data have been deposited in the SRA database of NCBI and the accession number is PRJNA807859.
In the transcriptome analysis of the kidneys, a total of 1,205 DEGs were identified in the control vs. model group, 509 of which were upregulated and 696 were downregulated. Compared to the model group, a total of 1,033 DEGs were identified in the RRE group, 474 of which were upregulated and 559 were downregulated.
From the volcano diagram, the fold change of DEGs and their statistical p values are intuitively seen (Figures 3A, B). In order to clarify the relationship among the DEGs, DM, and RRE, their interactions were analyzed. The results indicated that there were 165 DEGs between the normal vs. model group (downregulation) and the model vs. RRE group (upregulation) (Figure 3C) and that there were 166 DEGs between the normal vs. model group (upregulation) and the model vs. RRE group (downregulation) (Figure 3D), which are an important reference for us to mine DM-related target genes. The DEGs’ expression trends by qRT-PCR were mostly consistent with that of the transcriptome analysis (Figure 4).
[image: Figure 3]FIGURE 3 | Potential antidiabetic targets of RR were predicted by transcriptome analysis. (A) Volcano map shows the number of DEGs in the normal vs. model group; (B) Volcano map shows the number of DEGs in the model vs. RRE group. The abscissa represents the fold change of the gene, and the ordinate represents the p value. Each dot in the figure represents a specific gene, the red and blue dots represent significantly upregulated and downregulated genes, respectively, while the gray dots represent nonsignificantly different genes. Screening criteria are |FC| >1.5 and p < 0.05. (C,D) Venn diagrams: the circles in different colors in the Venn diagram represent a DEGs set and the intersection of the circles represents the number of DEGs shared between each set. (C) Intersection of DEGs from the normal vs. model group (down) and the model vs. RRE group (up) by transcriptomics and network pharmacology analysis. (D) Intersection of DEGs from the normal vs. model group (up) and the model vs. RRE group (down) by transcriptomics and network pharmacology analysis.
[image: Figure 4]FIGURE 4 | The expression tendency of DEGs by qRT-PCR. Relative expressions of Apob, Hykk, Trpv1, Slc5a2, and Tlr12 in the normal vs. model group (down) and the model vs. RRE group (up). Relative expression of SCD1, Asb18, LOC100360791, Cdhr3, and Dmkn in the normal vs. model group (up) and the model vs. RRE group (down).
DEGs were enriched by the GO database. The results indicated that 128 GO terms were upregulated (Figure 5A) and 314 GO terms were downregulated (Figure 5B) in the normal vs. model group. Of them, the potential DM-related signal pathways included adipocyte differentiation (e.g., brown fat cell differentiation and positive regulation of fat cell differentiation), lipid synthesis and metabolism (e.g., fatty acid homeostasis, lipid catabolic process, and lipid metabolic process), glycogen synthesis and metabolism (e.g., gluconeogenesis and glycogen biosynthetic process), apoptosis (e.g., apoptotic process and programmed necrotic cell death), oxidative stress (e.g., cellular response to oxidative stress and response to endoplasmic reticulum stress), and inflammation (e.g., chronic inflammatory response and interleukin-1 beta production). In addition, 164 GO terms were upregulated (Figure 5C) and 153 GO terms were downregulated (Figure 4D) in the model vs. RRE group. The DM-related signaling pathways in the model vs. RRE group were mostly consistent with those of the normal vs. model group.
[image: Figure 5]FIGURE 5 | Potential antidiabetic pathways of RR were enriched by the GO and KEGG analyses. (A–D) Histogram of GO enrichment analysis: (A) the normal vs. model group (up); (B) the normal vs. model group (down); (C) the model vs. RRE group (up); (D) the model vs. RRE group (down). The abscissa represents the different GO terms belonging to the three categories, namely, biological process, cellular component, and molecular function. The ordinate represents the logarithmized p value (the enrichment result with the 20 minimum p values are displayed). (E–H) Histogram of KEGG enrichment analysis: (E) the normal vs. model group (up); (F) the normal vs. model group (down); (G) the model vs. RRE group (up); (H) the model vs. RRE group (down). The abscissa represents a number of genes enriched in this pathway. The left ordinate represents the KEGG pathways, the right ordinate represents the categories of the pathways.
The results based on the KEGG analysis indicated that 24 KEGG pathways were upregulated (Figure 5E), while 66 KEGG pathways were downregulated (Figure 4F) in the normal vs. model group. Among these KEGG pathways, the metabolic pathways (hso01100) included the largest number of DEGs. In addition, KEGG pathways such as apoptosis, inflammation, glycolipid metabolism, and pancreatic secretion were consistent with that of GO enrichment terms. The AMPK, cGMP-PKG, RAS, and FoxO signaling pathways as well as IR were also listed in the KEGG pathways. Similarly, 27 KEGG pathways were upregulated (Figure 5G), while 29 KEGG pathways were downregulated (Figure 5H) in the model vs. RRE group. KEGG pathways such as toll-like receptor, PI3K-Akt, cGMP-PKG, calcium signaling pathway, and oxidative phosphorylation were consistent with that of the GO enrichment terms.
Finally, four collective targets were discovered by the intersection of network pharmacology and transcriptomics analysis, namely, TRPV1, FABP2, HSP90AA1—in the normal vs. model group (downregulation) and the model vs. RRE group (upregulation) and SCD1—in the normal vs. model group (upregulation) and the model vs. RRE group (downregulation). Among the four targets, TRPV1 and SCD1 are the important targets related to DM (Enoch et al., 1976; Radu et al., 2013). TRPV1 possibly delays the progression of DM and SCD1 possibly accelerates the progression of DM.
