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Editorial on the Research Topic 
Medicinal plants and their active constituents in the treatment of metabolic syndrome

This Research Topic in Frontiers in Pharmacology is dedicated to gathering new and creative work that covers the subject as thoroughly as possible. The work also provides insights into managing or solving complications related to metabolic syndrome (MS) using medicinal plants and their active constituents. MS is associated with increased risk of type 2 diabetes mellitus, non-alcoholic fatty liver disease, myocardial infarction, and stroke. Symptoms of MS can be managed by either pharmacologic interventions or supplementary treatments. Medicinal plants have been claimed to prevent MS, improve health, delay the aging process, increase life expectancy, and support bodily structure and function. Researchers have discovered numerous medicinal plants and have identified their active constituents (polyphenolics, alkaloid, terpenes, etc.); these have been suggested to alleviate MS and related complications through different mechanisms. Nowadays, natural products are vital for the discovery and development of numerous drugs, with significant implications for human and animal health. Plants have played a leading role as sources of phytochemicals of considerable nutritional and medical importance. Moreover, many other organisms such as marine organisms, terrestrial animals, and microorganisms produce molecules that are important drug candidates.
This Research Topic comprises six review papers that cover some of the ongoing research on phytochemicals. Several subjects such as Tibetan Medicine for Diabetes Mellitus, Polygonatum in Prevention and Treatment of Diabetes, and Natural Products Targeting Liver X Receptors or Farnesoid X Receptor, etc., are discussed. Most of these reviews describe the agronomic, botanical, phytochemical, and pharmacological features of selected plants that are used as food and/or medicines. The articles in this Research Topic have been viewed more than 1,500 times since 30th August 2022.
Yan et al. present a comprehensive overview of the mode and mechanism of action for various active constituents, extracts, preparations, and formulas used in Tibetan medicine. The dynamic, beneficial effects of these Tibetan medicine products are extensively discussed and summarized. These Tibetan medicines are valuable medical materials that can be developed into safe and effective agents for the management of DM and related complications. Gao et al. discuss the health-promoting effects of Ginsenoside Re, along with possible mechanisms of action to maintain good health. The authors summarize literature related to the pharmacological activity, pharmacokinetics, and toxicity of Ginsenoside Re, and provide a theoretical basis and guide for future Ginsenoside Re-related studies and applications (Gao et al.). In another review paper, the authors evaluate the mechanisms involved in the prevention and treatment of diabetes using Polygonatum. Three insulin signaling pathways which may be involved—p38MAPK, AMPK, and Wnt/β-catenin—are assessed (Liu et al.). Finally, and notably, hepatic mitochondrial dysfunction has been indicated to play an important role in the pathophysiology of non-alcoholic fatty liver disease (NAFLD). Alterations in the mitochondrial structure and function are observed in patients with metabolic syndrome; these alterations induce profound metabolic disturbances that contribute to the development of NAFLD. As such, Xu et al. review recent publications on this topic and reveal a relationship between mitochondrial function and the pathogenesis of NAFLD. The authors also summarize the protective effect of natural products (by improving mitochondrial homeostasis) against NAFLD and subsequent chronic liver diseases.
Several studies in this Research Topic illustrate the biological effects of phytochemicals such as polysaccharides obtained from Dictyophora (DIP). DIP pretreatment inhibits NaAsO2-induced L-02 cell apoptosis by increasing anti-apoptotic Bcl-2 expression and decreasing pro-apoptotic Bax expression (Hu et al.). Interestingly, by developing a toolbox of in-vitro assays and two in-vivo models, Günther et al. screened novel potent-plant extracts, derived from a plant extract library, against DM. The authors assess the antidiabetic activity of elephant grass using a diabetic rat model. The results indicate that Cenchrus purpureus extract efficiently ameliorates alloxan-induced pancreatic dysfunction, oxidative stress suppression, as well as inflammation and apoptosis via the activation of PI3K/AKT signaling pathways (Ojo et al.).
In recent decades, the role of the gut microbiota in altering host metabolism, thereby affecting metabolic syndrome, has garnered considerable research attention. In order to determine both the gut microbiota and metabolites related to glucose and lipid metabolic disturbances, Fang et al. perform metagenomic and metabolomic analysis on a group of normal mice, a group of mice with disturbances in glucose and lipid metabolism, and a group of mice with these disturbances present after berberine intervention. The authors found that the presence of berberine causes microbial and metabolic changes in the gut, which are well-correlated with improved glucose and lipid metabolism disturbances .
Finally, the positive effect of a traditional formula, namely, Sanghuang Tongxie (SHTXF) on an insulin resistance (IR) model is evaluated. The results reveal that SHTXF can activate phosphatidylinositol-3-kinase (PI3K) and can improve protein kinase B (PKB, or Akt) phosphorylation (Cao et al.). An alternative traditional Chinese medicine prescription, Huazhi-Rougan, is found to alleviate methionine-choline-deficiency (MCD) diet–induced non-alcoholic steatohepatitis in C57BL/6J mice. This is evidenced by an improvement in hepatic steatosis and inflammation, as well as a decrease in alanine and aspartate transaminases serum levels (Fang et al.).
The Editors wish to thank all Authors who contributed to this Research Topic with their ground-breaking work and novel ideas, as well as all colleagues who aided the review process. The Editors also warmly thank the Chief Editor of Frontiers in Pharmacology, Ethnopharmacology section, for the invitation to edit this issue and the opportunity to publish this compilation of articles. The support of the Guest Editors Dr Lei Chen, Qun Huang, Zhiling Yu, and John Thor Arnason is also thankfully acknowledged.
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Diabetes mellitus (DM) and its complications pose a major public health threat which is approaching epidemic proportions globally. Current drug options may not provide good efficacy and even cause serious adverse effects. Seeking safe and effective agents for DM treatment has been an area of intensive interest. As a healing system originating in Tibet, Traditional Tibetan Medicine (TTM) has been widely used by Tibetan people for the prevention and treatment of DM and its complications for hundreds of years. Tibetan Materia Medica (TMM) including the flower of Edgeworthia gardneri (Wall.) Meisn., Phyllanthi Fructus, Chebulae Fructus, Huidouba, and Berberidis Cortex are most frequently used and studied. These TMMs possess hypoglycemic, anti-insulin resistant, anti-glycation, lipid lowering, anti-inflammatory, and anti-oxidative effects. The underlying mechanisms of these actions may be related to their α-glucosidase inhibitory, insulin signaling promoting, PPARs-activating, gut microbiota modulation, islet β cell-preserving, and TNF-α signaling suppressive properties. This review presents a comprehensive overview of the mode and mechanisms of action of various active constituents, extracts, preparations, and formulas from TMM. The dynamic beneficial effects of the products prepared from TMM for the management of DM and its complications are summarized. These TMMs are valuable materia medica which have the potential to be developed as safe and effective anti-DM agents.
Keywords: tibetan material medica, diabetes mellitus, insulin resistance, diabetic complications, pharmacology
INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disorder with insufficient insulin production or insulin resistance, resulting in a high level of blood glucose (Chatterjee et al., 2017). In the past three decades, DM prevalence has quadrupled globally (Zheng et al., 2018) with 463 million people living with DM worldwide, particularly in low- and middle-income countries, in which 90% are type 2 diabetes mellitus (T2DM) (International Diabetes Federation, 2019). Moreover, DM is a complex metabolic disorder that is accompanied by life-threatening complications, such as diabetic nephropathy diabetic retinopathy and cardiovascular diseases (GBD 2013 Mortality and Causes of Death Collaborators, 2015). According to the World Health Organization (WHO) statistics, approximately 1.5 million deaths were directly attributed to DM in 2019 (Gravina et al., 2021). The increasing trends in the prevalence of disability and premature morbidity impose a considerable economic burden on society (Bommer et al., 2017).
Regardless of classification, the general goal in managing DM includes normalizing blood glucose level and preventing short and long-term complications. Insulin injection is mostly used in patients with type 1 DM (T1DM) (JC, 2012), whereas oral medication is generally prescribed to patients with T2DM, which is usually initiated with metformin as the first-line medicine along with combination therapy including other hypoglycemic agents, such as pioglitazone, sulfonylureas, meglitinides, and α-glucosidase inhibitors (Nathan, 2015). However, current therapies for DM are unlikely to achieve long-term glycemic control. Many classic well-established agents have their own adverse effects and limitations such as abdominal discomfort, gastrointestinal disorders (Dujic et al., 2016), undesired weight gain (Loke et al., 2009) and cardiovascular events (Gilbert and Krum, 2015). New classes of glucose-lowering agents including dipeptidyl peptidase 4 (DPP-4) inhibitors, glucagon-like peptide 1 receptor agonists (GLP-1RAs) and sodium-glucose transport protein 2 (SGLT2) inhibitors provide an opportune moment for DM therapies with a lower risk of side effects and higher therapeutic efficacy. However, these drugs cost far more than the conventional ones and impose a huge financial burden on the patients (Tahrani et al., 2016). Therefore, seeking inexpensive, effective, and safe anti-diabetic agents has always been an area of intensive interest.
As one of the oldest medical systems in the world, Traditional Tibetan Medicine (TTM), also known as Sowa Rigpa in the Tibetan language, is gradually being brought into the limelight with growing attraction to researchers in Asia, and more recently in Europe and North America. With a long history of more than 2,000 years, TTM formed its own medical system that includes the elements of Traditional Chinese Medicine, Indian and Arabic medication (Liu et al., 2009). The theory of TTM is based on the holistic understanding of human health and the natural environment. The functions of the human body were governed by “three humors”, namely, wind, bile, and phlegm (rlung, mkhris pa, and bad kan in Tibetan construct respectively). The imbalance of these three humors is closely relevant to the etiology of various diseases like DM (Finckh, 1984). According to the TTM theory, all herbs consist of five cosmic energies, including space, air, fire, water, and earth (Duo, 1998). Dietary and lifestyle modifications as well as the administration of herbal medicines are often used among Tibetan medical practitioners to regulate the imbalances of these three humors.
Classic herbal pharmacopeia and monographs recorded the use of natural TTM products in managing DM and its complications centuries ago (Fu et al., 2020). Even today, Tibetan Materia Medica (TMM) is still widely used for the treatment of DM in clinics. As the “holistic view” of dynamic balance based on the “three humors” is a unique understanding of DM among Tibetan medical practitioners, treatments for DM and its complications are characteristic advantages of Tibetan medicine. Data from randomized controlled trials (RCTs) conducted in China showed that TMM has potential benefits for the management of various diseases including diabetes and its complications (Namdul et al., 2001; Luo et al., 2015). Notably, accumulated scientific evidences over the past decades indicate that TMM including herbal extracts, Tibetan prescriptions and patent medicine play essential roles in treating DM and its complications (Hao et al., 2018). However, an updated systematic review for TMM in the treatment of DM from pharmacological perspectives is still lacking. In this context, we summarized the traditional uses, active ingredients, and biological/pharmacological activities of TMM concerning its therapeutic value in the management of DM. It is intended to give an overview of the latest scientific knowledge about the impact of TMM on DM and provide a better understanding of the beneficial effects of TMM to DM patients.
PATHOGENESIS AND CURRENT MANAGEMENT OF DIABETES MELLITUS
Insulin is a pivotal endocrine peptide hormone secreted by islet β-cell to orchestrate regulatory responses to nutrient sensing. Insulin mediates anabolism in insulin-sensitive tissues, typically including skeletal muscle, liver, and white adipose tissues. These tissues, in turn, feedback information to islet cells about their need for insulin. This feedback loop ensures integration and maintenance of glucose homeostasis (Kahn et al., 2014). DM occurs when there is an imbalance between the demand and production of the insulin. Complete insulin deficiency often caused by an acute destruction of pancreatic beta-cells due to autoimmune disorders, which is the main pathology of T1DM. Moreover, T2DM is characterized by chronic, low-grade inflammation that accompanies by defect in insulin binding to receptors in target tissues (insulin resistance). Genetic mutations, epigenetic changes in relevant genes and environmental factors are important to the development of autoimmune disorders, insulin resistance and β-cell dysfunction in T2DM (Stumvoll et al., 2005; Bluestone et al., 2010). Besides, unhealthy diet, especially increased amounts of dietary fat (saturated fat in particular) and fructose, is one of the key environmental factors that contributes to glucose intolerance and insulin resistance (Hu et al., 2001). DM-related complications are largely ascribed to vascular damage induced by metabolic abnormalities, affecting eyes, feet, kidneys, peripheral, and autonomic nervous systems. Hyperglycemia often causes redox imbalance and inflammation and affects epigenetic pathways (Creager et al., 2003; Forbes and Cooper, 2013). These subsequent factors are also responsible for functional and structural alterations of the vessel wall, which culminates with diabetic vascular complications.
At present, the overall clinical strategy for the prevention and management of DM and its complications aims at achieving effective and sustained glycemic control (Ismail-Beigi, 2012). T2DM can be largely prevented by lifestyle modification in high-risk patients with impaired glucose tolerance. If the lifestyle interventions did not meet the criterion for equivalence for glycemic control, pharmacological therapies are probably required for these T2DM patients. Oral medication is usually initiated with metformin as first-line therapy. If treatment with a single anti-diabetic medication is not satisfactory, a range of combination therapy options with other well-established agents are now available (American Diabetes Association, 2015). When oral medications are unable to control hyperglycemia to recommended levels, insulin injections may be necessary for T2DM patients (Kramer et al., 2013). Long-term administration of conventional oral glucose-lowering drugs, such as sulfonylureas, biguanides, thiazolidinediones, and α-glucosidase inhibitors may cause unpleasant side effects including abdominal discomfort and other gastrointestinal adverse effects (Yang et al., 2014), edema, undesired weight gain and cardiovascular events (Gilbert and Krum, 2015). Compared with these medications, new hypoglycemic agents including GLP-1RAs, DPP-4 inhibitors, and SGLT2 inhibitors have less above adverse effects, but these drugs cost far exceeds than the older agents (e.g. sulfonylureas and meglitinides) (Tahrani et al., 2016).
Although benefit-risk balance for different anti-DM agents varies among patients, early, effective and sustained glycemic control could delay the progression of DM and prevent the hyperglycemia-related complications (Ismail-Beigi et al., 2010). Natural products, which have long been used in traditional systems of medicine for DM, represent an ideal source to explore safe and effective anti-DM agents (Xu et al., 2018; Semwal et al., 2021). There are numerous studies investigated the anti-DM property of TTM and the common therapeutic targets including α-glucosidase, PPARs (peroxisome proliferator-activated receptors), insulin signaling pathways, β-cell function and gut microbiota (Pourcet et al., 2006; Kumar et al., 2011; Li B. Y. et al., 2019; Li J. et al., 2019; Semwal et al., 2021). Meanwhile, suppression of pro-inflammatory, pro-fibrogenic and angiogenic cytokines, such as vascular endothelial growth factor (VEGF) and transforming growth factor β (TGF-β) is referred as a potent therapeutic approach for DM and its complications (Joshi et al., 2019; Lu et al., 2019). Thus, the multi-target characteristics of TTM may be advantageous over single-target drugs in the treatment of complex metabolic diseases like DM.
TIBETAN MEDICINE THEORY OF DIABETES MELLITUS
According to Four Treatises or Four Tantras (Si Bu Yi Dian), one of the most classic literatures of TTM, DM is categorized as “gcin snyi sa khu” disease in traditional Tibetan medical theory (Dhangombo, 1983). The word “gcin snyi” in Tibetan refers to frequent urination and “sa khu” means consumption and impurity, suggesting that the essential feature of DM in a TTM theory is excess urination and emaciation thereby gradually wearing the body down. This understanding of DM is consistent with the modern medicine theory which elucidates the pathological syndromes of DM. In Tibetan theory of medicine, the fundamental point of view about the physiology and pathology of DM is built on the notions of three humors. Since TTM views health as a state of balance, the etiology of DM is divided into internal and external causes based on the imbalance of three humors. The internal causes mainly refer to mental confusions inclusive of greed, anger and ignorance that may lead to dysfunction of rlung, mkhris pa, and bad kan. The external causes include improper diet, damp environment and other unhealthy lifestyles, consequently giving rise to the overflow of bad kan and fat through the body. Accordingly, there are 3 subtypes of DM: rlung type, mkhris pa type, and bad kan type (Zhong, 2014). As discussed in Four Tantras, bad kan type is identified as over-nutrition followed by hyperglycemia and obesity. Mkhris pa type shows weakened ability of glucose uptake and utilization and thus the body breaks down stored fat for energy which leads to rapid emaciation and ketonuria. Rlung type appears with diabetic complications such as palpitation, insomnia and glaucoma. Therefore, a comprehensive Tibetan diagnosis helps to identify the condition of disease progression (Dakpa and Dodson-Lavelle, 2009) and with the involvement of personalized clinical interventions, TTM exhibits great therapeutic value in DM and its complications.
Tibetan therapeutic prescriptions often begin with dietary and lifestyle modifications followed by oral administration of herbal medicines to restore the balance of the three humors. TTM physicians also recommend patients engage in self-regulatory practices (i.e., yoga and meditation) as a strategic approach for treating the body and mood in tandem. Natural Tibetan medicine and patent medicine are most widely used for the treatment of DM and its complications in Western China, which have drawn considerable attention among researchers to identify the active constituents and explore the underlying mechanisms of their anti-DM action.
COMMONLY USED TIBETAN MATERIA MEDICA FOR DIABETES MELLITUS TREATMENT
In recent years, TMM has increasingly been accepted by more and more people worldwide, especially for the management of DM, and the researches for the anti-diabetic effects of TMM become increasingly popular (Song et al., 2016). Here, we performed a large-scale text mining of PubMed and China National Knowledge Infrastructure (CNKI). We extracted the promising anti-diabetic TMM from the English and Chinese scientific literatures (from Jan. 1st, 2000 to Jun. 15th, 2021) with the keywords “Tibetan medicine” and “diabetes”. Moreover, Google Patents and Chinese patent database (http://pss-system.cnipa.gov.cn) were also used to obtain the full spectrum of applications of TMM in anti-diabetic prescription research. Relevance to DM was calculated by the ratio of the number of DM-TMM-related papers to the volume of papers about one single TMM. A p value was calculated to determine the improbability of co-occurrences of each TMM and DM occur by chance:
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where N is the total number of journal articles in PubMed and CNKI (62,722 404 articles from January 1st, 2000 to June 15th, 2021, 16,497 978 in PubMed and 46,224 426 in CNKI, respectively), K is the number of papers associate with DM in the meanwhile (798,867‬ articles in total, 413,090 in PubMed and 385,777 in CNKI, respectively), n is the number of papers of TMM, k is the number of papers about the anti-diabetic effects of TMM. The value of N, K, n, and k was obtained from PubMed and CNKI. p-value indicates the significance of relevance between each TMM and DM (when p-value < 0.01 means significant) (Sun et al., 2013).
Among 195 collected DM-TMM-related research articles, 17 species of Tibetan medicinal plants distributed in 11 families were reported to be associated with the treatment of DM (Figure 1). Among these TMM, Chebulae Fructus [fruits of Terminalia chebula Retz. (Family: Combretaceae R. Br.)], Phyllanthi Fructus [fruits of Phyllanthus emblica L. (Family: Phyllanthaceae Martinov)], the flower of Edgeworthia gardneri (Wall.) Meisn. (Family: Thymelaeaceae Juss.), Huidouba and Turnip [roots of Brassica rapa L. (Family: Brassicaceae Burnett)] are the top well studied (Table 1).
[image: Figure 1]FIGURE 1 | Reported Tibetan medicinal plants/medicinal materials that are associated with DM treatment.
TABLE 1 | Correlations between TMM with DM.
[image: Table 1]The results showed that the flower of E. gardneri and Huidouba were significantly correlated with DM, suggesting that anti-DM may be one of the major therapeutic effects for these two TMMs. Studies on the fruits of T. chebula Retz. and P. emblica L. emphasized their multiple pharmacodynamic activities rather than their anti-diabetic properties. Meanwhile, Chebulae Fructus and Phyllanthi Fructus were the most commonly used TMM in prescriptions for DM treatment among registered pharmaceutical patents and formulas under scientific investigation (Table 2), such as Padma 28 and Triphala. Besides, there was an intense research interest on Turnip, one of the oldest cultivated vegetables in the world. Turnip possesses diverse health benefits especially for its anti-DM action (Paul et al., 2019). In the following sections, major findings on the therapeutic value of representative TMM in DM and its complications are reviewed.
TABLE 2 | TMM used in anti-DM prescriptions and registered patents.
[image: Table 2]Edgeworthia gardneri (Wall.) Meisn
The flower of Edgeworthia gardneri (Wall.) Meisn. (Lv-luo-hua in Chinese) has been commonly consumed as a healthy beverage in Tibet to ameliorate metabolic disorders. It has been reported that the extract of the flower of E. gardneri has a wide array of pharmacological activities, such as anti-hyperglycemia, anti-adipogenesis, α-glucosidase inhibition, and anti-oxidation (Li et al., 2020). The main active components of the flower of E. gardneri have been identified including coumarins, flavonoids, polysaccharides, and polyphenols (Xu et al., 2012). Recent studies focused more on the biological activities of crude extracts of E. gardneri, such as water extract, n-hexane extract, ethyl acetate extract and petroleum ether extract. These extracts could lower blood glucose levels, improve glucose metabolism and lipid disorder in various diabetic animal models (Bao et al., 2019; Li et al., 2020).
The hypoglycemic effect of E. gardneri may be related to its α-glucosidase inhibitory action. The ethyl acetate extract of E. gardneri was found to possess potent inhibitory effect on α-glucosidase (Geng et al., 2013). Moreover, many reports indicated that some compounds isolated from E. gardneri exhibited anti-DM activity both in vitro and in vivo. Tiliroside, identified as the major compound of the phenolic fraction from EtOAc extract of E. gardneri, showed a strong α-glucosidase inhibitory effect with an IC50 value of 202 μg/ml (Ma et al., 2015). A significant reduction in the postprandial blood glucose levels of normal and STZ-induced diabetic mice was found after oral administration of tiliroside at a dose of 300 mg/kg. Tiliroside also decreased the fasting blood glucose (FBG) levels in diabetic mice, showing the potential to be an attractive anti-hyperglycemic agent for DM treatment. Daphnoretin, one of the coumarins isolated from the EtOAc fraction, displayed suppressive effect on the activities of α-amylase and α-glucosidase with IC50 of 90 and 86 μg/ml, respectively (Zhao et al., 2015). Notably, compared with classic α-glucosidase inhibitor acarbose with IC50 of 2.8 μg/ml on the anti-α-amylase activity, daphnoretin seems to have a milder α-amylase suppressive effect, which may improve prolonged inhibition of starch hydrolysis and thus might be expected to cause fewer gastrointestinal adverse effects (Dehghankooshkghazi and Mathers, 2004).
Additionally, E. gardneri has been shown to promote PPARs activities which play crucial roles in regulating glucose and lipid metabolism. It has been reported that n-hexane, ethyl acetate and n-butanol extracts of E. gardneri could activate PPARγ and PPARβ in cell models (Gao et al., 2015; Lin and Xia, 2016). Umbelliferone and pentadecanoic acid separated from the secondary fractions of EtOAc extract of E. gardneri were further identified as potential dual agonists for PPARγ/β (Gao et al., 2015). The activation of PPARs by E. gardneri may be partially attributed to its fatty acid composition, such as pentadecanoic acid (Han et al., 2009), which could bind to PPARs as endogenous ligand and then activates it (Wang L. M. et al., 2014). Daphnoretin, a dicoumarol component from E. gardneri, presented to be a PPARα/β/γ pan-agonist both in insulin-resistant hepatocyte and adipocyte models (Li et al., 2018; Nan et al., 2019), which may have the potential to improve metabolic disorder (Kaplan et al., 2001).
Studies also found that E. gardneri improved insulin resistance in diabetic models. Our recent study showed that the water extract of the flower of E. gardneri (WEE) ameliorated palmitate-induced insulin resistance through regulating IRS1/GSK3β/FoxO1 signaling pathway in HepG2 hepatocytes (Zhang Y. et al., 2020). Additionally, n-hexane extract of E. gardneri (EGH) improved insulin resistance in skeletal muscle via elevating GLUT4 expression both in vivo and in vitro (Meng et al., 2019). This study further indicated that fraction 1 isolated by gel chromatography from EGH could attenuate PA-induced insulin resistance in C2C12 cells via modulating IR/AMPK/GLUT4 signaling pathway (Meng et al., 2019). In addition, gut microbial imbalance affects carbohydrate, lipid, and amino acid metabolism and plays an important role in the pathogenesis of insulin resistance (Cani and Delzenne, 2009). WEE could reduce homeostasis model assessment of insulin resistance index in diabetic mice (Zhang et al., 2019). High-throughput 16S rRNA-Seq analysis further showed that WEE regulated gut bacterial phylotypes to restore the balanced gut microbiota. WEE also increased the content of short chain fatty acids secreted by the gut microbiota to improve gut barrier functions and ameliorate insulin resistance (Zhang et al., 2019).
Besides, quercetin (10 μmol/L) extracted from E. gardneri markedly enhanced insulin secretion in the presence of glucose (8.3 mmol/L) in MIN-6 cell (Zhuang et al., 2018). In the case of glucose-induced insulin secretion, exocytosis of insulin granules is initiated by intracellular calcium influx through plasmalemmal voltage-dependent calcium channels (VDCCs) (Rorsman and Ashcroft, 2018). Then extracellular-signal-regulated kinase (ERK) phosphorylation driven by VDCC-induced cAMP accumulation is rapidly activated on the plasma membrane upon glucose stimulation (Pratt et al., 2016). Moreover, calcium channel inhibitor nifedipine and ERK1/2 inhibitor AZD8330 inhibited quercetin-induced insulin secretion, indicating that quercetin enhanced insulin secretion via calcium and ERK1/2 signaling pathways (Zhuang et al., 2018). Meanwhile, the decline of mitochondrial membrane potential is an early hallmark of apoptosis (Barbu et al., 2002). Quercetin treatment inhibited palmitic acid induced cell apoptosis by suppressing the activation of caspase-3, -9, -12. It also increased the ratio of Bcl-2/BAX and attenuated the impaired mitochondrial membrane in MIN-6 cells (Zhuang et al., 2018).
Phyllanthus emblica L
Phyllanthus emblica L., whose fruits are also known as Indian gooseberry and “skyu-ru-ra” in Tibetan, is a widely used medicinal plant in Indian and Tibetan folk medicine. The fruits of P. emblica have been intensively studied and have potential to manage various diseases like DM. Clinical study indicated that administration of P. emblica fruit powder for 3 weeks could significantly lower blood glucose and lipids in diabetic patients (Akhtar et al., 2011). Moreover, after treatment with water extract of Phyllanthi Fructus, the improvement of endothelial function, oxidative stress and inflammation were observed in T2DM patients (Usharani et al., 2013). Pre-clinical research illustrated that Phyllanthi Fructus attenuated hyperglycemia as a potent α-glucosidase inhibitor and free radical scavenger in vitro (Nampoothiri et al., 2011; Majeed et al., 2020). Phyllanthi Fructus aqueous extract also elevated the expression of PPARγ and adiponectin in adipose tissue of high fat diet induced obese rats, representing a potential target of PPARγ activation (Xi et al., 2009). Phyllanthi Fructus extract was also reported to alleviate insulin resistance via increasing the expression of PI3K, Akt, and GLUT4 in skeletal muscle of STZ-induced diabetic rats (Dong et al., 2009; Hu, 2012).
Gallic acid (GA), one of the bioactive polyphenolic components isolated from Phyllanthi Fructus, activated PPARγ and C/EBP in an Akt-dependent manner and upregulated the expression of GLUT4 thereby promoting glucose uptake in 3T3-L1 adipocytes (Variya et al., 2020). GA also improved metabolic parameters in db/db mice and fructose-fed SD rats (Variya et al., 2020). GA could down-regulate the expression of thioredoxin-interacting protein (TXNIP) to ameliorate oxidative stress and endoplasmic reticulum stress, thereby promoting glucose uptake and alleviating pancreatic β-cell glucose toxicity. GA also suppressed the expression of NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) and formation of NLRP3 inflammasome and markedly ameliorated glucotoxicity-induced apoptosis of β-cell in vivo and in vitro (Zuo et al., 2018). In addition to GA, its dimeric derivative ellagic acid (EA) displays a remarkable anti-diabetic activity by protecting islet β-cells. EA improved glucose-stimulated insulin secretion from isolated islets and glucose tolerance in STZ-induced T2DM rats. It also decreased thiobarbituric acid-reactive substances (TBARS, a marker of lipid peroxidation) while increased plasma total antioxidants and liver GSH, which may contribute to the improved β-cell mass and function (Fatima et al., 2017).
In addition, Phyllanthi Fructus exhibits strong protective effect on DM-related complications. The enriched tannoids isolated from P. emblica obviously inhibited both rat lens and human aldose reductase (AR) with IC50 of 6 and 10 μg/ml respectively (Suryanarayana et al., 2004). The tannoids fraction also prevented sugar-induced AR activation and the osmotic changes in cultured rat lens organs, suggesting its therapeutic potential for cataract. Further study demonstrated that cataract progression was delayed in tannoids-treated diabetic rats (Suryanarayana et al., 2007). This may be contributed to its inhibitory effect on AR activity and sorbitol accumulation by Emblica tannoids. Furthermore, 1-O-galloyl-β-D-glucose (β-glucogallin), one of the metabolites and major biosynthetic precursors of tannoids, is presented as a selective inhibitor of human AR in vitro (Puppala et al., 2012). β-glucogallin also repressed sorbitol accumulation in AKR1B1 transgenic mouse lenses under high glucose exposure (Puppala et al., 2012). Besides β-glucogallin, another metabolite of ellagitannin, urolithin A (UroA) could prevent vascular smooth muscle cell proliferation induced by hyperglycemia via regulating Akt/Wnt/β-catenin signaling pathway (Zhou et al., 2018). Phyllanthi Fructus could inhibit glycation reaction by reducing glycosylated protein level in vitro (Rao et al., 2005; Nampoothiri et al., 2011). P. emblica was also reported to attenuate diabetic neuropathy and relieve neuropathic pain, suggesting its anti-oxidative and anti-inflammatory properties (Kumar et al., 2009; Tiwari et al., 2011).
Terminalia chebula Retz
Terminalia chebula Retz., the fruit of which is commonly known as Chebulic Myrobalan or Haritaki, is one of the major medicinal plants in Tibetan and Ayurvedic systems of medicine (Sharma et al., 2019). In Tibet, Haritaki is called “a-ru-ra” and recognized as “man-mchog-rgyal-lo” which means “king of medicines” (Meher et al., 2018). Haritaki is often used in traditional medicine for its wide spectrum of pharmacological activities, such as anti-inflammation, anti-oxidation, anti-DM, and hepato-protection (Gupta, 2012; Silawat and Gupta, 2013). The health benefits may be associated with the presence of various phytochemicals such as polyphenols, anthocyanins, terpenes, flavonoids, alkaloids, and glycosides (Muhammad et al., 2012). Network pharmacology research revealed that 4 potential targeted compounds isolated from T. chebula extracts, including EA, luteolin, chebulic acid and quercetin have appropriate oral bioavailability and drug-like properties (Wang D. Y. et al., 2014). It has been reported that EA, luteolin and quercetin inhibited the activities of α-glucosidase in vitro (Tabopda et al., 2008; Li et al., 2009; Yan et al., 2014). Three active ellagitannins including chebulanin, chebulagic acid and chebulinic acid isolated from the aqueous methanolic extract of dried fruit of T. chebula possess potent rat intestinal maltase inhibitory activity (Gao et al., 2007). Chebulagic acid was further proved to be a reversible and non-competitive inhibitor of maltase (Gao et al., 2008). It has also been reported that chebulagic acid significantly reduced post-administration blood glucose level of SD maltose-loaded male rats (Huang et al., 2012). The above findings suggested that Haritaki may delay carbohydrate digestion by inhibiting α-glucosidase activity with maltase as the main substrate.
Moreover, three gallotannins isolated from T. chebula, including 2,3,6-tri-O-galloyl-β-D-glucose, 1,2,3,6-tetra-O-galloyl-β-D-glucose and PGG were found to enhance insulin-stimulated glucose uptake through elevating PPARα/γ expression in HepG2 cells. Meanwhile, these compounds did not promote adipogenesis in 3T3-L1 cells, suggesting that these compounds increased cellular glucose uptake through activation of PPARs thereby accelerating glucose consumption (Yang et al., 2013). T. chebula methanolic extract containing 2.7% chebulic acid (CA) and EtOAc-soluble portion of ethanolic extract of T. chebula fruit containing 29.4% CA was reported to present preventive effects against the aggregation of advanced glycation end products (AGEs) (Kim et al., 2011; Lee et al., 2011). A further in vitro study illustrated that CA isolated from Terminalia chebula inhibited glycolaldehyde-glycated bovine serum albumin induced collagen cross-link formation and broke existent cross-links via its chelating and antioxidant activities (Lee et al., 2014). CA prevented glyceraldehyde-related AGEs (glycer-AGEs)-induced transendothelial electrical resistance reduction on Human umbilical vein endothelial cell (HUVEC), indicating enhanced endothelial barrier function (Lee et al., 2010). Increased adhesion of HUVEC with human monocytic THP-1 cells induced by glycer-AGEs was remarkably suppressed after CA treatment (Lee et al., 2010). In addition, in silico experiments showed that CA could bind with TGF-β receptor thus inhibiting the downstream signaling and tissue fibrosis (Shanmuganathan and Angayarkanni, 2019). The above studies suggest that T. chebula especially its bioactive component chebulic acid can act as agents for the treatment of DM and its complications.