Transcriptome analysis of the small intestine indicated that DEGs and the GO and KEGG pathway enrichment in the normal vs. model group and the model vs. RRE group showed upregulation and downregulation, respectively (Supplementary Figures S4, S5). The transcriptome analysis of the skeletal muscle indicated that DEGs and the GO and KEGG pathway enrichment in the normal vs. model group and the model vs. RRE group also showed upregulation and downregulation, respectively (Supplementary Figures S6, S7). However, the intersection analysis by the transcriptome analysis and network pharmacology indicated that there is only one intersection target in the small intestine and no intersection target in the skeletal muscle (Supplementary Figures S4, S6). This suggests that the kidney is the main target organ for the antidiabetic effect of RR.
Overexpressions of TRPV1 and SCD1 Affects Cell Apoptosis and Oxidative Stress
In order to verify the roles of TRPV1 and SCD1 in the treatment of DM, the HK2 cells overexpressed TRPV1 or SCD1 were constructed and verified by the qRT-PCR (Figure 6A). The detection of cell apoptosis indicated that early apoptosis of HG group was 1.75 times of that of the LG group, indicating that high glucose significantly induced apoptosis of HK2 cells. Compared to the vector-LG group, the apoptosis ratio of the TRPV1-LG group increased. However, the apoptosis ratio of HK2 cells was significantly lower in the TRPV1-HG group than in the vector-HG group (p < 0.01) (Figures 6Ba, C). The apoptosis ratio of HK2 cells was 3.05 times higher in the SCD1-LG group than in the vector-LG group (p < 0.0001). However, compared with the vector-HG group, the apoptosis ratio of HK2 cells in the SCD1-HG group exhibited increased tendencies in the high glucose environment (Figures 6Bb, C). Thus, it can be seen that the overexpression of TRPV1 inhibits early apoptosis induced by high glucose, while the overexpression of SCD1 can aggravate early apoptosis in the normal environment.
[image: Figure 6]FIGURE 6 | Overexpressions of TRPV1 and SCD1 in HK2 cells: LG, low glucose; Vector-LG, vector plasmid transfected low glucose; TRPV1-LG, TRPV1 plasmid transfected low glucose; SCD1-LG, SCD1 plasmid transfected low glucose; HG, high glucose; Vector-HG, vector plasmid transfected high glucose; TRPV1-HG, TRPV1 plasmid transfected high glucose; SCD1-HG, SCD1 plasmid transfected high glucose. (A) Gene expression after transfecting TRPV1 and SCD1: (a) gene expression of TRPV1; (b) gene expression of SCD1. (B) Histogram of percentage of early apoptosis of HK2 cells: (a) percentage of early apoptosis of HK2 cells with overexpression of TRPV1; (b) percentage of early apoptosis of HK2 cells with overexpression of SCD1. ns, no statistical difference; **, p < 0.01; ***, p < 0.001. (C) Dot plot of flow cytometry for apoptosis detection of HK2 cells, which are gated based on the compensation and positive reference. The ratio of Q3 to live cells represents the percentage of early apoptosis. (D) Histogram of intracellular reactive oxygen species (ROS) of HK2 cells: (a) ROS in HK2 cells with overexpression of TRPV1; (b) ROS in HK2 cells with overexpression of SCD1. ns, no statistical difference; ****, p < 0.0001. (E) Histogram of mitochondrial superoxide (MitoSOX) of HK2 cells: (a) MitoSOX in HK2 cells with overexpression of TRPV1; (b) MitoSOX in HK2 cells with overexpression of SCD1. *, p <0.05; ****, p <0.0001. (F) Histogram of mitochondrial membrane potential (MMP) of HK2 cells transfected TRPV1 and SCD1, respectively: (a) MMP in HK2 cells with overexpression of TRPV1; (b) MMP in HK2 cells with overexpression of SCD1. ns, no statistical difference; ****, p < 0.0001.
Compared with the vector-HG group, ROS in HK2 cells from the TRPV1-HG group decreased by 25.89% (p < 0.0001), which was not seen in the TRPV1-LG vs. vector-LG group (Figure 6Da). It indicated that the overexpression of TRPV1 reduces the degree of oxidative stress induced by high glucose. When compared with the vector-LG group, ROS in HK2 cells from the SCD1-LG group was higher (p < 0.0001), and when compared with the vector-HG group, ROS in HK2 cells from the SCD1-HG group was greatly increased by 33.01% (Figure 6Db). This indicates that the overexpression of SCD1 enhances cellular oxidative stress both in low-glucose and high-glucose environments.
When compared with the vector-HG group, MitoSOX in HK2 cells from the TRPV1-HG group was decreased (p < 0.05), which was not observed in the TRPV1-LG vs. vector-LG group (Figure 6Ea). This suggests that the overexpression of TRPV1 reduces the degree of oxidative stress induced by HG. When compared with the vector-LG group, MitoSOX in HK2 cells in the SCD1-LG group was 33.43% higher (p < 0.0001) and compared with the vector-HG group, MitoSOX in HK2 cells in the SCD1-HG group was increased by 34.55% (Figure 6Eb). This suggests that the overexpression of SCD1 enhances cellular oxidative stress both in the LG and HG environments.
The mitochondrial membrane potential (MMP) is a more sensitive indicator for oxidative stress. It was found that when compared with the low-glucose group, the MMP of HK2 cells decreased in the high-glucose group. When compared with the vector-LG group, the MMP of HK2 cells in the TRPV1-LG group was significantly elevated (p < 0.0001). When compared with the vector-HG group, the MMP of HK2 cells in the TRPV1-HG group increased, indicating that the overexpression of TRPV1 decreases the influence of high glucose on MMP (Figure 6Fa). When compared with the vector-HG group, the MMP of HK2 cells in the SCD1-HG group increased. It is noteworthy that the MMP of HK2 cells increased by three-fourth folds in the SCD1-LG group when compared with the vector-LG group (Figure 6Fb). This shows that regardless of the high-glucose environment, SCD1 is an independent risk factor that affects MMP.