Huidouba
Huidouba (HDB), the strip-shaped or bag-shaped cobwebs of spiders of the genus Atypus which lived on tea plants in Mount Emei, has long been used for DM management in Sichuan and Tibet provinces. As a folk medicine and functional food, HDB could improve diabetic symptoms and prevent diabetic complications with a reputation as “the enemy of DM” in the local area (Yang and Kang, 2017). HDB contains various compositions including proteins, polysaccharides, flavonoids, saponins and alkaloids among which polysaccharides are the main effective components (Wu et al., 2009). Several studies indicated that polysaccharides purified from HDB exhibited potential suppressive effect on α-glucosidase activity in vitro and in vivo. Crude polysaccharides from Huidouba (CHDBP) as well as purified HDBP-1 and HDBP-2 substantially inhibited α-glucosidase activities, with IC50 values of 0.019, 0.039, and 0.013 mg/ml, respectively. They were more potent than the positive control namely acarbose (IC50 = 0.097 mg/ml). Furthermore, heteropolysaccharide HDBP-2 with lower molecular weight (9.703 kDa) performed better in antioxidant capacity, α-glucosidase inhibitory and hypoglycemic activities (Yan et al., 2014; Chen et al., 2018). This may be attributed to their easier access to the cellular interior with fewer difficulties passing through structural barriers as for relatively smaller molecules. In addition, these polysaccharides decreased the serum triglyceride (TG), total cholesterol (TC), and low-density lipoprotein cholesterol (LDL-C) levels and significantly improved oral glucose tolerance (OGT) in T2DM KKAy mice, indicating a potential to ameliorate T2DM symptoms. Apart from polysaccharides, protein components of HDB also showed potential for meliorating DM. In an alloxan-induced diabetic mouse model, among polysaccharide, protein and alkaloid extracts, HDB proteins showed profound hypoglycemic activity with strong inhibitory effect on α-glucosidase while the combined extract was superior to all these fractions (Wu et al., 2013). The coordination of multiple components from the combined extract is likely to enhance its hypoglycemic performance. High throughput screening assay also indicated that ethyl acetate extract and n-hexane extract of HBD displayed remarkable activation on PPARγ and PPARβ (Lin and Xia, 2016). The EtOAc and n-hexane extracts mainly contain volatile oil, fatty acids, terpenoids and some alkaloids with low polarity, which may improve their interaction with the binding site of PPARs.
Meanwhile, studies found that HDB could improve renal function in diabetic models. In the mouse model of diabetic nephropathy, HDB ethanol extract, water extract and polysaccharides administration decreased the glucose, creatinine, urea nitrogen, urine protein, glycosylated serum protein and AGEs in serum (Zhou et al., 2018). HDB extracts also alleviated the glomerular basement membrane (GBM) thickening, mesangial matrix expansion, renal tubular and epithelial cells degeneration. The extracts alleviated the renal damage via inhibition of the expression of fibrosis and inflammation markers including fibronectin (FN), intercellular adhesion factor-1 (ICAM-1) and TGF-β1. In particular, HDB aqueous extract markedly reduced malondialdehyde (MDA) in the kidney and downregulated the expression of Nox4 predominantly located in the glomerular tissue while upregulated nephrin and WT1 expression in DN rat, implying a potent antioxidant ability to ameliorate renal injury (Yang et al., 2020). HDB proteins also displayed a significant suppressive effect on aldose reductase, thereby attenuating oxidative stress (Wu et al., 2013).
Berberidis Cortex
Plants belonging to the genus Berberis (Berberidaceae) are widely distributed in subtropical and temperate regions with nearly 550 species (Mokhberdezfuli et al., 2014). Berberidis Cortex, the dried root or stem bark of Berberis kansuensis Schneid. and its relative plants, is one of the most commonly used TMMs and the key ingredients of a variety of prescriptions for the treatment of chronic metabolic diseases. B. vernae Schneid. and B. dictyophylla Franch. are widely used in clinics. Extracts and compounds obtained from Berberis species, especially Berberine alkaloid (BBR), showed potential abilities to treat DM and other metabolic diseases (Belwal et al., 2020).
Recent pharmacological studies showed that the levels of FBG, glycated serum protein, insulin, insulin resistance index, TNF-α and IL-6 were decreased after 30-days treatment with the water extract of dried stem bark of B. kansuensis in T2DM rats (Du et al., 2020; Xu et al., 2021). 1H NMR-based metabolomics indicated that among 28 metabolites identified in rat serum, 8 of them including isoleucine, acetoacetate, betaine, valine, glucose, glutamate, N-acetyl glycoproteins, and LDL/VLDL were significantly reversed after B. kansuensis treatment. Further analysis of metabolic pathways revealed that the anti-diabetic effect of B. kansuensis might be related to the modulation of glycolysis and gluconeogenesis, citric acid cycle, lipid metabolism, amino acid metabolism, and choline metabolism. Meanwhile, B. kansuensis extract regulated gut microbiota composition in T2DM rats (Xu et al., 2021). Of note, B. kansuensis extract did not improve insulin resistance in pseudo-germ-free T2DM rats, suggesting that the anti-diabetic effect of B. kansuensis may be closely associated with its modulation of gut microbiota.
Numerous studies revealed that BBR posses insulin-sensitizing effects. BBR concentration-dependently increased the expression of insulin receptor (IR) expression in cultured human liver cells and L6 rat skeletal muscle cells through regulating protein kinase C (PKC)-dependent signaling (Kong et al., 2009). BBR prevented mitochondrial dysfunction and increased mitochondrial biogenesis and AMPK activation in C2C12 myoblasts (Gomes et al., 2012). However, this improvement was largely inhibited by knockdown of sirtuin 1 (SIRT1), suggesting that BBR is likely to stimulate mitochondrial biogenesis via a SIRT1-mediated mechanism which protects muscle from diet-induced insulin resistance. BBR also inhibited the phosphatase activity of protein tyrosine phosphatase 1B (PTP1B) (Chen et al., 2010), which catalyzed IR dephosphorylation in adipocytes but could be repressed by SIRT1 (Shi et al., 2004; Sun et al., 2007). Therefore, the insulin-sensitizing effect of BBR is probably mediated by SIRT1-dependent inhibition of PTP1B activity. Moreover, BBR improved insulin resistance through alleviation of gut microbiota dysbiosis in db/db mice (Liu et al., 2018). These findings indicate that BBR has potential ability to ameliorate insulin resistance.
In addition, prescriptions prepared from Berberidis Cortex are commonly used in the management of DM in Tibet. Tibetan medicine formulas such as Tang-Kang-Fu-San, Siwei Jianghuang Decoction and Jikan Mingmu Drops, exhibited potential anti-diabetic effects (Duan et al., 2017b; Lai et al., 2018; Ai et al., 2019). Tang-Kang-Fu-San was reported to promote Akt and AMPK activities, thereby increasing GLUT4 translocation to the plasma in skeletal muscles of db/db mice to improve insulin resistance (Duan et al., 2017a). Siwei Jianghuang Decoction Powder (SWJH) documented originally in Four Tantras, is often used in kidney disease treatment. SWJH extract could alleviate hyperglycemia, renal fibrosis, and GBM thickness in db/db mice (Lai et al., 2018). Furthermore, hypoxia inducible factor-1α (HIF-1α) is a transcription factor induced by hypoxia reaction and could activate the expression of target genes such as VEGF to exacerbate fibrosis and inflammation (Mayer, 2011). SWJH and its bioactive component BBR could inhibit the overexpression of HIF-1α, TGF-β1, and VEGF in db/db mice thus ameliorate the renal damage (Lai et al., 2018). Jikan Mingmu Drops (JMD), containing six herbs including Berberidis Cortex, is currently used to treat diabetic induced dry eye syndrome (DES). JMD treatment markedly increased the tear volume, decreased the corneal fluorescein staining score, restored the morphology and structure of conjunctival epithelial cells in benzalkonium chloride induced DES model of db/db mice (Ai et al., 2019). This may be associated with its suppressive effect on the production of inflammatory mediators.
Triphala
Triphala (THL), also known as Zhe-Bu-Song decoction, is composed of the fruits of three Tibetan herbs, including Phyllanthi Fructus, Chebulae Fructus, and Fructus Terminaliae Billericae [fruits of Terminalia bellirica (Gaertn.) Roxb.]. THL is one of the most common basic prescriptions accessible in both Ayurveda and Tibetan medicine for balancing and revivifying the three humors (Peterson et al., 2017). A recent clinical study showed that blood glucose and lipid levels were significantly reduced in T2DM patients after 12-months treatment of THL (Singh et al., 2015). Meanwhile, the activity of antioxidant enzymes was notably up-regulated and DNA damage was also attenuated in THL-administered patients. Long-term administration of THL did not show obvious toxicity, which illustrated that THL was a promising therapeutic candidate as an alternative anti-diabetic drug with high safety performance.
Incretins such as GLP-1 and glucose-dependent insulinotropic polypeptide (GIP) are released from the gut, which potentiate insulin release in a glucose-dependent manner (Baggio and Drucker, 2007) and modulate β-cell energetics in intact islets of Langerhans (Hodson et al., 2014). Recent study showed that the size of islet and the number of β-cell granules stained in deep purple was notably enhanced after 6-weeks of THL administration in STZ-induced diabetic rats, indicating a preservative effect of THL on islet β-cell. THL up-regulated the components of incretin/cAMP signaling pathway including GIP, GLP-1, GLP-1R, and cAMP and promoted the phosphorylation of PKA (Zhang Y. J. et al., 2020). It also down-regulated the expression of TXNIP, a vital modulator participating in pancreatic β-cell bioactivity and an indicator of oxidative stress involved in DM progression (Schulze et al., 2004; Chen et al., 2008). This study suggested that THL may enhance the activity of incretin/cAMP signal pathway to affect the proliferation and apoptosis of islet β cells. In addition, supplementation of THL for 45 days obviously reduced the blood glucose levels in non-insulin-dependent diabetic patients (Rajan and Antony, 2008). It has been reported that the hypoglycemic effect by THL may be related to its pancreatic glycolytic enzyme suppressive effects and anti-glycation potential (Ganeshpurkar et al., 2015).
In addition, alcoholic extract of THL (AlE) along with its bioactive principles CA, chebulinic acid (CI) and GA displayed anti-inflammatory and anti-angiogenic properties in diabetic cell models (Shanmuganathan and Angayarkanni, 2018). In DM, hyperglycemia, hypertension and dyslipidemia induce oxidative stress, nuclear factor-κB (NF-κB) activation, dysregulation of NOS, and formation of AGEs, leading to endothelium dysfunction and the resultant complications (Hink et al., 2001; Giacco and Brownlee, 2010). Chronic inflammation is considered to be one of the characteristic features seen at sites of diabetic complications (Feng et al., 2005). Elevated circulating pro-inflammatory cytokines and chemokines have been shown to influence glial cell and neuron behavior, contributing to the pathological processes relevant to both diabetic neuropathy and retinopathy (Doupis et al., 2009; Mesquida et al., 2019). Treatment with CA/CI/GA and AlE markedly suppressed TNF-α-induced pro-inflammatory and pro-angiogenic changes in chorioretinal microvascular endothelial cells (RF/6A) (Shanmuganathan and Angayarkanni, 2018). This was mediated by remarkable inhibition of p38, ERK, and NF-κB phosphorylation and subsequent production of cytokines. In silico studies further revealed that CA, CI, and GA have the potential to bind TNFα-receptor-1 thereby blocking TNF-α signaling transduction. Collectively, as a polyherbal formula, THL exerts various pharmacological properties for protection against DM, which highlights its clinical effects on treatment for DM and its complications.
Padma 28
Padma are a series of herbal patent medicines and food supplements which are manufactured as commercial products on a large scale and consumed globally. Padma 28, based on the well-known 28th formula of a traditional Tibetan formula collection, is a Swiss herbal remedy that consists of over 22 herbal drugs. It has been reported that Padma 28 could improve circulatory disorders such as intermittent claudication in clinical trials (Stewart et al., 2016). A systematic review interpreted that indications of efficacy were also found in other vascular diseases, inflammatory conditions and lipid metabolism disturbances (Vennos et al., 2013), which suggested that Padma 28 may have the ability to repair metabolic and immune functions.
This multi-herbal preparation is rich in secondary plant substances including essential oils, flavonoids, and tannins (Samochowiec and Wieland, 1983). Herbal flavonoids isolated from Padma 28 was investigated to explore the protective effect on the autoimmune disorder in non-obese diabetic mice (Weiss et al., 2011). The destruction of β-cells in autoimmune DM involves an imbalanced Th1/Th2 polarization and Th1/Th2 cytokines (Rabinovitch and Suarez-Pinzon, 1998). The aqueous extract of Padma 28 containing abundant flavonoids was found to suppress the development of autoimmune DM in female NOD mice (Weiss et al., 2011). The levels of Th2 cytokines IL-10 and IL-6 were increased whereas Th1 cell-derived IL-12 was decreased after intraperitoneal administration of aqueous Padma 28 extract. In the meantime, the proportion of CD8+ type 1 cytotoxic T cells, which are known to be a destructor of islet β-cells (Pinkse et al., 2005), was reduced by Padma 28 extract treatment. This suggested that Padma 28 water extract regulated Th1/Th2 balance, which may have potential ability to hinder the development and progression of T1DM (Weiss et al., 2011). Additionally, 70% ethanolic extracts of Padma 28 and Padma Circosan significantly inhibited the formation of AGEs and advanced oxidation protein products to a similar extent as the active controls aminoguanidine in vitro (Grzebyk and Piwowar, 2014).
CONCLUSION AND IMPLICATIONS
Our current review summarizes the therapeutic effects of the most commonly studied anti-diabetic TMM in various preclinical and clinical settings. A number of studies centered on mechanisms investigation have indicated that multicomponent TMM acts on multiple molecular targets and signaling pathways to treat DM and its complications. We summarized the possible anti-DM mechanisms and targets of the most commonly used TMM in Figures 2, 3. Supplementary Tables S1, S2 provide a recapitulate of researches of the most studied TTM on DM and its complications.
[image: Figure 2]FIGURE 2 | Mechanisms of action of commonly studied anti-DM Tibetan medicines.
[image: Figure 3]FIGURE 3 | Schematic diagram showing the possible molecular targets of specific bioactive extracts and components from Tibetan medicines.
However, the current researches of TMM on DM and its complications have some limitations. Firstly, most recent studies mainly focus on the extracts/preparations of TMM, and more potent bioactive compounds and fractions isolated from TMM should be studied. Secondly, bioavailability and pharmacokinetics of these active extracts/preparations/compounds should be conducted to provide more information for clinical trials. Thirdly, regarding the diversity of TMM components and the complex pathophysiology of DM, some new technologies, such as genomics, proteomics and metabolomics should be used to systematically evaluate the underlying mechanism of its anti-DM effects. Finally, as DM is a chronic disease with a group of metabolic disorders, long-term use of TMM to maintain stable blood glucose and prevent DM-related is necessary. However, lack of toxicity studies could not ensure the safety and tolerance of TMM. Thus, preclinical studies of acute and chronic toxicity tests and follow-up studies should be designed for TTM researches.
In conclusion, TMM has great potential to be developed into new anti-diabetic agents. Further studies on TTM will definitely extend their clinical applications. With a great respect to previously review about TMM for the treatment of DM (Gao et al., 2021), our review presents an updated pharmacological view of TMM for further exploration and application in DM and its complications treatment, which providing broadened understanding of the underlying mechanisms of TMM to find innovative strategies for DM management.
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The purpose of this study is to understand the mechanism of sodium arsenite (NaAsO2)-induced apoptosis of L-02 human hepatic cells, and how Dictyophora polysaccharide (DIP) protects L-02 cells from arsenic-induced apoptosis. The results revealed that DIP pretreatment inhibited NaAsO2 induced L-02 cells apoptosis by increasing anti-apoptotic Bcl-2 expression and decreasing pro-apoptotic Bax expression. Proteomic analysis showed that arsenic treatment disrupted the expression of metabolism and apoptosis associated proteins, including ribosomal proteins (RPs). After pretreatment with DIP, the expression levels of these proteins were reversed or restored. For the first time, it was observed that the significant decrease of cytoplasmic RPs and the increase of mitochondrial RPs were related to human normal cell apoptosis induced by arsenic. This is also the first report that the protective effect of DIP on cells was related to RPs. The results highlight the relationship between RPs and apoptosis, as well as the relationship between RPs and DIP attenuating arsenic-induced apoptosis.
Keywords: dictyophora polysaccharides, NaAsO2, apoptosis, hepatotoxicity, proteomics
INTRODUCTION
Arsenic is known as a serious environmental toxin and human carcinogen (Bhattacharya et al., 2014). According to global epidemiological statistics, more than 200 million people currently suffer from arsenic exposure, particularly in developing countries (Adil et al., 2016). Arsenic exposure caused human health problems involve multiple tissues and organs, especially in the cardiovascular system and liver (Goudarzi et al., 2018). Environmental exposure to arsenic is undoubtedly now a major global public health problem, as well as a serious social and medical problem (Chen et al., 2012; Wang et al., 2020a). Sodium arsenite (NaAsO2) is the most toxic substance of different arsenic compounds in our living environment (Duan et al., 2020; Lv et al., 2020). Accumulation of arsenic in the human body can lead to organ damage and tissue canceration. In particular, the liver is one of the target organs of arsenic in humans (Dash et al., 2018; Lv et al., 2020). The cellular and molecular biological experiment has shown that arsenic increases the production of reactive oxygen species (ROS) by inhibiting the activity of antioxidant enzymes. Arsenic can also cause protein oxidation, DNA damage, and apoptosis (Lin et al., 2008; Adil et al., 2015; Goudarzi et al., 2018). However, there is still no broad consensus about the exact mechanism of arsenic-induced toxicity.
Currently, treatments for arsenic poisoning include hemodialysis or chemotherapy, using chelating agents and adsorbents. However, elevated blood pressure and other toxic effects may occur (Saha et al., 2016). Bioactive natural compounds commonly found in dietary plants can treat arsenic-induced toxicity, attracting increased attention to their little or no side effects (Ola-Davies and Akinrinde, 2016; Goudarzi et al., 2018; Perker et al., 2019), and more attention has been paid to their medicinal value (Kanwal et al., 2018; Habtemariam, 2019). Among them, Dictyophora has been reported to act on anti-inflammatory, antioxidant, hypoglycemic, and lipid-lowering effects (Zhang et al., 2016; Han et al., 2017; Wang Y. et al., 2019). Furthermore, the polysaccharide extracted from Dictyophora has a protective effect on the liver (Wang et al., 2019a; Wang et al., 2019b; Hu et al., 2020). However, the effect of Dictyophora polysaccharide (DIP) on sodium arsenite induced hepatotoxicity is still unclear.
In this study, DIP was shown to protect human normal liver cells L-02 from the sodium arsenic induced toxicity, and a comparative proteomics analysis based on iTRAQ (isobaric tags for relative and absolute quantification) was performed to explore the molecular mechanism of arsenic-induced apoptosis and the protective effect of DIP on arsenic-induced hepatotoxicity.
MATERIALS AND METHODS
Chemicals
Food-grade Dictyophora was provided by Zhijin Sifang Hongye (Zhijin City, Guizhou Province, China). Sodium arsenite (NaAsO2) was obtained from Sigma Chemical Corp (St. Louis, MO, United States). Human normal hepatocytes (L-02 cells) were purchased from the Shanghai Cell Bank of the Chinese Academy of Sciences (Shanghai, China). RPMI 1640 cell culture medium, trypsin, and fetal bovine serum (FBS) were purchased from Gibco Company (California, United States). Phosphate buffer saline (PBS) was purchased from Zhongsha Jinqiao Biotechnology Co., Ltd. (Beijing, China). Dimethyl sulfoxide (DMSO) was obtained from Sigma (St. Louis, MO, United States). The BCA protein detection kit, protein sample buffer, and Western blot analysis gel preparation kit were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Protein molecular weight markers were obtained from Fermentas (Burlington, Canada). Polyvinylidene fluoride (PVDF) film and enhanced chemiluminescence (ECL) kit were purchased from Bio-Rad (California, United States). Cell Counting Kit-8 (CCK-8), RIPA lysis buffer, rabbit anti-human Bcl-2, Bax, β-actin, GAPDH, ribosomal protein S5 (Rps5), and 14-3-3 protein sigma (SFN) antibodies and horseradish peroxidase (HRP) labeled secondary antibodies were purchased from Boster Biological Technology, Ltd. (Boster, Wuhan, China).
Dictyophora Polysaccharide Preparation
The separation and purification of DIP was performed as previously described with minor modifications (Liao et al., 2015; Zhang et al., 2016; Yu et al., 2017; Hu et al., 2020). Briefly, the fruit body of Dictyophora was dried at 45°C for 2 h, ground into powder, extracted in boiling water for 3 h at a water-to-material ratio (1:20), and then centrifuged at 4,000 × g for 15 min. The supernatant was extracted and concentrated at 50°C using a rotary evaporator (R-215, Buchi, Switzerland). The concentrated extract was collected and proteins were removed using the Sevage method. The crude polysaccharides of Dictyophora were obtained by freeze-drying after overnight precipitation with 4 volumes of 100% ethanol. The content of sugar was determined by using phenol-sulfuric acid colorimetric assay. The content was 84.13%. According to our experimental data, 10 mg DIP can be obtained from 80 mg of dried Dictyophora powder.
Preparation of Dictyophora Polysaccharide Stock Solution
The dry product of 400 mg DIP was dissolved in 20 ml serum-free DMEM medium to prepare a final concentration of 20 mg/ml mother liquor, filtered and stored at −20°C. When in use, it is diluted to the corresponding concentration with serum-free DMEM medium.
Cell Culture
L-02 cells were cultured in a 5% CO2 incubator at 37°C. The control group used DMEM high glucose medium containing 10% FBS and 1% penicillin/streptomycin, and the treatment group was pretreated with NaAsO2 or DIP for 4 h and then exposed to NaAsO2. All experiments were performed 24 h after cell inoculation.
Cell Counting Kit-8 Assay
The cell viability of L-02 cells was measured by CCK-8 assay. Cells were seeded in 96-well plates at a density of 1 × 104 cells per well, and were treated with different concentration of NaAsO2 for 24 h. In order to explore the intervention effect of DIP, L-02 cells were pretreated with different concentration DIP solution for 4 h, and then treated with of 10 μM NaAsO2 for 24 h. In addition, the viability of cells pretreated with DIP (80 μg/ml) and then exposed to different concentrations sodium arsenate was also investigated. CCK-8 reagent was added to each well and incubated at 37°C for 2 h according to the manufacturer protocol. Microplate Reader (Thermo Fisher Scientific) was used to measure the absorbance at 450 nm to determine cell viability.
Annexin V/PI Assay
The percentage of apoptotic cells was detected by Annexin V-FITC apoptosis detection kit (Beyotime, Shanghai, China). After NaAsO2 (10 μM) treatment or DIP (80 μg/ml) pretreatment followed by exposure to NaAsO2, the L-02 cells were collected and washed with PBS, and re-suspended by adding 100 μL binding buffer, and then incubated with 5 µL Annexin V-FITC, and 10 µL PI at room temperature. The apoptosis rate was detected by flow cytometry (ACEA NovoCyte, United States).
Protein Extraction for Proteomics Analysis
After treatment with NaAsO2 (10 μM) or DIP (80 μg/ml) pretreatment and then exposed to 10 μM NaAsO2, L-02 cells were rinsed twice with ice-cold PBS. The cells were harvested and resuspended in lysis buffer (8 M urea, 2 mM EDTA, 10 mM DTT, and 1% protease inhibitor cocktail). After sonicated and centrifuged at 13,000 g at 4°C for 10 min to remove debris, the protein in supernatant was precipitated with cold acetone for 2 h at −20°C. After centrifugation at 4°C at 12,000 × g for 10 min, the protein deposit was redissolved by urea buffer [8 M urea, 100 mM TEAB (triethylammonium bicarbonate)]. The protein concentration was detected using Bradford protein assay kit (Beyotime).
Trypsin Digestion
For trypsin digestion, 100 μg protein of each sample was first reduced with 10 mM DTT at 37°C for 60 min and then alkylated with 55 mM iodoacetamide (IAM) at room temperature for 30 min in darkness. The urea content of protein extract was diluted by adding 100 mM TEAB less than 2 M. The protein pool of each sample was digested with trypsin with the ratio of protein: trypsin = 50:1 mass ratio at 37°C overnight and 100:1 for a second digestion at 4 h.
Peptides Isobaric Tags for Relative and Absolute Quantification Labeling
After trypsin digestion, the peptides were desalted by Strata X SPE column and vacuum-dried. The digested peptides were then labeled with the iTRAQ reagents (AB Sciex), as follows: the control group was labeled with iTRAQ 113 and 114, while NaAsO2 treatment group with iTRAQ 115 and 116, and DIP pretreatment and NaAsO2 treatment group with iTRAQ 117 and 118. Briefly, peptides were reconstituted in 20 μl 500 mM TEAB and processed according to the manufacturer’s protocol for 8-plex iTRAQ kit (AB Sciex, Foster City, CA, United States). One unit of iTRAQ reagent was applied to the peptide solution after thawed and dissolved in 50 μL isopropanol. The peptide mixtures were incubated for 2 h at room temperature, then pooled and dried by vacuum centrifugation.
High-Performance Liquid Chromatographic Fractionation
The dried and labeled peptide was reconstituted with HPLC solution A [2% ACN (acetonitrile), pH 10] and then fractionated into high pH reverse-phase HPLC fractions using Waters Bridge Peptide BEH C18 (130 Å, 3.5 μm, 4.6 × 250 mm). Peptides were first separated by a gradient of 2–98% acetonitrile in pH 10 at a speed of 0.6 ml/min over 88 min into 48 fractions. The peptides were then mixed into 15 fractions and dried by vacuum centrifugation. The peptide fractions were desalted using Ziptip C18 (Millipore, MA, United States). Samples were finally dried under vacuum and kept at −20°C until they were analyzed by MS (mass spectrometry).
High-Resolution LC-MS/MS Analysis
The experiment was then performed by NanoLC 1000 LC-MS/MS using a Proxeon EAsY-nLC 1000 coupled to Q-Exactive mass spectrometer (Thermo Fisher Scientific, United States). Trypsin digestion fractions were reconstituted in 0.1% FA (formic acid) and immediately charged to the reversed-phase pre-column (Acclaim PepMap®100 C18, 3 μm, 100 Å, 75 μm × 2 cm) at 5 μl/min in 100% solvent A (0.1 M acetic acid in water). Next, peptides eluted from the trap column were loaded into a reversed-phase analytical column (Acclaim PepMap® RSLC C18, 2 μm, 100 Å, 50 μm × 15 cm). The gradient was comprised of an increase from 0 to 8% solvent B 0.1% FA in 98% ACN over 5 min, 8–25% solvent B over 35 min, 25–98% solvent B during 10 min and keep in 98% in 8 min at a constant flow rate of 300 nL/min at EAsY-nLC 1000 system. The eluent was sprayed from an NSI source at an electrospray voltage of 2.5 kV and then analyzed by tandem mass spectrometry (MS/MS) in Q Exactive. The mass spectrometer was operated in data-dependent mode, automatically switching between MS and MS/MS. Full-scan MS spectra (from m/z 300–2000) were acquired in the Orbitrap with a resolution of 70,000. Ion fragments were detected in the Orbitrap at a resolution of 17,500. The 15 most intense precursors were selected for subsequent decision tree-based ion trap HCD fragmentation at the collision energy of 32% in the MS survey scan with 10.0 s dynamic exclusion.
Data Processing and Isobaric Tags for Relative and Absolute Quantification
The resulting MS/MS raw data was searched against the transcriptome database using Sequest software integration in Proteome Discoverer (version 1.3, Thermo Scientific). The quest parameters were as follows: trypsin as a digestion enzyme, two missing cleavages, oxidized methionine, acetylation in N-Term, iTRAQ modification at the N-terminus of the peptide and iTRAQ 8-plex (K, Y) as the variable modification, fixed modifications like carbamidomethyl (C). The peptide mass tolerance and fragment mass tolerance were set to 20 ppm and 0.05 Da, respectively. A decoy database search strategy was adopted to estimate the false discovery rate (FDR) for peptide identification. For this study, a high peptide confidence (1% FDR) was selected. The cut-off values of 1.2-fold for up-regulated and 0.83-fold for down-regulated proteins, p-value < 0.05, were set as differentially expressed proteins (DEPs) (Shen et al., 2021).
Bioinformatics Analysis
Bioinformatics analysis was performed by using OMICSBEAN online tools (http://www.omicsbean.cn/) and String (Search Tool for the Retrieval of Interacting Genes/Proteins, version 9.1, http://string-db.org/) database. DEPs were analyzed by GO (gene ontology) annotation, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways, and protein-protein interaction (PPI) networks (Iqbal et al., 2018; Wei et al., 2018). Functional interaction network analysis was conducted using the ClueGO Cytoscape plugin (Bindea et al., 2009). The GO categories and pathways searched include biological processes (BP), cellular components (CC), molecular function (MF), KEGG (Kyoto Encyclopedia of Genes and Genomes), REACTOME, and Wiki pathway.
Western Blot Analysis
L-02 cells were incubated in 6-well plates. After being treated with NaAsO2 or DIP as indicated, cells were collected and lysed with RIPA buffer containing 1 mM PMSF and 1% protease inhibitor cocktail. The protein concentration was measured using the BCA kit. After SDS-PAGE electrophoresis transformation, the separated proteins were transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% skimmed milk at room temperature for 2 h and incubated with the indicated primary antibodies overnight at 4°C. After incubated with HRP-conjugated second antibody at room temperature for 1 h, the blotting signal was generated by chemiluminescence using an enhanced chemiluminescence (ECL) kit (Thermo Fisher Scientific). The gray value of protein band was analyzed by Image Labe software, and the ratio of target protein to internal reference gray value was used to reflect the expression of protein.
Statistical Analysis
Statistical analysis was carried out with SPSS Version 20.0 (SPSS Software, Chicago, IL, United States). The experimental data is shown as the means ± SD. Single factor analysis of variance (ANOVA) was used to detect the different distribution of various groups. The distribution of biometric values is normalized by logarithmic transformation. The statistically significant level was p < 0.05.
RESULTS
Detection of Components of DIP by High-Performance Liquid Chromatographic
The HPLC detection showed that the monosaccharides in the Dictyophora polysaccharides (DIP) were D-mannose, D-glucose, D-galactose, D-xylose, L-fucose (Figure 1A), and their contents were 15.27, 523.57, 27.80, 10.01, and 17.84 mg/L respectively, of which D-glucose accounted for 88.07% (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | DIP against NaAsO2-induced hepatotoxicity in L-02 cells. (A) HPLC profile of sporocarp polysaccharide of Dictyophora. (a) D-mannose. (b) D-glucose. (c) D-galactose. (d) D-xylose. (e) L-fucose. (B) The viability of L-02 cells treated with different concentrations of NaAsO2 (CCK-8 assay). (C) The viability of L-02 cells exposed to arsenic (10 μM NaAsO2) with or without pretreatment with different concentrations of DIP. (D) The viability of L-02 cells pretreated with DIP (80 μg/ml) and then exposed to different concentrations of NaAsO2. (E) Flow cytometry profiles showing the distribution of cells (Left). Plot showing the proportion of apoptotic cells (Right). Compared with control group, **p < 0.01; compared with NaAsO2 group, #p < 0.05. (F) Western blot analysis of Bax or Bcl-2 protein expression levels when treated with different arsenic concentrations (Left). Plot showing Bax or Bcl-2 protein expression levels (Right). (G) Western blot analysis of Bax or Bcl-2 protein expression levels when pretreated with DIP and then treated with arsenic (Left). Plot showing Bax or Bcl-2 protein expression levels (Right). Compared with the control group, *p < 0.05, **p < 0.01. Compared with the control group, *p < 0.05, **p < 0.01; compared with NaAsO2 group, #p < 0.05.