mRNA and Protein Expressions of TRPV1 in the HK2 Cell Were Significantly Increased in the Presence of Rehmanniae Radix Extract
The assay of qRT-PCR (Figure 7) showed that the mRNA expression of TRPV1 was significantly increased in the presence of RRE (25–400 μg/ml) in the HG group. It had increased by 3.94 ± 0.08 folds when the RRE concentration was 100 μg/ml.
[image: Figure 7]FIGURE 7 | Effect of RRE on mRNA and protein expressions of TRPV1 in HK2 cells: CAP, capsaicin; TRPV1, transient receptor potential vanilloid 1; LG, low glucose; HG, high glucose. Comparison with the HG group, *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001.
The assay of western blot (Figure 7) showed that the TRPV1 protein expression was significantly reduced in the HG group when compared with the LG group. The reducing trend of the protein expression of TRPV1 reversed in the presence of RRE (25–400 μg/ml) in the HG environment and increased by 2.83 ± 0.40 folds when the RRE concentration was 100 μg/ml. This suggests that RRE demonstrates significant antidiabetic effects by upregulating the mRNA and protein expressions of TRPV1 in the diabetic state. It needs to be noted that there was no significant effect on the expressions of both mRNA and protein of SCD1 in the presence of RRE (25–400 μg/ml).
DISCUSSION
In order to systematically and comprehensively disclose the antidiabetic mechanism of herbs (namely, RR), we integrated the methods of network pharmacology and transcriptomics. A total of 18 components of RR and 58 DM-related targets were found by network pharmacology and 331 targets were screened by transcriptomics. Finally, we screened out two important DM-related targets, namely, TRPV1 and SCD1.
As a hot drug target, TRPV1 was discovered in 1997 by David Julius. He won the 2021 Nobel Prize for the research on TRPV1. At present, studies of TRPV1 focus on insulin release, peripheral IR, and renal blood vessels. TRPV1 receptors are mainly distributed in the sensory nerve endings and are also widely expressed in many tissues which are closely related to DM, such as the pancreatic islets, liver, gastrointestinal epithelium, and adipose tissue (Suri and Szallasi, 2008). In recent years, scientists have found TRPV1 plays an important role in metabolic diseases (Radu et al., 2013) and is associated with many signaling pathways such as pancreatic secretion, glucagon signaling, inflammatory mediator regulation of TRP channels, IR, and AMPK (Pabbidi et al., 2008; Sadeh et al., 2013). These signaling pathways are also enriched in our transcriptome analysis.
Activation of TRPV1 leads to a decrease in adipose accumulation and an increase in energy expenditure, which is closely linked to the activation of the PPAR and AMPK signal pathways (Brondani et al., 2012; Baskaran et al., 2016). At present, there are fewer studies on the roles played by TRPV1 in renal glycolipid metabolism. The experimental results of HK2 cells indicate that TRPV1 was upregulated (i.e., activated) by RRE, which possibly affected the PPAR and AMPK pathways and finally affected the treatment of DM.
From the results of the protein–protein interaction, it is clear that the PPAR family had a number of high ranking genes, covering PPARA/PPARD/PPARG. In the GO analysis, PPARs also appear in fatty acid binding, the steroid hormone receptor activity, the nuclear receptor activity, and the carboxylic acid binding pathways. The PPAR signaling pathway with key targets (e.g., SCD, PPAR, FABP, and MMP) is also ranked first in terms of the number of genes based on KEGG analyses (Supplementary Figure S3). PPARα plays a key role in the transcriptional regulation of lipoprotein metabolism, affecting the production and catabolism of TG-rich lipoproteins, HDL synthesis, and the β-oxidation pathway (Lefebvre et al., 2006). Activation of PPARα can regulate glucose homeostasis, inhibit inflammation and thrombosis, and improve vascular function (Gross et al., 2017; Bougarne et al., 2018). PPARα expresses in glomerular and tubular cells and regulates renal lipid deposition (Braissant et al., 1996). It is reported that selective agonists of PPARα can inhibit renal tubular lipid deposition and reduce oxidative stress (Maki et al., 2017). Hebbachi et al. (2008) found that insulin-sensitive changes in the gene expression of SCD1 required intact PPARα to mediate.
SCD is one of the key DM-related genes, which is an adipogenic gene and regulated by several upstream genes in the PPAR signaling pathway. Our study found that high SCD expressions in the kidneys of STZ-induced diabetic rats, which is consistent with previous studies (Ntambi et al., 2002; Shiwaku et al., 2004; Chow et al., 2013), which were involved in the pathogenic process of DM. After DM rats were treated with RR, the expression levels of SCD1 decreased in the body, indicating that RR directly or indirectly regulates the expression or function of SCD1, thus delaying DM progression.
It should be noted that RRE displayed no significant regulation on the expressions of mRNA and protein of SCD1 on the HK2 cell, although the rat transcriptome showed a downregulation of SCD1 by RRE. We speculate that the expression of SCD1 is possibly regulated by the metabolites of RRE in vivo. It is possible that the HK2 cells lack the enzyme that metabolizes RRE and the metabolites of RRE cannot be produced, which leads to the regulation of SCD1 that could not occur in the in vitro experiments.