DIP Antagonizes the Suppression Effect of NaAsO2 on L-02 Cell Viability
To investigate the cytotoxicity of sodium arsenite to L-02 cells, L-02 cells were treated with NaAsO2 treatment. We found that NaAsO2 reduced the viability of L-02 cells in a dose-dependent manner. The IC50 value was 39.89 ± 3.20 μM (Figure 1B). However, DIP pretreatment significantly improved L-02 cells viability, even when exposed to 1/8 of IC50 (5 μM) and 1/4 of IC50 (10 μM) NaAsO2. Pretreatment with 80 μg/ml DIP enabled L-02 cells to tolerate 10 μM sodium arsenite (Figures 1C,D). The results indicated that DIP has the potential to antagonize sodium arsenite cytotoxicity.
DIP Inhibits NaAsO2-Induced Apoptosis in L-02 Cells
Considering sodium arsenite is recognized as an apoptosis inducer (Bashir et al., 2006; Chen et al., 2012; Sun et al., 2017), we then investigated whether NaAsO2 could induce apoptosis in L-02 cells. Flow cytometry analysis showed that the proportion of apoptotic cells increased significantly after treatment with 10 μM NaAsO2 (Figure 1E). Furthermore, with the increasing dosage of NaAsO2 treatment, pro-apoptotic protein Bax was up-regulated, while anti-apoptotic Bcl-2 protein was down-regulated in L-02 cells (Figure 1F), suggesting NaAsO2 can induce the apoptosis of L-02 cells. However, DIP pretreatment not only significantly reduced the apoptosis induced by NaAsO2 (Figure 1E) but also reversed the expression of Bax and Bcl-2 (Figure 1G), revealing the protective role of DIP in resisting sodium arsenite-induced apoptosis of L-02 cells.
Overview of Protein Expression Characteristics of Different Groups
The iTRAQ analysis was further performed to explore the molecular mechanism of DIP against sodium arsenite-induced cytotoxicity in L-02 cells. We identified the protein expression profile in L-02 cells treated with 10 μM NaAsO2 compared with the control group (As/Ctrl group). After DIP pretreatment, the protein expression characteristics of arsenic treated group were also analyzed (DIP + As/As group). A total of 2,876 proteins were identified. Among them, 60, 71, and 13 proteins were identified as DEPs in As/Ctrl group, DIP + As/As group, and DIP + As/Ctrl groups (Figures 2A–C; Table 1), respectively. Of these, 14 DEPs were found to be common between the As/Ctrl group and DIP + As/As group, with the opposite expression trend in these two groups (named as reversed proteins; Figure 2D and Table 1). Cluster analysis showed that the protein expression characteristics of DIP + As/As group and DIP + As/Ctrl were more similar, but almost opposite to As/Ctrl group (Figure 2E).
[image: Figure 2]FIGURE 2 | The differentially expressed proteins identified in different groups. (A) Volcano plots depicted the distribution of proteins in As/Ctrl group. (B) Volcano plots depicted the distribution of proteins in DIP + As/As group. (C) Volcano plots depicted the distribution of proteins in DIP + As/Ctrl group. (D) Venn diagrams of DEPs between the As/Ctrl group, DIP + As/As group, and DIP + As/Ctrl group. (E) Cluster map comparing the DEPs identified in As/Ctrl, DIP + As/As, and DIP + As/Ctrl groups. Red color indicates higher expression, green indicates lower expression, and black indicates similar expression levels. (A–C): The log2 fold change (FC) is plotted versus the –log10 of the p-value (Benjamini). Red dots = hits with p < 0.05 and mean log2FC > 0.83; blue dots = hits with p < 0.05 and means |log2FC| < 0.83.
TABLE 1 | The differentially expressed proteins identified in different groups in this study.
[image: Table 1]Protein Expression Profile of NaAsO2-Treated L-02 Cells Compared With Natural Growth L-02 Cells (As/Ctrl Group).
By bioinformatics analysis, the BP, CC, MF, and KEGG pathways associated with these 60 DEPs in As/Ctrl group are presented in Figures 3A–D and Supplementary Table S2–5. The BP related to DEPs in As/Ctrl group involved mainly in the generation of precursor metabolites and energy, glycolytic process, ATP generation from ADP, pyruvate biosynthesis process, and NADH regeneration, etc. (Figure 3A). In particular, 14 DEPs were related to regulation of apoptotic process including ALB, ANXA1, ATPIF1, CLU, FAM129B, HSPE1, LDHA, MFF, MIF, PPIF, PPP1R10, SFN, SIN3A, and STAT5B (Supplemenntary Table S2). Four DEPs (CLU, MFF, PPIF, and SFN) were associated with apoptotic mitochondrial changes, 3 DEPs (MFF, POLDIP2, and SLIRP) were related to mitochondrion morphogenesis, and 3 DEPs (CLU, MFF, and SFN) were involved in the release of cytochrome c from mitochondria (Supplementary Table S2). The DEPs were mainly distributed in the cytoplasm, cytoplasmic parts, mitochondrion, and mitochondrial matrix, etc. (Figure 3B; Supplementary Table S3). The MF of these DEPs included protein binding, calcium-dependent protein binding, alkaline phosphatase activity, and protein phosphatase inhibitor activity, etc. (Supplementary Table S4).
[image: Figure 3]FIGURE 3 | Bioinformatics analysis of the differentially expressed proteins in As/Ctrl group. (A) The top 10 ranking of BP associated with differentially expressed proteins. (B) The top 10 ranking of CC associated with differentially expressed proteins. (C) The significantly enriched pathways linked to differentially expressed proteins. (D) PPI network linked to the differentially expressed proteins in As/Ctrl group. Red: the expression of these proteins was up-regulated. Green: the expression of these proteins was down-regulated. (E) Functional interaction network analysis was performed by using ClueGO cytoscape plugin. (F) Overview the specific cluster. (A–C) Number of proteins associated with each category for gene-enrichment analysis is shown on the right of each term bar.
After NaAsO2 treatment, KEGG pathway analysis showed that most DEPs were involved in metabolic pathways, including glycolysis, carbon metabolism, pyruvate metabolism, amino acid biosynthesis and metabolic thiamine, folic acid biosynthesis, etc. (Figure 3C). Seven (7) DEPs were involved in these metabolism-related pathways, including ACAT1, ALDOA, IDH3B, LDHA, PGK1, PKM, and TPI1. Among them, 5 DEPs were down-regulated in L-02 cells, including ALDOA, LDHA, PGK1, PKM, TPI1 (Table 1; Supplementary Table S5). Other signal transduction pathways included the HIF-1 signaling pathway. The DEPs associated with this pathway include ALDOA, LDHA, and PGK1, which have also been down-regulated (Table 1; Supplementary Table S5). The PPI network associated with the DEPs is shown in Figure 3D. Consistently, these DEPs were enriched into metabolism-related pathways, including glycolysis/gluconeogenesis, glycosylcarbon metabolism, pyruvate metabolism, and amino acid biosynthesis, etc. The proteins include ALDOA, LDHA, PGK1, PKM, TPI1 are a key note in the PPI network. HIF-1 pathway is also shown in PPI network.
By using the ClueGO for functional enrichment, the DEPs were mainly related to the pathway of aerobic glycolysis, the release of mitochondrial cytochrome C, and RAC1/PAK1/MMP2 pathway (Figures 3E,F; Supplementary Figure S1). Aerobic glycolysis contains the above metabolic pathways such as glycolysis, gluconeogenesis, pyruvate metabolism, and HIF-1 related pathways (Supplementary Figure S1). The results showed that NaAsO2 treatment caused significant changes in metabolism-related pathways in L-02 cells.
Protein Expression Profiles of DIP + As-Treated Group Compared With As-Treated Group (DIP + As/As Group)
Seventy-one (71) DEPs were identified in the DIP + As/As group. By GO analysis, BP-associated DEPs involve primarily SRP-dependent co-translational protein targeting and membrane, translation, cytoplasmic translation, and mitochondrial gene expression (Figure 4A; Supplementary Table S6). They were widely distributed in cells (Figure 4B,C; Supplementary Table S7) and MF is presented in Supplementary Table S8. Of note, combined GO analysis with UniProt annotation, 21 DEPs were ribosomal proteins (RPs), including DAP3, MRPL11, MRPL39, MRPL43, MRPS28, RPL13, RPL17, RPL19, RPL23A, RPL24, RPL26, RPL27, RPL31, RPL6, RPL7, RPL34, RPL35A, RPS13, RPS15A, RPS19, and RPS5. Among them, 5 DEPs were mitochondrial ribosomal proteins, including DAP3, MRPL11, MRPL39, MRPL43, and MRPS28 (Supplementary Table S7). Based on GO analysis and UniProt annotation, the other 16 were classified as cytoplasmic RPs in the present study. KEGG analysis showed the enrichment of ribosome-related protein translation pathways, nucleotides, and protein metabolism pathways (Figure 4C; Supplementary Table S9), which also are consistent with the GO analysis. In the PPI network analysis, a notable feature was that the DEPs associated with ribosomes were enriched. TCA cycle and amino acid-related biosynthesis pathways were also involved (Figure 4D). Similarly, by using ClueGO for functional enrichment analysis, the DEPs in the DIP + As/As group were highly correlated with the ribosomes (Figures 4E,F; Supplementary Figure S2).
[image: Figure 4]FIGURE 4 | Bioinformatics analysis of the deferentially expressed proteins in DIP + As/As group. (A) The top 10 ranking of BP related to the deferentially expressed proteins. (B) The top 10 ranking of CC related to the deferentially expressed proteins. (C) The significantly enriched pathways associated with the deferentially expressed proteins. KEGG pathway and the top 10 ranking of Reactome pathways. (D) PPI network linked to the differentially expressed proteins in DIP + As/As group. Red: the expression of these proteins was up-regulated. Green: the expression of these proteins was down-regulated. (E) Functional interaction network analysis was performed by using ClueGO cytoscape plugin. (F) Overview the specific cluster. (A–C) Number of proteins associated with each category for gene-enrichment analysis is shown on the right of each term bar.
Protein Expression Profiles of DIP + As-Treated Group Compared With Control Group (DIP + As/Ctrl Group) and the Reversed Proteins Between As/Ctrl Group and DIP + As/As Group
Subsequently, we analyzed the protein expression profiles of DIP + As-treated group compared with the control group. Thirteen (13) DEPs were identified in this group. The relatively small number of DEPs suggested that DIP pre-intervention altered the protein expression profile of L-02 cells exposed to As, making it similar to normal growth L-02 cells. In addition, a total of 14 DEPs overlapped between As/Ctrl group and DIP + As/As group. Among these, 9 proteins were up-regulated and 5 proteins were down-regulated in As/Ctrl group, while their expression trend was reversed in DIP + As/As group. They were named as revered proteins (Supplementary Figure S3A).
GO analysis showed that these 14 revered proteins were widely distributed in cells, and KEGG analysis identified that these reversed proteins were not only primarily involved in the regulation of metabolic pathways and other biological processes, including: 2-oxygen carboxylic acid metabolism, amino acid biosynthesis, citric acid cycle (TCA cycle), but also related to the p53 signaling pathway (Supplementary Figure S3B,C; Supplementary Table S10). The PPI network showed that those proteins were correlated with carbon metabolism, amino acid biosynthetic, TCA cycle, 2-oxycarboxylic acid metabolism, cell cycle, and P53 signaling pathways (Supplementary Figure S3D).
Hub Gene Analysis and Cluster Analysis of the Expression of Differentially Expressed Proteins in the Key Pathways
The hub genes in As/Ctrl group and DIP + As/As group were analyzed. As shown in Figure 5A,B, 8 DEPs (PKM, TPI1, ALDOA, PGK1, ALPI, ALPL, MIF, and ANPEP) were identified as hub genes in As/Ctrl group. Twenty-three (23) DEPs were identified as hub genes in DIP + As/As group. Of these, 16 were ribosomal proteins.
[image: Figure 5]FIGURE 5 | Hub gene and cluster analysis and Western blot analysis verification of DEPs in the key pathways. (A) The bubble chart the differentially expressed proteins associated with As/Ctrl group. (B) The bubble chart the differentially expressed proteins associated with DIP + As/As group. (C) Cluster analysis of ribosomal proteins in different groups. (D) Cluster analysis of apoptosis-related proteins in different groups. (E) Cluster analysis of mitochondria related proteins in different groups. (F) Cluster analysis of metabolism-related protein in different groups. (G,H) The differential expression proteins were verified by Western blot analysis.
We also analyzed the expression of DEPs in different groups in the key pathways, i.e., ribosomal protein, apoptosis, mitochondria, and metabolism-related protein (Figures 5C–F). The results showed that DIP pretreatment reversed or restored their expression.
Verification of the Differentially Expressed Proteins by Western Blot Analysis
Based on the above analysis, two hub proteins (RPS5 and SFN), for their largest weight in biological pathways, were selected to be confirmed by Western blot analysis (Figures 5A,B). As shown in Figures 5G,H, consistent with the proteomic results, they were down-regulated in the As/Ctrl group, while DIP pretreatment increased their levels in the DIP + As/As group.
DISCUSSION
Arsenic is one of the most important toxic elements in the natural environment (Dkhil et al., 2020). So far, endemic arsenism is endangering millions of people worldwide. Arsenic toxicity affects almost all organs, of which the liver is one of the main target organs (Jomova et al., 2011; Samelo et al., 2020). Arsenic toxicity can increase the level of ROS in hepatocytes and cause damage to the mitochondrial respiratory chain, destroy the homeostasis of glucose in the liver, and induce oxidative stress (Rezaei et al., 2019), and result in apoptosis towards the cell caused by ROS (Chirumbolo and Bjorklund, 2017). As expected, here, arsenic exposure induced the apoptosis of L-02 cells. After arsenic treatment, the Bax was increased and Bcl-2 was down-regulated, thus facilitating cytochrome c release. Cytochrome c release increases caspase-3 activation, resulting with DNA fragmentation and chromatin concentration, and ultimately inducing apoptosis (Chimenti et al., 2018; Kalpage et al., 2019). However, DIP inhibited the NaAsO2-induced apoptosis in L-02 cells. It antagonized up-regulated Bax expression and down-regulated Bcl-2 expression in L-02 cells exposed to NaAsO2. DIP may serve as a potential scavenger for products of oxidative stress (Deng et al., 2012), thereby reducing ROS levels to ameliorate L-02 cell apoptosis caused by arsenic.
Interestingly, by proteomic analysis, 6 DEPs (CLU, MFF, POLDIP2, PPIF, SFN, and SLIRP) in As/Ctrl group were found to be associated with mitochondrial cytochrome c release, apoptotic mitochondrial changes, and mitochondrion morphogenesis, thereby contributing to sodium arsenite induced apoptosis of L-02 cells. In addition, the DEPs related to metabolic pathways were also identified in this group. The pathways mainly included glycolysis/gluconeogenesis, carbon metabolism, pyruvate metabolism, HIF-1 signaling pathway, and biosynthesis of amino acids. These pathways have been observed in a proteomics study of arsenic-induced liver fibrosis in rats (Wu et al., 2018) or yeast (Guerra-Moreno et al., 2015). We found that most of the related proteins were down-regulated, including ALDOA, LDHA, PGK1, PKM, TPI1. This indicates that after NaAsO2 treatment, the metabolism-related pathway of L-02 cells decreases. It is consistent with previous study that arsenic inhibits ATP production, particularly through glycolysis or pyruvate metabolism (Guerra-Moreno et al., 2015; Wang et al., 2020b). ALDOA and PKM have been observed to be down-regulated in the above arsenic-treated yeast cells study (Wu et al., 2018). Therefore, in the present study, the effect of arsenic tends to reduce the metabolism of L-02 cells. However, low-level arsenic exposure (75 ppb) can induce aerobic glycolysis (Warburg effect), which is a common phenomenon in cultured human primary cells and cell lines (Zhao et al., 2013). Taken together, these results suggest that when arsenic causes apoptosis, it may cause a decrease in cell metabolism, while at lower concentrations it may cause aerobic glycolysis.
Moreover, 14 DEPs in As/Ctrl group were found to be associated with apoptosis, suggesting that they participate in the process. According to Uniprot protein database (https://www.uniprot.org/), in terms of the function of these proteins, they may play a key role in arsenic-induced L-02 apoptosis. For example, SIN3A is a transcriptional repressor; MFF plays a role in the division of mitochondria and peroxisomes; PPIF is involved in the regulation of mitochondrial permeability transition pore (mPTP); PPP1R10 is a scaffold protein, which plays a role in the control of chromatin structure and cell cycle progression. The expression of these 4 proteins increased in the As/Ctrl group, and they may be related to the apoptosis of L-02 cells induced by NaAsO2. On the other hand, the function of STAT5B was signal transduction and transcription activation; NIBAN2 plays a role in the inhibition of apoptosis. Their down-regulation in the As/Ctrl group may also contribute to NaAsO2-induced apoptosis. Interestingly, MFF (Li et al., 2019), PPIF (Folda et al., 2016), and STAT5B (Wetzler et al., 2006) have been reported to be associated with arsenic-induced apoptosis.
Of note, 21 DEPs were identified as ribosomal proteins (RPs). Among them, the expression levels of 16 cytoplasmic RPs showed a downward trend. This is similar to two previous studies on the effect of arsenic on yeast cells (Hosiner et al., 2009; Guerra-Moreno et al., 2015), a large number of ribosomal proteins (74 subunits showed a significant reduction) (Guerra-Moreno et al., 2015) or genes (Hosiner et al., 2009) showed a significant reduction after treatment with arsenic. RPs are essential components of the ribosome that comprise a family of RNA-binding proteins involved in modulating a wide variety of biological processes (Ji et al., 2019). This reduction in ribosome abundance may reflect an adaptive response and is a mechanism that protects cells against its toxicity (Guerra-Moreno et al., 2015). On one hand, ribosome biogenesis is a major consumer of cellular energy and RNA polymerase II activity. The down-regulation of the ribosome itself may lead to energy reserves (Gasch et al., 2000) and the expression of other genes as well (Warner, 1999), such as heat-shock proteins (HSPs) (Hosiner et al., 2009). On the other hand, arsenic induces protein misfolding, by reducing the ribosome level, the production of newly synthesized misfolded proteins can be limited, thus allowing the protein degradation pathway to deal with existing misfolded proteins more effectively (Guerra-Moreno et al., 2015). Interestingly, mutants of the ribosome have been observed to be increased arsenic resistant of yeast cell (Dilda et al., 2008; Hosiner et al., 2009; Guerra-Moreno et al., 2015). Other heavy metals such as mercury, nickel (Hosiner et al., 2009), and cadmium (Guerra-Moreno et al., 2015), as well as multiple stress responses or environmental stress (Gasch et al., 2000), can also affect and down-regulate RPs expression. Therefore, ribosome reduction is not specific to arsenic (Guerra-Moreno et al., 2015) and may be a general feature of the environmental stress (Gasch et al., 2000). In addition to cytoplasmic RPs, mitochondria contain ribosomes that synthesize their own proteins. In yeast cells treated with arsenic, most MPRs showed no change in protein abundance (Guerra-Moreno et al., 2015). However, in this study, five MRPs showed an increased expression trend in As/Ctrl group.
Our results indicate that these changes in RPs may be related to the L-02 cell apoptosis induced by arsenic. In fact, apoptosis is particularly sensitive to nucleolar stress signals, and its primary result is the destruction of ribosome synthesis (Rubbi and Milner, 2003). In ribosomal replication disruption, the free ribosomal proteins interact with the p53 system, leading to cell cycle arrest or apoptosis (Warner and McIntosh, 2009). Increasing evidence shows that inhibiting the expression of RPs, such as knocking down many single RPs, will cause p53 accumulation, thereby leading to cell apoptosis (Uechi et al., 2006; Danilova et al., 2008; Daftuar et al., 2013). Interestingly, arsenic has been shown to cause cell death via a p53-dependent mechanism (Yu et al., 2008). Among these cytoplasmic RPs, 5 RPs have been reported to be associated with apoptosis, including RPL23 (Dai et al., 2004; Jin et al., 2004), RPL34 (Ji et al., 2019), Ll3a (Chen and Ioannou, 1999), L7 (Chen and Ioannou, 1999), and L35a (Lopez et al., 2002). Inhibition of their expression, such as through siRNA-mediated silencing, leads to cell apoptosis or inhibits cell proliferation (Chen and Ioannou, 1999; Lopez et al., 2002; Dai et al., 2004; Jin et al., 2004; Ji et al., 2019). RNAi-mediating silencing of RPS5 gene expression also resulted in the inability of MEL cells to differentiate (Vizirianakis et al., 2015).
In the view of MRPs, their abnormal expression can cause mitochondrial metabolism disorder and cell dysfunction (Huang et al., 2020). Some MRPs such as MRPS29 (DAP3), MRPL41, MRPS30, and MRPL64 have been identified to be associated with apoptosis by p53 pathway (Yoo et al., 2005; Yan et al., 2017; Huang et al., 2020). In this study, three MRPs (i.e., DAP3, MRPL39, and MRPS28) showed an up-regulated trend in As/Ctrl group. They may be related to L02 cell apoptosis induced by NaAsO2. DAP3 (death-associated protein 3), also known as MRPS29; its high expression can promote apoptosis (Miyazaki et al., 2004). Another protein MRPL39 was reported to serve as a tumor suppressor (Yu et al., 2018). Likewise, the inhibition of MRPS28 is related to the treatment of glioblastoma with Benzyl isothiocyanate (BITC) (Tang et al., 2016).
Indeed, the relationship between ribosomes and cell proliferation and apoptosis has been well reviewed (Warner and McIntosh, 2009; Kim et al., 2017; Huang et al., 2020). However, most of the studies on the effects of arsenic on ribosomes involve yeast and tumor cells (Chen and Ioannou, 1999; Gasch et al., 2000; Haugen et al., 2004; Hosiner et al., 2009; Guerra-Moreno et al., 2015; Kim et al., 2017). To the best of our knowledge, the present study is the first to report that arsenic induces a broadly decrease in cytoplasmic RPs, and an increase in mitochondrial RPs in liver cells, resulting in cell apoptosis. Our finding supports this opinion that a number of RPs have secondary roles regardless of their presence in protein biosynthesis, regulation of cell proliferation, or in some cases acting as inducers of cell death (Chen and Ioannou, 1999). Interestingly, the expression of these RPs was reversed in the DIP + As/Ctrl group, suggesting that they may be responsible for DIP attenuating arsenic-induced apoptosis of L-02 cells.
Furthermore, we noted that several proteins may play important roles in arsenic-induced apoptosis and/or DIP resistance to arsenic-induced apoptosis, including ALPI, ALPL CDC42, EIF5A, HSPE1, and SFN. Arsenic sensitivity to enhanced alkaline phosphatase (ALP) activity has been reported (Herrera et al., 2013), where alkaline phosphatase ALPI and ALPL have been shown to be up-regulated in treated cells, whereas DIP pretreatment has reversed its expression. CDC42 is a small GTPase of Rho family, involved in regulation of various functions including positive regulation of cell growth. Here, it was up-regulated in DIP + As/Ctrl group and may be linked to the intervention of DIP on arsenic-induced apoptosis. Two translation initiation factors, eIF2E and eIF4E, have been reported to be related to arsenic-induced cytotoxicity and cell death (Othumpangat et al., 2005; Guerra-Moreno et al., 2015). Here, down-regulation of EIF5A in As/Ctrl may contribute to the NaAsO2-induced L-02 cell apoptosis. Arsenic can also cause protein misfolding and induce an increase in HSP protein expression (Tam and Wang, 2020). In this study, the expression of heat shock protein HSPE1 increased in As/Ctrl group. It may participate in endoplasmic reticulum stress and unfolded protein response, and remove misfolded proteins induced by arsenic. SFN (14-3-3 protein Sigma) is one of the isoforms of the 14-3-3 family. This family of proteins regulates a variety of cell functions (Lee et al., 2014). Overexpression of SFN in multiple myeloma cells attenuated arsenic trioxide-induced cell death (Ge et al., 2009). In this study, it was down-regulated in the As/Ctrl group and up-regulated in the DIP + As/Ctrl group, suggesting that it may be involved in NaAsO2-induced apoptosis and DIP attenuated apoptosis.
CONCLUSION
In this study, apoptosis can be induced in human normal liver cells L-02 cells using NaAsO2. When hepatic cells were pretreated, the apoptosis was reduced. DIP inhibits cell apoptosis and was associated with an increase in Bcl-2 anti-apoptotic protein and a decrease in Bax pro-apoptotic protein. This may be due to the DIP antioxidant. Proteomic analysis showed that metabolism, apoptosis, and mitochondria-related proteins were associated with arsenic induced apoptosis of L-02 cells. Arsenic concentration induced apoptosis inhibited aerobic glycolysis of L-02 cells. DIP pretreatment reversed or restored the expression of these proteins, suggesting that they were linked to the prevention of DIP apoptosis. Importantly, this is the first study to observe that extensive variations in RPs were associated with arsenic-induced apoptosis in normal human cells. Cytoplasmic ribosomes were down-regulated and mitochondrial ribosomes were up-regulated. The expression of these proteins was reversed by DIP pretreatment. This is also the first study to relate the influence of DIP on apoptosis and its ability to control RP expression. The pathways by which arsenic induces L-02 cell apoptosis and DIP attenuate arsenic-induced apoptosis are summarized in Figure 6. Moreover, there are limitations in this study. It was carried out on a single cell line and needs to be further verified in more cell lines or biological tissues. The mechanism of arsenic-induced apoptosis and DIP’s inhibition of apoptosis disclosed in this study need to be further clarified. We will also explore the quantity (minimum inhibitory concentration) required for DIP to have a protective effect compared to other biological products.
[image: Figure 6]FIGURE 6 | Potential mechanism that sodium arsenite-induced L-02 cell apoptosis and DIP attenuates sodium arsenite-induced apoptosis.: ↑up-regulation.: ↓down-regulation. Red is related to As3+, green is related to DIP.
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Supplementary Figure S1 | Specific cluster of ClueGO analysis for the As/Ctrl group.
Supplementary Figure S2 | Specific cluster of ClueGO analysis for DIP+As/As group.
Supplementary Figure S3 | Bioinformatics analysis of the reversed proteins between As/Ctrl, and DIP+As/As group. (A) Cluster analysis of the reversed proteins by using Cluster 3.0. (B) The GO annotations of the reversed proteins. (C) The KEGG pathways associated with the reversed proteins. (D) PPI network analysis of the reversed proteins.
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Medicinal plant extracts are becoming increasingly important as an alternative for traditional drugs against diabetes mellitus (DM). For this reason, we initialized a target-based screening of 111 root extracts from an open access plant extract library (PECKISH) by ascertaining their in-vitro inhibitory efficacy on α-glucosidase. The two most active extracts Geum urbanum L. (roseroot) and Rhodiola rosea L. (avens root) were further tested for their antidiabetic activities in terms of their impact on different regulatory key points of glucose homeostasis. To this end, various enzyme- and cell culture-based in-vitro assays were employed including the determination of sodium-dependent glucose transporter 1 (SGLT1) activity in Caco-2 monolayers by Ussing chambers and of glucose transporter 4 (GLUT4) translocation in a GFP-reporter cell line. Subsequently, the antidiabetic potential of the root extracts were further evaluated in in-vivo models, namely hen’s eggs test and the fruit fly Drosophila melanogaster. Avens root extract was found to be a more potent inhibitor of the enzymes α-glucosidase and dipeptidyl peptidase-4 (DPP4) than roseroot extract. Most importantly, only avens root extract exhibited antidiabetic activity in the two in-vivo models eliciting a reduced blood glucose level in the in-ovo model and a decline of the triglyceride level in a dietary starch-induced D. melanogaster obesity model. Analyses of the polyphenolic composition of the avens root extract by HPLC revealed a high content of ellagic acid and its derivatives as well as ellagitannins such as pedunculagin, stenophyllanin, stachyurin, casuarinin and gemin A. In conclusion, avens root extract represents a promising medicinal plant that should be considered in further in-vivo studies on hyperglycemia in laboratory rodents and humans.
Keywords: avens root, antidiabetic, hen’s egg test, Drosophila melanogaster, α-glucosidase, glucose transporter 4, ussing chamber, sodium-dependent glucose transporter 1
INTRODUCTION
Diabetes mellitus (DM) and its consequences have become an increasing health problem worldwide and a considerable financial burden. In 2019, the total health expenditures for diabetes were estimated to be approximately USD 760 billion (International Diabetes Federation, 2019). Hyperglycemia is the hallmark of DM and commonly triggers diabetic complications such as damage or dysfunction of various organs (Agwaya et al., 2016). Accordingly, the reduction of postprandial blood glucose elevation is a relevant therapeutic strategy for the prevention and control of DM. An additional problem is that the drugs currently used for DM treatment are not only expensive but also cause side effects (American Diabetes Association, 2015; Padhi et al., 2020). Natural resources, especially medicinal plants have been used traditionally for DM treatment and may be considered as alternatives to the drugs available on the market (Arulselvan et al., 2014; Eddouks et al., 2014; Salehi et al., 2019). In fact, numerous studies have demonstrated antihyperglycemic effects for certain medicinal plant extracts, however, often neglected to elucidate the underlying cellular and molecular mechanisms in more detail (Eddouks et al., 2014). Modulation of the blood glucose level can be achieved by targeting various hormones, enzymes and transporters along the carbohydrate digestion/absorption pathway including intestinal α-amylase, α-glucosidase, sodium-dependent glucose transporter 1 (SGLT1) as well as the insulin secretion machinery or glucose transporter 4 (GLUT4) in peripheral tissues (Padhi et al., 2020). In this regard, studies, which systematically investigate whether plant extracts act on more than one of these targets, are of interest. Consequently, more studies are needed to 1) evaluate known traditional medicinal plants, 2) identify novel plant material with antidiabetic properties, 3) elucidate the underlying molecular mechanisms of action and 4) characterize the biologically active compounds.
In target-based screening approaches, plant extracts are usually tested by in-vitro enzyme and/or cell culture-based assays. Although these methods allow high-throughput screening and reveal a first notion on the putative bioactivity, the informative value must be handled with caution, since one has to be aware that crucial aspects of pharmacology such as bioavailability, biotransformation and excretion are not covered (Croston, 2017). Hence, in-vivo models are required to validate the effects found in in-vitro experiments. However, studies with traditional model organisms, in particular rodents, are expensive, laborious, time-consuming and raise ethical concerns. Hence, alternative models such as the recently introduced modified hen’s egg test (Gluc-HET), which enables testing of bioactives and plant extracts on insulin-mimetic properties in-ovo, have been developed (Haselgrübler et al., 2018b). Moreover, we propose that the use of invertebrate models such as the fruit fly Drosophila melanogaster is another option to precede/replace rodent studies. D. melanogaster has become a versatile model in nutritional research (Staats et al., 2018), especially, since central metabolic and regulatory pathways including metabolism of carbohydrates, lipids, and insulin signaling are evolutionary conserved (Chatterjee and Perrimon, 2021). Accordingly, fruit flies have been successfully used to elucidate the impact of plant bioactives on the energy metabolism and to identify potential molecular targets such as α-amylase and α-glucosidase (Wagner et al., 2015). Moreover, a high sugar diet was found to be sufficient to induce an obesity and insulin-resistance phenotype in the fruit fly (Musselman et al., 2011). The composition of Drosophila diets can be adapted to specific research objectives, since recipes for different complex and chemically defined diets are available (Lüersen et al., 2019). In this regard, it is of note that varying the content of a starch-based diet has been recently reported to affect the triglyceride level of fruit flies. Most important, high starch level elicited an obese phenotype (Abrat et al., 2018). Hence, when employing this Drosophila starch-based medium, we assume that numerous of the abovementioned aspects of carbohydrate digestion/absorption are addressed in plant extract supplementation studies with the final read out lipid storage determination.
In general, studies on potential medicinal plants starts with the selection of the appropriate plant material and extraction method (Azwanida, 2015; Abubakar and Haque, 2020). Plant extract collections represent an enormous help by enabling the research community to screen a large amount of plant extracts with specific properties. The plant extract collection Kiel in Schleswig-Holstein (PECKISH) is an open access screening library, containing extracts from over 880 different plant species and 11 different plant tissues (Onur et al., 2013).
In this study, we initially carried out a target-based screening of 111 extracts from root material derived from the PECKISH library for in-vitro α-glucosidase inhibition to discover and analyze extracts with promising antidiabetic effects. The two most potent α-glucosidase inhibitors, aqueous extracts from Geum urbanum L. (avens root) and Rhodiola rosea L. (roseroot) were further examined by in-vitro enzyme and cell culture-based assays as well as by in-ovo (hen’s egg test-chorioallantoic membrane; HET-CAM) and in-vivo models (D. melanogaster) to pinpoint potential antidiabetic activities. Accordingly, starch digestion by α-amylase (Ozougwu and Barnabas, 2018), intestinal glucose transport by sodium-dependent glucose transporter 1 (SGLT1) (Song et al., 2016), the incretin system in terms of dipeptidyl peptidase-4 (DPP4) inhibition (Papaetis, 2014), the glucose transport in peripheral tissues by glucose transporter 4 (GLUT4) translocation (Govers, 2014), insulin mimetic effects (Haselgrübler et al., 2017; 2018b), and the impact on dietary carbohydrate-related lipid storage were investigated. High-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis of the extracts revealed main polyphenolic constituents with putative biological activity.