SCD1 is a rate-limiting enzyme that converts saturated fatty acids (SFA) to monounsaturated fatty acids (MUFA). SCD1 is selectively expressed in the proximal tubular cells in the kidneys (Zheng et al., 2001). Many studies have shown that SCD1 plays an important role in metabolic abnormalities and regulates insulin sensitivity and controls lipid metabolism (Liew et al., 2004; Popeijus et al., 2008; Sampath and Ntambi, 2011; Liu et al., 2013). This suggests that SCD1 may be a therapeutic target for DM, obesity, hypertension, and dyslipidemia (Enoch et al., 1976). SCD1 expression is regulated by a variety of hormonal and nutritional factors (Ntambi, 1992; Waters and Ntambi, 1994; Ntambi, 1995; Waters and Ntambi, 1996). It is positively regulated by sterol regulatory element-binding protein 1c (SREBP-1c), carbohydrate response element-binding protein (CHREBP), and liver X receptor (LXR). LXR and SREBP-1c play an important role in regulating insulin-mediated lipid synthesis, while CHREBP mediates glucose-induced lipid synthesis. Thus, the activation of PPARα, LXR, and SREBP-1c, and their regulation of SCD1 are potential pathways in metabolic diseases, but the mechanisms of action in some tissues (e.g., the kidneys) have not yet been elucidated. Our study suggests that the PPAR pathway is indispensable for the pathogenesis and treatment of DM by RRE, which in turn acts to regulate the activity of SCD1 via multiple pathways.
TRPV1 and SCD1 play important roles in the treatment of DM. Page et al. (2019) reported that the SCD1 expression was greatly increased in TRPV1 knockout mice than in the wild-type mice. It implies that SCD1 activity possibly reduces when TRPV1 is induced, which is a benefit for the treatment of DM. It is consistent with the findings of our study. A study suggested that TPRV1 regulates the expression of SCD1 and the endocannabinoid system [e.g., cannabinoid receptor 1 (CB1)]. Meanwhile, activation of CB1 subsequently affects TRPV1 activity and enhances the SCD1 expression (Hermann et al., 2003; Tóth et al., 2009; Liu et al., 2013). This suggests that there is an interaction between TRPV1 and SCD1 such that we can employ it against DM.
Apoptosis, oxidative stress (e.g., generation of ROS and reduction of MitoSOX and MMP) of cells are important indicators for exploring the mechanisms of the pathogenesis and treatment of DM (Tan et al., 2007; Kim et al., 2011; Habib, 2013; Adelusi et al., 2020). Previous studies have shown that TRPV1 can inhibit endothelial and neuronal apoptosis when activated (Dai et al., 2008). While inhibition of SCD1 can promote oxidative stress and apoptosis of tumor cells (Stambolic and Woodgett, 2006; Hess et al., 2010; Minville-Walz et al., 2010). This suggests that TRPV1 and SCD1 exhibit different effects on apoptosis and oxidative stress in different cells. However, our study found that high glucose increased the proportion of apoptosis and oxidative stress (generation of ROS and MitoSOX, and decrease of MMP) in HK-2 cells. The overexpression of TRPV1 significantly attenuated apoptosis and oxidative stress induced by high glucose, while the overexpression of SCD1 enhanced apoptosis and oxidative stress induced by high glucose on HK2 cells (Figure 8).
[image: Figure 8]FIGURE 8 | Effect of regulation of TRPV1 and SCD1 by RR on apoptosis, ROS, MitoSOX, and MMP: RR, Rehmanniae Radix; RRE, Rehmanniae Radix extract; TRPV1, transient receptor potential vanilloid 1; SCD1, stearoyl-CoA desaturase 1; ROS, reactive oxygen species; MitoSOX, mitochondrial superoxide; MMP, mitochondrial membrane potential.
CONCLUSION
In summary, the key antidiabetic targets (e.g., TRPV1 and SCD1) and signaling pathways (PPAR) of RR were disclosed by network pharmacology and transcriptome analysis as well as by in vitro cellular experiments. The overexpression of TRPV1 can significantly inhibit cell apoptosis and oxidative stress induced by HG, while the overexpression of SCD1 is a risk factor for the enhancement of cell apoptosis and oxidative stress. RR displayed an inspiring antidiabetic effect by improving weight loss, reducing blood glucose, and improving IR, especially in upregulating the mRNA and protein expressions of TRPV1 and downregulating the mRNA expression of SCD1. TRPV1 and SCD1 are the potential antidiabetic targets of RR. It is of great importance to screen out the inducer of TRPV1 and inhibitors of SCD1 from herbs (e.g., RR) and drugs as potential antidiabetic drugs.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI SRA; PRJNA807859.
ETHICS STATEMENT
The animal study was reviewed and approved by the Animal Ethics Committee of the School of Pharmacy, Fudan University.
AUTHOR CONTRIBUTIONS
Participated in research design: YL, RZ, and GM; conducted the experiments: YL, RZ, BL, WW, XY, WD, and QY; contributed the new reagents or analytic tools: GM, RZ, PY, and ZC; performed data analysis: YL, GM, JL, and JH; wrote or contributed to the writing of the manuscript: YL and GM.
FUNDING
This work was supported by the National Natural Science Funds of China (Grants 82074109, 81873078, and 81374051); the Science and Research Program of Shanghai Municipal Health Commission (Grant 201740094); the Science and Research Program of Traditional Chinese Medicine of Shanghai Municipal Health Commission (Grant 2018YP001); and MHHFDU-SPFDU Joint Research Fund (Grants RO-MY201707 and 2021MHJC11).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.875014/full#supplementary-material
REFERENCES
 Adelusi, T. I., Du, L., Hao, M., Zhou, X., Xuan, Q., Apu, C., et al. (2020). Keap1/Nrf2/ARE Signaling Unfolds Therapeutic Targets for Redox Imbalanced-Mediated Diseases and Diabetic Nephropathy. Biomed. Pharmacother. 123, 109732. doi:10.1016/j.biopha.2019.109732