MATERIALS AND METHODS
Plant Extract Screening Library and Root Extract Preparation
For the initial screening, we selected 111 ethanolic and aqueous extracts of the PECKISH library that derive from plant root material (Onur et al., 2013). For further studies, the aqueous root extracts of G. urbanum (avens root, Kräuterhaus, Hamburg, Germany) and R. rosea (roseroot, Kräuter-Pflug, Kiel, Germany) were freshly prepared according to the protocol described in Onur et al., 2013. In brief, the dried raw plant material was grinded by IKA analytical mill Type A11 basic (IKA-Werke, Staufen, Germany). Three gram of the grinded material and 30 ml of boiling double distilled water (Rotipuran ≥99.8% p.a.; Carl Roth, Karlsruhe, Germany) were stirred gently for 1 min, followed by sonication for 1 min (Sonoplus UW 2070; Bandelin electronic, Berlin, Germany). Tubes were centrifuged (Centrifuge 5,702; Eppendorf, Hamburg, Germany) for 2 min at 2,000 × g, before the supernatant was filtered by a folded filter (MN 615¼, 185 mm; Macherey-Nagel, Düren, Germany). The aqueous extracts were stored at −20°C.
In-Vitro α-Glucosidase Inhibition Assay
The spectrophotometric assay was conducted as previously described (Awosika and Aluko, 2019) with some modifications. Root extracts were diluted with ultrapure water (Purelab Flex, ELGA Veolia, United Kingdom) to give concentrations of 10 µg/ml to 1,000 μg/ml. Of these dilutions, 15 µl were mixed in 96-well microtest plates (VWR, Darmstadt, Germany) with 105 µl of 0.1 M phosphate buffer, pH 6.8 and 15 µl of α-glucosidase (0.5 U/ml) from Saccharomyces cerevisiae (Sigma-Aldrich, Taufkirchen, Germany). Following 5 min pre-incubation at 37°C, 15 µl 10 mM p-nitrophenyl-α-D-glucopyranoside (Sigma-Aldrich, Taufkirchen, Germany) in the same buffer were added as a substrate to initiate the reaction. The mixture was incubated for 20 min at 37°C, before 50 µl 2 M Na2CO3 (VWR, Darmstadt, Germany) were added to stop the reaction. A microplate reader (iEMS Reader MF, MTX Lab Systems, Helsinki, Finland) was used to measure the absorbance at 405 nm. Acarbose (Sigma-Aldrich, Taufkirchen, Germany) served as a reference inhibitor. The percentage inhibition of α-glucosidase was calculated by using the following equation:
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AbC, absorbance of the control; AbS, absorbance of the sample. IC50 values were calculated by nonlinear regression using GraphPad Prism version 8.1.1.
In-Vitro α-Amylase Inhibition Assays
α-Amylase Disc Assay
The α-amylase disc assay was conducted according to (Correia et al., 2004) with minor modifications. Root extracts were diluted 1:4, 1:16 and 1:64 with ultrapure water (Purelab Flex, ELGA Veolia, United Kingdom). 80 µl of these dilutions or, as control, ultrapure water was mixed with 20 µl porcine pancreatic α-amylase (Sigma-Aldrich, Taufkirchen, Germany) (20 mg/ml 20 mM sodium phosphate buffer, pH 6.9). Acarbose added at concentrations of 0.1, 1, and 10 mM was used as a reference inhibitor. Four filter discs (diameter of 0.5 cm) were placed on Petri plates (92 × 16 mm, Sarstedt, Nürnbrecht, Germany) filled with medium containing 1% agar-agar (Carl Roth, Karlsruhe, Germany) and 1% starch (VWR, Darmstadt, Germany). 20 µl of the mixtures were given onto a filter disc and the plates were incubated overnight at 37°C. After removing the filter discs, 5 mL of iodine stain solution (5 mM iodine in 3% potassium iodide solution, both chemicals from Merck, Darmstadt, Germany) were added to each plate. Following 15 min incubation excess iodine stain was drained, before the diameter of the cleared zones was measured. The percentage inhibition of α-amylase at each extract concentration was calculated by using the following equation:
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α-Amylase Spectrophotometric Assay
The spectrophotometric assay was conducted according to the method described by Apostolidis et al. (2006) with minor modifications. Root extracts were diluted with ultrapure water (Purelab Fles, ELGA Veolina, United Kingdom) to give concentrations of 10–20,000 μg/ml. Of these dilutions, 50 µl were mixed with 50 µl of α-amylase in 20 mM sodium phosphate buffer, pH 6.9 (0.5 mg/ml). Following 10 min pre-incubation at 25°C, 50 µl 1% starch solution that had been cooked for 15 min in the same buffer were added. The mixture was incubated for 10 min at 25°C. Thereafter, 100 µl of a color reagent (1% 3,5-dinitrosalicylic acid and 30% sodium potassium tartrate in 0.4 M NaOH, all chemicals from Sigma-Aldrich, Taufkirchen, Germany) were added. The mixture was incubated for an additional 5 min at 100°C and cooled to room temperature, before the absorbance was measured at 540 nm by a microplate reader (iEMS Reader MF, MTX Lab Systems, Helsinki, Finland). Acarbose was used as a reference inhibitor. The percentage inhibition of α-amylase was calculated by using the following equation:
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AbC, absorbance of the control; AbS, absorbance of the sample. IC50 values were calculated by nonlinear regression using GraphPad Prism version 8.1.1.
Cell Culture
The Caco-2/PD7 clone was kindly provided by Edith Brot-Laroche (Unité de Recherches sur la Différenciation Cellulaire Intestinale, Villejuif Cedex, France) (Mahraoui et al., 1994). Caco-2/PD7 cells were maintained in high-glucose DMEM (PAN Biotech GmbH) supplemented with 20% (v/v) fetal bovine serum (FBS,Thermo Fisher Scientific, life technologies™, Darmstadt, Germany) and 1% penicillin/streptomycin (PAN Biotech, Aidenbach, Germany).
HeLa-GLUT4-myc-GFP cells were maintained in RPMI 1640 medium (2,000 μg/ml NaHCO3, stable glutamine, low endotoxin) supplemented with 10% FBS, 1% penicillin/streptomycin and 1% G418 (PAN-Biotech, Aidenbach, Germany). All cells were grown at 37°C in a humidified atmosphere with 5% CO2.
Ussing Chamber Experiments
Caco-2/PD7 cells were seeded into 6-well Corning® Costar® Snapwell cell culture inserts (0.4 μm pore size, 1.12 cm2 surface area) (Merck, Darmstadt, Germany) at a density of 1 × 106 cells/well. 0.5 ml of the cell-containing medium were given into the upper compartment (apical side) and 2.5 ml of cell-free medium into the lower compartment (basolateral side). Cells were cultured in plates for 21 days and medium was replaced every other day. After 7 days the apical medium was modified, now lacking FBS in order to mimic the physiological situation and to support the process of polarization (Ferruzza et al., 2012).
Transepithelial electrical resistance (TEER) of the Caco-2/PD7 monolayer was measured against a blank well containing cell culture medium only, using a Millicell ERS-2 Volt-Ohm Meter equipped with a STX01 planar electrode (Merck, Darmstadt, Germany). Only monolayers with TEER values exceeding 400 Ω cm2 were considered as functional barriers and were used in transport studies (Stockdale et al., 2019).
SGLT1 inhibitory activity of extracts were examined by employing Ussing chambers (EasyMount Diffusion Chamber System, Physiologic Instruments, San Diego, CA, United States) following the protocols described in (Clarke, 2009; Schloesser et al., 2017) with modifications. Images of the experimental procedure can be found in Supplementary Figure S1. Prior to the experiments, half-chambers were filled with 5 mL of Hank’s balanced salt solution (HBSS) containing 140 mmol/L NaCl, 5 mmol/L KCl, 1 mmol/L CaCl2, 0.4 mmol/L MgSO4, 0.5 mmol/L MgCl2, 0.3 mmol/L Na2HPO4, 0.4 mmol/L KH2PO4, 4 mmol/L NaHCO3 (pH 7.2). The HBSS in the chambers was heated to 37°C and oxygenated by influx of carbogen-gas (95% oxygen, 5% carbon dioxide).
Caco-2/PD7 monolayers were washed from both sides with 37°C warm HBSS before mounting the Snapwell inserts in Ussing chamber slides (P2302). Both half-chambers were refilled with 5 ml HBSS solution containing 10 mmol/L mannitol apically and 10 mmol/L glucose basolaterally, maintained at 37°C and continuously carbogen bubbled. The transepithelial potential difference was continuously monitored under open circuit conditions using a DVC 1000 amplifier (WPI) and recorded through Ag-AgCl electrodes and HBSS agarose bridges (4%). Subsequently, the short-circuit current (ISC; μA cm−2) was measured via an automatic voltage clamp (VCC MC8 MultiChannel Voltage-Current Clamp; Physiologic Instruments, San Diego, CA, United States). Recordings were collected and stored using the A&A II (Acquire & Analyze Data) acquisition software (Physiological Instruments, San Diego, CA, United States).
Transepithelial resistance and ISC were allowed to stabilize for approximately 10–20 min. After that, 10 mmol/L glucose was added apically to stimulate Na+-coupled glucose transport and, for osmotic reasons, 10 mmol/L mannitol was given simultaneously to the basolateral side. When the glucose-stimulated ISC reached a stable plateau (usually within 10 min), root extracts at a final concentration of 1,000 μg/ml or phlorizin at a final concentration of 0.1 mM as positive control was added to the apical and basolateral side of the chambers. ISC values were further recorded until they reached a stable level (again usually within 10 min). The average ISC of 2 min intervals within stable plateaus were used to calculate differences in SGLT1 transport activity. The ΔISC(1) value that indicates intestinal SGLT1-dependent glucose transport was calculated by the difference: ISC (after apical addition of glucose) - ISC (before apical addition of glucose). ΔISC(2) values indicating SGLT1 inhibition were calculated by the difference: ISC (after the addition of the inhibitor) – ISC (prior to apical addition of glucose). Finally, the inhibitory activity was calculated by using the following equation:
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DPP4 Inhibition Assay
The DPP4 inhibitor activity of selected root extracts tested at a final concentration of 1,000 μg/ml was determined with the DPP4 inhibitor screening kit according to manufacturer instructions (Sigma-Aldrich, Taufkirchen, Germany). In brief, 50 µl of inhibition reaction mix, containing 49 µl assay buffer and 1 µl DPP4 enzyme, were mixed in black 96-well microtiter plates with 25 µl of root extracts or the reference inhibitor sitagliptin. Following 10 min pre-incubation at 37°C, 25 µl of an enzymatic reaction mix containing 23 µl assay buffer and 2 µl substrate was added to each well. The fluorescence signal (excitation wavelength of 360 nm, emission wavelength of 465 nm) was measured at 37°C over 30 min in 1 min intervals.
Total Internal Reflection Fluorescence Microscopy
TIRF microscopy was used to determine the effect of root extracts on GLUT4 translocation (Lanzerstorfer et al., 2014; Stadlbauer et al., 2016, 2020). HeLa-GLUT4-myc-GFP cells were seeded into 96-well imaging plates (40,000 cells/well) and grown overnight, followed by removal of growth medium, washing with HBSS buffer (PAN-Biotech, Aidenbach, Germany) and starvation for 3 h in HBSS buffer. The cells were incubated with insulin (100 nM; Sigma Aldrich, Schnelldorf, Germany) or selected root extracts (1:10,000) dissolved in Krebs Ringer phosphate HEPES buffer (KRPH; 20 mM HEPES, 1 mM CaCl2, 136 mM NaCl, 4.7 mM KCl, 1 mM MgSO4 and 5 mM KH2PO4 at pH 7.4). Images were taken using the automated TIRF function of Nikon Eclipse Ti2 microscope at time-points 20, 10, and 0 min before and 10, 20, and 30 min after the addition of insulin, KRPH or root extracts to monitor GFP signal changes. 25 images per well were taken over a total time-range of 50 min. Analysis of images was done using the intensity analysis tool from SPOTTY (Spotty, 2021). Results were derived from subtraction of image background signal from raw data. Values were averaged and the percentage of signal change was calculated. Graphs were generated by using GraphPad Prism.
Hen’s Egg Test-Chorioallantoic Membrane
The HET-CAM test was used as previously reported (Haselgrübler et al., 2017; 2018b; 2018a). Images of the experimental procedure, reproduced from Stadlbauer et al., 2021, can be found in (Supplementary Figure S2). Furthermore, a video of the experiment is available in Haselgrübler et al., 2018b. Briefly, eggs were incubated at 38°C for 11°days. The eggs were automatically and constantly turned, checked for fertilization via candling, and the air bladder area was marked. The eggshell was lightly pecked with a pointed pair of tweezers in this area and 300 µl of a solution containing the putative blood glucose-lowering substance were applied with a syringe into the air compartment of the egg. Root extracts were given at a final concentration of 1:17. 3°U/ml Novo Rapid (Novo Nordisk, Bagsvaerd, Denmark) was used as positive and dH2O as negative control. The eggs were placed back in the incubator for 60 min. After incubation, the eggshell above the air bladder was carefully removed and the eggshell membrane was equilibrated with PBS (PAN-Biotech, Aidenbach, Germany). In the next step, the eggshell membrane was removed and the chorioallantoic membrane was carefully cut with a micro-scissor. A suitable blood vessel was cut, and leaking blood was collected. The blood glucose levels were determined via a blood glucose meter (Accu-Chek Performa, Roche Diabetes Care GmbH, Mannheim, Germany). For each time point, at least 10 fertilized eggs were used. Each experiment was repeated at least 2–4 times.
Dietary Starch-Induced Drosophila melanogaster Obesity Model
The D. melanogaster wild type strain w1118 [(Bloomington Drosophila Stock Center #5905, Indiana University, Bloomington, United States] was used in feeding studies. Fruit flies were maintained on Caltech medium consisting of 5.5% dextrose, 3.0% sucrose, 6.0% cornmeal, 2.5% inactive dry yeast, 1.0% agar Type II (Kisker, Steinfurt, Germany) with 0.15% Tegosept (Genesee Scientific, San Diego, United States), and 0.3% propionic acid (Carl Roth, Karlsruhe, Germany) serving as preservatives. The animals were cultured in climate cabinets (HPP750 or HPP110, Memmert, Schwabach, Germany) under standard conditions at 25°C of ambient temperature, 60% humidity, and a 12/12 h light/dark cycle as previously described (Staats et al., 2019; Kaufman et al., 2021). Synchronized eggs were given onto a starch-based control diet 10% soluble starch (VWR, Darmstadt, Germany), 4% yeast, 1% agar, 0.18% nipagin according to Abrat et al., 2018 or experimental diets that were additionally supplemented with 2.5% of the selected root extracts or 1.8 μg/ml acarbose. After larval development, pupation and eclosion, flies were synchronized and mated for 2°days. On day 3 after eclosion, mated female flies were sorted and further maintained by transferring the flies to the respective fresh experimental media every other day, before they were harvested on day 10. After determining their wet weights, 10 flies were homogenized in PBS containing 0.05% Triton X100 for 10 min at 4°C and 25 Hz using a tissue lyser (Qiagen TissueLyser II, Hilden, Germany). The triglyceride and protein content of the fly lysates were determined by employing Infinity triglycerides reagent (Thermo Fisher Scientific, Waltham, United States) and the Pierce BCA Protein Assay Kit (Pierce Biotechnology, Rockford, United States), respectively.
Determination of Total Phenolic Content
Total phenolic contents (TPC) of the root extracts were determined by the Folin-Ciocalteu method according to (Shetty et al., 1995; Kwon et al., 2006). In brief, 100 µl extract solution (1,250 μg/ml) were mixed with 100 µl of 95% ethanol, 500 µl of distilled water and 50 µl of diluted Folin-Ciocalteu reagent (1:2, v/v, Merck, Darmstadt, Germany). The mixture was incubated for 5 min before 100 µl of 5% Na2CO3 were added. The reaction mixture was incubated in the dark for 45 min and the absorbance was determined at 725 nm. TPC of the extracts were expressed in mg of gallic acid equivalents (GAE) per L using a calibration curve of gallic acid (Sigma-Aldrich, Taufkirchen, Germany).