 Baskaran, P., Krishnan, V., Ren, J., and Thyagarajan, B. (2016). Capsaicin induces browning of white Adipose Tissue and Counters Obesity by Activating TRPV1 Channel-dependent Mechanisms. Br. J. Pharmacol. 173 (15), 2369–2389. doi:10.1111/bph.13514
 Bougarne, N., Weyers, B., Desmet, S. J., Deckers, J., Ray, D. W., Staels, B., et al. (2018). Molecular Actions of PPARα in Lipid Metabolism and Inflammation. Endocr. Rev. 39 (5), 760–802. doi:10.1210/er.2018-00064
 Braissant, O., Foufelle, F., Scotto, C., Dauça, M., and Wahli, W. (1996). Differential Expression of Peroxisome Proliferator-Activated Receptors (PPARs): Tissue Distribution of PPAR-Alpha, -beta, and -gamma in the Adult Rat. Endocrinology 137 (1), 354–366. doi:10.1210/endo.137.1.8536636
 Brondani, L. A., Assmann, T. S., Duarte, G. C., Gross, J. L., Canani, L. H., and Crispim, D. (2012). The Role of the Uncoupling Protein 1 (UCP1) on the Development of Obesity and Type 2 Diabetes Mellitus. Arq Bras Endocrinol. Metabol 56 (4), 215–225. doi:10.1590/s0004-27302012000400001
 Cao, H., Tuo, L., Tuo, Y., Xia, Z., Fu, R., Liu, Y., et al. (2017). Immune and Metabolic Regulation Mechanism of Dangguiliuhuang Decoction against Insulin Resistance and Hepatic Steatosis. Front. Pharmacol. 8, 445. doi:10.3389/fphar.2017.00445
 Choi, H. J., Jang, H. J., Chung, T. W., Jeong, S. I., Cha, J., Choi, J. Y., et al. (2013). Catalpol Suppresses Advanced Glycation End-Products-Induced Inflammatory Responses through Inhibition of Reactive Oxygen Species in Human Monocytic THP-1 Cells. Fitoterapia 86, 19–28. doi:10.1016/j.fitote.2013.01.014
 Chow, L. S., Li, S., Eberly, L. E., Seaquist, E. R., Eckfeldt, J. H., Hoogeveen, R. C., et al. (2013). Estimated Plasma Stearoyl Co-A Desaturase-1 Activity and Risk of Incident Diabetes: the Atherosclerosis Risk in Communities (ARIC) Study. Metabolism 62 (1), 100–108. doi:10.1016/j.metabol.2012.06.004
 Dai, Z., Xiao, J., Liu, S. Y., Cui, L., Hu, G. Y., and Jiang, D. J. (2008). Rutaecarpine Inhibits Hypoxia/reoxygenation-Induced Apoptosis in Rat Hippocampal Neurons. Neuropharmacology 55 (8), 1307–1312. doi:10.1016/j.neuropharm.2008.08.030
 DiMeglio, L. A., Evans-Molina, C., and Oram, R. A. (2018). Type 1 Diabetes. Lancet 391 (10138), 2449–2462. doi:10.1016/s0140-6736(18)31320-5
 Enoch, H. G., Catalá, A., and Strittmatter, P. (1976). Mechanism of Rat Liver Microsomal Stearyl-CoA Desaturase. Studies of the Substrate Specificity, Enzyme-Substrate Interactions, and the Function of Lipid. J. Biol. Chem. 251 (16), 5095–5103. doi:10.1016/s0021-9258(17)33223-4
 Gross, B., Pawlak, M., Lefebvre, P., and Staels, B. (2017). PPARs in Obesity-Induced T2DM, Dyslipidaemia, and NAFLD. Nat. Rev. Endocrinol. 13 (1), 36–49. doi:10.1038/nrendo.2016.135
 Guo, M. F., Dai, Y. J., Gao, J. R., and Chen, P. J. (2020). Uncovering the Mechanism of Astragalus Membranaceus in the Treatment of Diabetic Nephropathy Based on Network Pharmacology. J. Diabetes Res. 2020, 5947304. doi:10.1155/2020/5947304
 Habib, S. L. (2013). Diabetes and Renal Tubular Cell Apoptosis. World J. Diabetes 4 (2), 27–30. doi:10.4239/wjd.v4.i2.27
 Han, L., Li, T., Du, M., Chang, R., Zhan, B., and Mao, X. (2019). Beneficial Effects of Potentilla Discolor Bunge Water Extract on Inflammatory Cytokines Release and Gut Microbiota in High-Fat Diet and Streptozotocin-Induced Type 2 Diabetic Mice. Nutrients 11 (3). doi:10.3390/nu11030670
 Hebbachi, A. M., Knight, B. L., Wiggins, D., Patel, D. D., and Gibbons, G. F. (2008). Peroxisome Proliferator-Activated Receptor Alpha Deficiency Abolishes the Response of Lipogenic Gene Expression to Re-feeding: Restoration of the normal Response by Activation of Liver X Receptor Alpha. J. Biol. Chem. 283 (8), 4866–4876. doi:10.1074/jbc.M709471200
 Hermann, H., De Petrocellis, L., Bisogno, T., Schiano Moriello, A., Lutz, B., and Di Marzo, V. (2003). Dual Effect of Cannabinoid CB1 Receptor Stimulation on a Vanilloid VR1 Receptor-Mediated Response. Cell Mol Life Sci 60 (3), 607–616. doi:10.1007/s000180300052
 Hess, D., Chisholm, J. W., and Igal, R. A. (2010). Inhibition of stearoylCoA Desaturase Activity Blocks Cell Cycle Progression and Induces Programmed Cell Death in Lung Cancer Cells. PLoS One 5 (6), e11394. doi:10.1371/journal.pone.0011394
 Hopkins, A. L. (2007). Network Pharmacology. Nat. Biotechnol. 25 (10), 1110–1111. doi:10.1038/nbt1007-1110
 Hopkins, A. L. (2008). Network Pharmacology: the Next Paradigm in Drug Discovery. Nat. Chem. Biol. 4 (11), 682–690. doi:10.1038/nchembio.118
 International Diabetes Federation (2021). IDF Diabetes Atlas. 10th ed. Available at: https://diabetesatlas.org/atlas/tenth-edition/(Accessed December 24, 2021). 
 Kim, H. S., Vassilopoulos, A., Wang, R. H., Lahusen, T., Xiao, Z., Xu, X., et al. (2011). SIRT2 Maintains Genome Integrity and Suppresses Tumorigenesis through Regulating APC/C Activity. Cancer Cell 20 (4), 487–499. doi:10.1016/j.ccr.2011.09.004
 Kim, S. H., Yook, T. H., and Kim, J. U. (2017). Rehmanniae Radix, an Effective Treatment for Patients with Various Inflammatory and Metabolic Diseases: Results from a Review of Korean Publications. J. Pharmacopuncture 20 (2), 81–88. doi:10.3831/kpi.2017.20.010
 Kitagawa, I., Nishimura, T., Furubayashi, A., and Yosioka, I. (1971). On the Constituents of Rhizome of Rehmannia Glutinosa Libosch. Forma Hueichingensis Hsiao. Yakugaku Zasshi 91 (5), 593–596. doi:10.1248/yakushi1947.91.5_593
 Lander, E. S., Linton, L. M., Birren, B., Nusbaum, C., Zody, M. C., Baldwin, J., et al. (2001). Initial Sequencing and Analysis of the Human Genome. Nature 409 (6822), 860–921. doi:10.1038/35057062
 Lascar, N., Brown, J., Pattison, H., Barnett, A. H., Bailey, C. J., and Bellary, S. (2018). Type 2 Diabetes in Adolescents and Young Adults. Lancet Diabetes Endocrinol. 6 (1), 69–80. doi:10.1016/s2213-8587(17)30186-9
 Lefebvre, P., Chinetti, G., Fruchart, J. C., and Staels, B. (2006). Sorting Out the Roles of PPAR Alpha in Energy Metabolism and Vascular Homeostasis. J. Clin. Invest. 116 (3), 571–580. doi:10.1172/jci27989
 Li, Y., Teng, D., Shi, X., Qin, G., Qin, Y., Quan, H., et al. (2020). Prevalence of Diabetes Recorded in mainland China Using 2018 Diagnostic Criteria from the American Diabetes Association: National Cross-Sectional Study. Bmj 369, m997. doi:10.1136/bmj.m997
 Liew, C. F., Groves, C. J., Wiltshire, S., Zeggini, E., Frayling, T. M., Owen, K. R., et al. (2004). Analysis of the Contribution to Type 2 Diabetes Susceptibility of Sequence Variation in the Gene Encoding Stearoyl-CoA Desaturase, a Key Regulator of Lipid and Carbohydrate Metabolism. Diabetologia 47 (12), 2168–2175. doi:10.1007/s00125-004-1575-4
 Liu, J., Cinar, R., Xiong, K., Godlewski, G., Jourdan, T., Lin, Y., et al. (2013). Monounsaturated Fatty Acids Generated via Stearoyl CoA Desaturase-1 Are Endogenous Inhibitors of Fatty Acid Amide Hydrolase. Proc. Natl. Acad. Sci. U S A. 110 (47), 18832–18837. doi:10.1073/pnas.1309469110
 Lv, X., Dai, G., Lv, G., Chen, Y., Wu, Y., Shen, H., et al. (2016). Synergistic Interaction of Effective Parts in Rehmanniae Radix and Cornus Officinalis Ameliorates Renal Injury in C57BL/KsJ-Db/db Diabetic Mice: Involvement of Suppression of AGEs/RAGE/SphK1 Signaling Pathway. J. Ethnopharmacol 185, 110–119. doi:10.1016/j.jep.2016.03.017
 Maki, T., Maeda, Y., Sonoda, N., Makimura, H., Kimura, S., Maeno, S., et al. (2017). Renoprotective Effect of a Novel Selective PPARα Modulator K-877 in Db/db Mice: A Role of Diacylglycerol-Protein Kinase C-NAD(P)H Oxidase Pathway. Metabolism 71, 33–45. doi:10.1016/j.metabol.2017.02.013
 Meng, X., Ma, J., Kang, A. N., Kang, S. Y., Jung, H. W., and Park, Y. K. (2020). A Novel Approach Based on Metabolomics Coupled with Intestinal Flora Analysis and Network Pharmacology to Explain the Mechanisms of Action of Bekhogainsam Decoction in the Improvement of Symptoms of Streptozotocin-Induced Diabetic Nephropathy in Mice. Front. Pharmacol. 11, 633. doi:10.3389/fphar.2020.00633
 Minville-Walz, M., Pierre, A. S., Pichon, L., Bellenger, S., Fèvre, C., Bellenger, J., et al. (2010). Inhibition of Stearoyl-CoA Desaturase 1 Expression Induces CHOP-dependent Cell Death in Human Cancer Cells. PLoS One 5 (12), e14363. doi:10.1371/journal.pone.0014363
 Mohamed, E. M., and Samak, M. A. (2017). Therapeutic Potentials of Mesenchymal Stem Cells on the Renal Cortex of Experimentally Induced Hypertensive Albino Rats: Relevant Role of Nrf2. Tissue Cell 49 (2 Pt B), 358–367. doi:10.1016/j.tice.2017.01.003
 Ntambi, J. M. (1995). Cellular Differentiation and Dietary Regulation of Gene Expression. Prostaglandins Leukot. Essent. Fatty Acids 52 (2-3), 117–120. doi:10.1016/0952-3278(95)90009-8
 Ntambi, J. M. (1992). Dietary Regulation of Stearoyl-CoA Desaturase 1 Gene Expression in Mouse Liver. J. Biol. Chem. 267 (15), 10925–10930. doi:10.1016/s0021-9258(19)50107-7
 Ntambi, J. M., Miyazaki, M., Stoehr, J. P., Lan, H., Kendziorski, C. M., Yandell, B. S., et al. (2002). Loss of Stearoyl-CoA Desaturase-1 Function Protects Mice against Adiposity. Proc. Natl. Acad. Sci. U S A. 99 (17), 11482–11486. doi:10.1073/pnas.132384699
 Oh, K. K., Adnan, M., and Cho, D. H. (2020). Network Pharmacology of Bioactives from Sorghum Bicolor with Targets Related to Diabetes Mellitus. PLoS One 15 (12), e0240873. doi:10.1371/journal.pone.0240873
 Pabbidi, R. M., Yu, S. Q., Peng, S., Khardori, R., Pauza, M. E., and Premkumar, L. S. (2008). Influence of TRPV1 on Diabetes-Induced Alterations in thermal Pain Sensitivity. Mol. Pain 4, 9. doi:10.1186/1744-8069-4-9
 Page, A. J., Hatzinikolas, G., Vincent, A. D., Cavuoto, P., and Wittert, G. A. (2019). The TRPV1 Channel Regulates Glucose Metabolism. Am. J. Physiol. Endocrinol. Metab. 317 (4), E667–e676. doi:10.1152/ajpendo.00102.2019
 Pan, L., Li, Z., Wang, Y., Zhang, B., Liu, G., and Liu, J. (2020). Network Pharmacology and Metabolomics Study on the Intervention of Traditional Chinese Medicine Huanglian Decoction in Rats with Type 2 Diabetes Mellitus. J. Ethnopharmacol 258, 112842. doi:10.1016/j.jep.2020.112842
 Popeijus, H. E., Saris, W. H., and Mensink, R. P. (2008). Role of Stearoyl-CoA Desaturases in Obesity and the Metabolic Syndrome. Int. J. Obes. (Lond) 32 (7), 1076–1082. doi:10.1038/ijo.2008.55
 Radu, B. M., Iancu, A. D., Dumitrescu, D. I., Flonta, M. L., and Radu, M. (2013). TRPV1 Properties in Thoracic Dorsal Root Ganglia Neurons Are Modulated by Intraperitoneal Capsaicin Administration in the Late Phase of Type-1 Autoimmune Diabetes. Cell Mol Neurobiol 33 (2), 187–196. doi:10.1007/s10571-012-9883-6
 Sadeh, M., Glazer, B., Landau, Z., Wainstein, J., Bezaleli, T., Dabby, R., et al. (2013). Association of the M3151 Variant in the Transient Receptor Potential Vanilloid Receptor-1 (TRPV1) Gene with Type 1 Diabetes in an Ashkenazi Jewish Population. Isr. Med. Assoc. J. 15 (9), 477–480.
 Sampath, H., and Ntambi, J. M. (2011). The Role of Stearoyl-CoA Desaturase in Obesity, Insulin Resistance, and Inflammation. Ann. N. Y Acad. Sci. 1243, 47–53. doi:10.1111/j.1749-6632.2011.06303.x
 Shi, X., Lu, X. G., Zhan, L. B., Qi, X., Liang, L. N., Hu, S. Y., et al. (2011). The Effects of the Chinese Medicine ZiBu PiYin Recipe on the hippocampus in a Rat Model of Diabetes-Associated Cognitive Decline: a Proteomic Analysis. Diabetologia 54 (7), 1888–1899. doi:10.1007/s00125-011-2147-z
 Shiwaku, K., Hashimoto, M., Kitajima, K., Nogi, A., Anuurad, E., Enkhmaa, B., et al. (2004). Triglyceride Levels Are Ethnic-Specifically Associated with an index of Stearoyl-CoA Desaturase Activity and N-3 PUFA Levels in Asians. J. Lipid Res. 45 (5), 914–922. doi:10.1194/jlr.M300483-JLR200
 Stambolic, V., and Woodgett, J. R. (2006). Functional Distinctions of Protein Kinase B/Akt Isoforms Defined by Their Influence on Cell Migration. Trends Cel Biol 16 (9), 461–466. doi:10.1016/j.tcb.2006.07.001
 Suri, A., and Szallasi, A. (2008). The Emerging Role of TRPV1 in Diabetes and Obesity. Trends Pharmacol. Sci. 29 (1), 29–36. doi:10.1016/j.tips.2007.10.016
 Tan, A. L., Forbes, J. M., and Cooper, M. E. (2007). AGE, RAGE, and ROS in Diabetic Nephropathy. Semin. Nephrol. 27 (2), 130–143. doi:10.1016/j.semnephrol.2007.01.006
 Tong, X. L., Dong, L., Chen, L., and Zhen, Z. (2012). Treatment of Diabetes Using Traditional Chinese Medicine: Past, Present, and Future. Am. J. Chin. Med. 40 (5), 877–886. doi:10.1142/s0192415x12500656
 Tóth, A., Blumberg, P. M., and Boczán, J. (2009). Anandamide and the Vanilloid Receptor (TRPV1). Vitam Horm. 81, 389–419. doi:10.1016/s0083-6729(09)81015-7
 Tzeng, T. F., Liou, S. S., and Liu, I. M. (2013). The Selected Traditional Chinese Medicinal Formulas for Treating Diabetic Nephropathy: Perspective of Modern Science. J. Tradit Complement. Med. 3 (3), 152–158. doi:10.4103/2225-4110.114893
 Waters, K. M., and Ntambi, J. M. (1994). Insulin and Dietary Fructose Induce Stearoyl-CoA Desaturase 1 Gene Expression of Diabetic Mice. J. Biol. Chem. 269 (44), 27773–27777. doi:10.1016/s0021-9258(18)47053-6
 Waters, K. M., and Ntambi, J. M. (1996). Polyunsaturated Fatty Acids Inhibit Hepatic Stearoyl-CoA Desaturase-1 Gene in Diabetic Mice. Lipids 31 Suppl (Suppl. l), S33–S36. doi:10.1007/bf02637047
 Wen, X., Zeng, Y., Liu, L., Zhang, H., Xu, W., Li, N., et al. (2012). Zhenqing Recipe Alleviates Diabetic Nephropathy in Experimental Type 2 Diabetic Rats through Suppression of SREBP-1c. J. Ethnopharmacol 142 (1), 144–150. doi:10.1016/j.jep.2012.04.028
 Wu, F., Shao, Q., Xia, Q., Hu, M., Zhao, Y., Wang, D., et al. (2021). A Bioinformatics and Transcriptomics Based Investigation Reveals an Inhibitory Role of Huanglian-Renshen-Decoction on Hepatic Glucose Production of T2DM Mice via PI3K/Akt/FoxO1 Signaling Pathway. Phytomedicine 83, 153487. doi:10.1016/j.phymed.2021.153487
 Wu, Q., and Hu, Y. (2021). Systematic Evaluation of the Mechanisms of Mulberry Leaf (Morus alba Linne) Acting on Diabetes Based on Network Pharmacology and Molecular Docking. Comb. Chem. High Throughput Screen. 24 (5), 668–682. doi:10.2174/1386207323666200914103719
 Xu, M., Li, Z., Yang, L., Zhai, W., Wei, N., Zhang, Q., et al. (2020a). Elucidation of the Mechanisms and Molecular Targets of Sanhuang Xiexin Decoction for Type 2 Diabetes Mellitus Based on Network Pharmacology. Biomed. Res. Int. 2020, 5848497. doi:10.1155/2020/5848497
 Xu, X., Li, L., Zhang, Y., Lu, X., Lin, W., Wu, S., et al. (2020b). Hypolipidemic Effect of Alisma Orientale (Sam.) Juzep on Gut Microecology and Liver Transcriptome in Diabetic Rats. PLoS One 15 (10), e0240616. doi:10.1371/journal.pone.0240616
 Xu, X., Niu, L., Liu, Y., Pang, M., Lu, W., Xia, C., et al. (2020c). Study on the Mechanism of Gegen Qinlian Decoction for Treating Type II Diabetes Mellitus by Integrating Network Pharmacology and Pharmacological Evaluation. J. Ethnopharmacol 262, 113129. doi:10.1016/j.jep.2020.113129
 Yan, J., Wang, C., Jin, Y., Meng, Q., Liu, Q., Liu, Z., et al. (2018). Catalpol Ameliorates Hepatic Insulin Resistance in Type 2 Diabetes through Acting on AMPK/NOX4/PI3K/AKT Pathway. Pharmacol. Res. 130, 466–480. doi:10.1016/j.phrs.2017.12.026
 Yang, Q., Shu, F., Gong, J., Ding, P., Cheng, R., Li, J., et al. (2020). Sweroside Ameliorates NAFLD in High-Fat Diet Induced Obese Mice through the Regulation of Lipid Metabolism and Inflammatory Response. J. Ethnopharmacol 255, 112556. doi:10.1016/j.jep.2020.112556
 Yokozawa, T., Suzuki, N., Oura, H., Nonaka, G., and Nishioka, I. (1986). Effect of Extracts Obtained from Rhubarb in Rats with Chronic Renal Failure. Chem. Pharm. Bull. (Tokyo) 34 (11), 4718–4723. doi:10.1248/cpb.34.4718
 Zhang, L. L., Yan Liu, D., Ma, L. Q., Luo, Z. D., Cao, T. B., Zhong, J., et al. (2007). Activation of Transient Receptor Potential Vanilloid Type-1 Channel Prevents Adipogenesis and Obesity. Circ. Res. 100 (7), 1063–1070. doi:10.1161/01.RES.0000262653.84850.8b
 Zhang, R., Zhou, J., Li, M., Ma, H., Qiu, J., Luo, X., et al. (2014). Ameliorating Effect and Potential Mechanism of Rehmannia Glutinosa Oligosaccharides on the Impaired Glucose Metabolism in Chronic Stress Rats Fed with High-Fat Diet. Phytomedicine 21 (5), 607–614. doi:10.1016/j.phymed.2013.11.008
 Zhang, R. X., Li, M. X., and Jia, Z. P. (2008). Rehmannia Glutinosa: Review of Botany, Chemistry, and Pharmacology. J. Ethnopharmacol 117 (2), 199–214. doi:10.1016/j.jep.2008.02.018
 Zhang, X., Jin, C., Li, Y., Guan, S., Han, F., and Zhang, S. (2013). Catalpol Improves Cholinergic Function and Reduces Inflammatory Cytokines in the Senescent Mice Induced by D-Galactose. Food Chem. Toxicol. 58, 50–55. doi:10.1016/j.fct.2013.04.006
 Zhao, P., Li, J., Yang, L., Li, Y., Tian, Y., and Li, S. (2018). Integration of Transcriptomics, Proteomics, Metabolomics, and Systems Pharmacology Data to Reveal the Therapeutic Mechanism Underlying Chinese Herbal Bufei Yishen Formula for the Treatment of Chronic Obstructive Pulmonary Disease. Mol. Med. Rep. 17 (4), 5247–5257. doi:10.3892/mmr.2018.8480
 Zheng, Y., Prouty, S. M., Harmon, A., Sundberg, J. P., Stenn, K. S., and Parimoo, S. (2001). Scd3--a Novel Gene of the Stearoyl-CoA Desaturase Family with Restricted Expression in Skin. Genomics 71 (2), 182–191. doi:10.1006/geno.2000.6429
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Liu, Zhu, Liu, Wang, Yang, Cao, Yang, Du, Yang, Liang, Hu and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-875014-g005.gif





OPS/images/fphar-13-875014-g006.gif





OPS/images/fphar-13-875014-g003.gif





OPS/images/fphar-13-875014-g004.gif





OPS/images/math_qu1.gif
Cellsurvival rate

[As - Ab

e R





OPS/images/fphar-13-875014-g007.gif
PRI





OPS/images/fphar-13-875014-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Antidiabetic Effect of Rehmanniae Radix Based on Regulation of TRPV1 and SCD1		Introduction

		Materials and Methods		Chemicals and Biological Products

		Cell Culture

		Cell Viability

		Glucose Uptake

		Influence of Rehmanniae Radix Extract on HepG2 Cells With Insulin Resistance

		Animals

		Oral Glucose Tolerance Test and Insulin Sensitivity Test

		Network Pharmacology of Rehmanniae Radix

		Transcriptome Analysis

		Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Analyses

		Quantitative Real-Time Polymerase Chain Reaction

		Cell Transfection

		Cell Apoptosis Detection

		Reactive Oxygen Species Detection

		Mitochondrial Superoxide Detection

		Mitochondrial Membrane Potential Detection

		Western Blot

		Effect of Rehmanniae Radix Extract on mRNA and Protein Expressions of TRPV1 and SCD1

		Statistical Analysis





		Results		Cytotoxicity of Rehmanniae Radix Extract and Glucose

		Rehmanniae Radix Extract Increases Glucose Uptake of HepG2 Cells With Insulin Resistance

		Rehmanniae Radix Extract Ameliorates Diabetic Conditions in Streptozocin-Induced Diabetes Mellitus Rats

		Prediction of Antidiabetic Effect of Rehmanniae Radix Extract Based on Network Pharmacology Analysis

		Identification of Antidiabetic Mechanism of Rehmanniae Radix Extract by Transcriptomics Analysis

		Overexpressions of TRPV1 and SCD1 Affects Cell Apoptosis and Oxidative Stress

		mRNA and Protein Expressions of TRPV1 in the HK2 Cell Were Significantly Increased in the Presence of Rehmanniae Radix Extract





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-875014-g001.gif





OPS/images/fphar-13-875014-g002.gif





OPS/images/math_qu2.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