HPLC-MS Analysis
High-resolution mass spectra were obtained using a Thermo Scientific LTQ Orbitrap Velios with an electrospray as well as an APCI source operated in positive and negative ionization mode. Separations were performed using a Thermo Scientific Surveyor HPLC equipped with an Accucore C18 column (150 mm × 3.0°mm, 2.6 μm particle size; Thermo Scientific) The column temperature was set to 40°C and the injection volume was 1 µl. Preconnected to MS analyses, absorbance was monitored at 260 nm by using an FLD-34000RS diode array detector (DAD). The analytes were separated by gradient elution with mobile phase A containing 0.1% formic acid (FA) in water and mobile phase B containing 0.1% FA in acetonitrile at a flow rate of 0.5 ml/min. The elution gradient starting conditions were 95% A and 80% B at 17 min for 3 min. B was reduced to 5% at 20 min until 25 min. The resolution was set to 30,000 and diisooctylphthalate (m/z = 391.2843) was used as internal standard for mass calibration. Spectra were collected from 100–1,000°m/z and MS2 spectra were automatically recorded from the most intense peaks. Identification based on high-resolution MS data and comparison to literature (Granica et al., 2016; Olennikov et al., 2020).
Statistics
Ussing chamber experiments were analyzed with a two-sided paired Students t-test. p-values less than 0.05 were considered significant. Statistical analyses of the DPP4 inhibition assay was performed using the software R version 3.4.3 (R-Core-Team, 2015) and an appropriate mixed model (Laird and Ware, 1982; Verbeke and Molenberghs, 2000). Normal distribution was determined with the Shapiro-Wilk Test and an analysis of variances (ANOVA) followed by a post-hoc multiple comparison test of Dunnett (Bretz et al., 2010). Statistical analysis for GLUT4 microscopy and in-ovo experiments was performed using an unpaired t-test in GraphPad Prism (version 6.02, GraphPad Software Inc., San Diego, CA, United States). D. melanogaster experiments were analyzed by using one-way ANOVA followed by Dunnett’s multiple comparisons test in GraphPad Prism.
RESULTS
Avens Root Extract, a Potent Inhibitor of α-Glucosidase But Not of α-Amylase
Of the 111 root samples of the local PECKISH extract library that were screened for α-glucosidase inhibition, the aqueous extracts of G. urbanum (avens root) and R. rosea (roseroot) were found to be most potent and, hence, were selected for further studies. α-Glucosidase activity was inhibited by both extracts in a dose-dependent manner resulting in IC50 values of 3.76 μg/ml for avens root and 5.51 μg/ml for roseroot. Accordingly, the root extracts are approximately 90 (roseroot) and 130 (avens root) times more potent in inhibiting the α-glucosidase activity than the positive control acarbose with an IC50 value of 493 μg/ml (Table 1). When tested in combination, the root extracts G. urbanum and R. rosea exhibited additive but not synergistic activity with respect to α-glucosidase inhibition (Table 2).
TABLE 1 | IC50 values for the in-vitro inhibition of α-amylase and α-glucosidase by root extracts.
[image: Table 1]TABLE 2 | Combined effects of root extracts on in-vitro activity of α-glucosidase.
[image: Table 2]Remarkably, marked differences were observed in α-amylase-inhibitory activities between the two root extracts (Figure 1; Table 1). Roseroot extract at a final concentration of 300 μg/ml led to an efficient inhibition of α-amylase activity by 90.4%, which is comparable to the effect of the reference inhibitor acarbose (89.0% inhibition at the same concentration). In good accordance, the IC50 value for the roseroot extract was calculated to be 13.6 μg/ml, which is similar to the value obtained for acarbose (15.7 μg/ml) (Table 1). In contrast to that, avens root did not influence α-amylase activity up to a final concentration of 300 μg/ml and noticeable inhibition was achieved solely when concentration beyond 1,250 μg/ml were applied (Figure 1).
[image: Figure 1]FIGURE 1 | Inhibition of porcine α–amylase in-vitro activity by root extracts. Filter discs (diameter of 0.5 cm) were placed on Petri plates that were filled with medium containing 1% agar-agar and 1% starch. Porcine pancreatic α-amylase was first mixed with decreasing concentrations of the reference inhibitor acarbose, avens root or roseroot extract (final concentrations are indicated) and then given onto the filter discs. The plates were incubated overnight at 37°C, before the filter discs were removed. Following iodide-staining, the inhibition of α-amylase was calculated by comparing the diameter of the cleared zones of control filter discs (CON, α-amylase alone) with those of filter discs where the tested root extract or acarbose was added to α-amylase. The smaller the diameter of the cleared zone was, the stronger was the inhibition of the α-amylase activity. Exemplary results are shown.
Avens Root Extract, an Inhibitor of SGLT1-Mediated Glucose Transport
To examine whether the selected root extracts affect the SGLT1-mediated glucose transport, the Caco-2/PD7 cell monolayer model was employed in Ussing chambers. Avens root extract at a concentration of 1,000 μg/ml led to an inhibition of the glucose-induced ISC by 53.7%. Compared to this, roseroot extract (Figure 2) tested at the same concentration was found to be more effective in inhibiting SGLT1-dependent glucose transport with a 97.3% reduction of the glucose-induced ISC. As expected, 0.1 mM of the established SGLT1 inhibitor phlorizin (Ehrenkranz et al., 2005; Wright et al., 2011; Raja and Kinne, 2015) completely blocked the glucose induced ISC.
[image: Figure 2]FIGURE 2 | Influence of root extracts on SGLT1-dependent glucose transport in Caco-2 cell monolayers. Caco-2/PD7 monolayers were mounted in Ussing chambers and the short-circuit current (ISC) was monitored over time. Exemplary runs are depicted in (A, C, E). The addition of glucose (10 mM) to the apical side led to a fast increase of the ISC. After the ISC has reached a stable plateau (approximately 10 min after glucose addition), 1,000 μg/ml avens root extract (A) 1,000 μg/ml roseroot extract (C) or phlorizin (0.1 mM) (E) as positive control was added. The corresponding calculated ISC values are shown in (B, D, F). Error bars indicate the standard error of the mean. All experiments (n = 4).
Avens Root Extract, a Moderate Inhibitor of DPP4
Avens root extract tested at a final concentration of 1,000 μg/ml significantly decreased the DPP4 activity by 33.6% (p < 0.001) (Figure 3). In comparison, roseroot extract showed lower inhibitory activity (11.5%) at the same concentration. The positive control sitagliptin applied at its reported IC50 value of 18 nM reduced the DPP4 activity by 62.1%.
[image: Figure 3]FIGURE 3 | Influence of root extracts on the in-vitro activity of dipeptidyl peptidase-4 (DPP4) enzyme activity. DPP4 assays were carried out in the presence of the indicated substances (control: assay buffer; sitagliptin: 18 nM; root extracts: 1,000 μg/ml). The percentage values of remaining DPP4 enzyme activity in comparison to the control are shown. Results are mean values of n = 2 duplicate. Error bars indicate the standard deviation. ***p < 0.001, *p < 0.05, with post-hoc multiple comparison test of Dunnett.
Avens Root Extract, a Weak Stimulator of GLUT4 Translocation
Both root extracts, when tested at a concentration of 1:10,000 led to a significant GLUT4 translocation (p < 0.0001) as determined by TIRF microscopy (Figure 4). Here, a time-dependent increase of the fluorescence signal intensity indicated GLUT4 translocation. Avens root extract led to a moderate signal increase by 10.6% after 30 min incubation. Remarkably, the addition of roseroot extract resulted in a signal considerably higher than the positive control insulin (48.0% compared to 24.8% after 30 min). Moreover, a clear time-dependent increase of the signal, comparable to the effect of insulin, was observed. In order to eliminate false positive hits caused by auto-fluorescence (Stadlbauer et al., 2020), the GFP signal change after incubation with the extracts in cell-free regions was evaluated (data not shown).
[image: Figure 4]FIGURE 4 | GLUT4-GFP translocation response to root extracts and insulin. GLUT4-myc-GFP cells were seeded in 96-well plates (40,000 cells per well), grown overnight followed by 3 h of starvation in Hank’s balanced salt solution (HBSS) buffer. Subsequently, the cells were stimulated by the addition of insulin (100 nM) or root extracts (1:10,000) dissolved in Krebs Ringer phosphate HEPES buffer (control) for 10–30 min. Results of two testing days are summarized. Control (n = 88); Insulin (n = 99); Avens root (n = 96); Roseroot (n = 72–83). Error bars indicate the standard error of the mean. ****p < 0.0001, with a significant change to control.
Avens Root Extract Lowered Blood Glucose Levels In-Ovo
To test the impact of the selected extracts on the blood glucose level in a living organism, the recently established HET-CAM model was used (Haselgrübler et al., 2017; 2018b). As shown in Figure 5, application of 600 μg/ml avens root extract significantly lowered the glucose status by 3.9% after 60 min (p < 0.01). However, no significant effect on blood glucose levels occurred when 600 μg/ml roseroot extract was added. Compared to this, 3°U/ml of the positive control, the insulin analogue NovoRapid resulted in a significant reduction of blood glucose level by 8.7% after 60 min incubation time (p < 0.01).
[image: Figure 5]FIGURE 5 | Influence of root extracts on blood glucose levels in-ovo. The air compartment of 11 day old hen’s eggs were treated with ddH2O (control) or the indicated substances (NovoRapid: 3 U/ml; root extracts: 1:17) dissolved in ddH2O (300 µl volume) for up to 60 min. After that, a suitable blood vessel of the chicken embryo was dissected for blood collection. Blood glucose levels were determined with a blood glucose meter. Control (n = 4); NovoRapid (n = 5); avens root extract (n = 4); roseroot extract (n = 4). Error bars indicate the standard error of the mean. **p < 0.01, with a significant decrease with respect to control.
Avens Root Extract Supplementation Reduced Dietary Starch Induced Triglyceride Accumulation in D. melanogaster
Supplementation of a starch-based Drosophila diet with 2.5% avens root extract led to a significantly reduced triglyceride content in 10°days old female flies when compared to control animals. The body weight was not affected (Figures 6A,B). Treatment with the positive control acarbose resulted in a similar decline in lipid storage. However, for these animals a slightly reduced body weight was determined. In contrast to that and in line with a previous report (Schriner et al., 2016), 2.5% roseroot extract did not alter the triglyceride level and body weight of female flies.
[image: Figure 6]FIGURE 6 | The impact of root extracts on body weight and lipid storage in D. melanogaster. Female D. melanogaster were raised on a 10% starch, 4% yeast extract diet supplemented with 1.8 μg/ml acarbose, 2.5% avens root and 2.5% roseroot extract, respectively. The body weights (A) and triglyceride to protein ratios (B) were determined on day 10 after eclosion and compared to the respective values for flies fed a control diet without supplement. Bars represent the mean ± standard deviation of three independent experiments performed in triplicate. Statistical analysis was carried out by using one-way ANOVA followed by Dunnett’s multiple comparisons test (**p < 0.01; ***p < 0.001).
Identification of Phenolic Compounds in Root Extracts
We next determined the TPC of the selected root extracts, since phenolic compounds are prime candidate molecules with respect to the observed bioactivities. The TPC of the avens root extract was determined to be 7,249 ± 132 mg GAE/L and, hence, slightly higher than the content in the roseroot extract with 6,080 ± 166 mg GAE/L (means ± SEM of three independent determinations).
Subsequently, the root extracts were further analyzed for specific phenolic constituents by using HPLC with DAD detection and HPLC-MS, respectively (Table 3; Figure 7). The polyphenolic composition of the avens root extract was characterized by a high content of ellagic acid and its derivatives as well as ellagitannins such as pedunculagin, stenophyllanin, stachyurin, casuarinin and gemin A. In line with literature data on R. rosea (Granica et al., 2016; Olennikov et al., 2020; Pawłowska et al., 2020), rosarin was confirmed as a main constituent of roseroot extract.
TABLE 3 | Identification of major compounds in root extracts using LC-MS analysis.
[image: Table 3][image: Figure 7]FIGURE 7 | Representative HPLC analyses of root extracts. Chromatogram of avens root extract (A) and roseroot extract (B) recorded at 260 nm. For peak identification, refer to Table 3.
DISCUSSION
In the present study, we have employed a collection of in-vitro assays representing various crucial steps within the glucose metabolism from intestinal digestion to glucose uptake in peripheral tissues and two alternative, not widely used in-vivo models for the identification and evaluation of candidate plant root extracts with antidiabetic activity.
Starting with a target-based screening for α-glucosidase inhibitors, we identified two promising aqueous root extracts, namely G. urbanum (avens root) and R. rosea (roseroot) out of a sub-library of 111 root extracts derived from a local plant extract collection PECKISH (Onur et al., 2013). As indicated by the prespective IC50 values, the potency of avens root and roseroot extracts to inhibit α-glucosidase activity exceeded that of the established antidiabetic drug acarbose, an oligosaccharide of microbial origin (Actinoplanes), by a factor of approximately 100. Both, R. rosea and G. urbanum are traditional medicinal plants. However, in contrast to roseroot that has been already frequently reported to exert antidiabetic activity (Apostolidis et al., 2006; Kim et al., 2006; Kwon et al., 2006; Christensen et al., 2009; Niu et al., 2014; Bai et al., 2019; Pu et al., 2020), a PubMed search for the term “Geum urbanum and diabetes” revealed solely one publication, where Geum urbanum L. was part of a polyherbal mixture that exhibited anti-hyperglycemic activity in a rat model (Madić et al., 2021). Being excellent inhibitors of α-glucosidase activity, we also tested whether a combination of avens root and roseroot extract show synergistic inhibitory effects. This is of interest, since lower doses of individual extracts used in combination may reduce potential side effects (Tallarida, 2011). Our analyses revealed an additive effect of the two extracts with respect to α-glucosidase inhibition.
Similar to acarbose and in line with previous reports (Apostolidis et al., 2006; Kwon et al., 2006), roseroot extract was also a potent inhibitor of α-amylase, whereas avens root extract turned out to be inefficient here. Several secondary plant metabolites have been demonstrated to bind unspecifically to proteins and other biomolecules thereby affecting numerous targets. Such molecules are classified as PAIN compounds (pan-assay interference compound) (Baell and Holloway, 2010) and are known for often giving false positive results in high-throughput screens. In this regard, the specific action of the G. urbanum root extract on α-glucosidase without affecting α-amylase activity is remarkable.
Targeting multiple points within the glucose metabolism may increase the efficiency of plant extracts in terms of lowering the postprandial blood glucose level. Hence, we tested the impact of the two identified root extracts on other promising antidiabetic targets, namely SGLT1 (Song et al., 2016), DPP4 (Papaetis, 2014) and GLUT4 (Govers, 2014). We found that, again, roseroot extract reduced the SGLT1-mediated glucose transport more efficiently than avens root extract. SGLT1 activity that is responsible for the absorption of dietary glucose from intestinal lumen into enterocytes has been mostly determined by using isolated intestinal tissue from sacrificed animals in Ussing chambers (Clarke, 2009). Alternatively, monolayers of the human colorectal adenocarcinoma Caco-2 cell line and labeled glucose/glucose analogues have been employed to measure SGLT1-mediated transport (Zheng et al., 2012; Steffansen et al., 2017). However, combining Ussing chamber technique with Caco-2 cell culture to study SGLT1 mediated glucose uptake has been rarely reported (Yin et al., 2014). In accordance with this previous report, we confirm that Caco-2 monolayers mounted in Ussing chambers represent an excellent model to study pharmacological extracts/compounds that target the SGLT1 mediated glucose transport. Of note, different Caco-2 cell clones exist and they are characterized by drastic differences in SGLT1 expression. Accordingly, we chose the Caco-2 clone PD7 which has been reported to exhibit the highest SGLT1 expression level of all examined Caco-2 clones (Mahraoui et al., 1994).
DPP4 inhibition prevents the degradation of the incretin hormones glucagon-like peptide 1 (GLP-1) and gastric inhibitory polypeptide (GIP), thereby lowering blood glucose levels (Papaetis, 2014). Although roseroot as well as avens root significantly reduced DPP4 activity when tested at a final extract concentration of 1,000 μg/mL, it remains questionable whether such concentrations can be achieved in-vivo.
When tested in a GLUT4-GFP reporter cell line, we found that comparatively low concentration (Haselgrübler et al., 2018a) of avens root or roseroot extract (1:10,000) led to a significant response, which in case of the roseroot extract was comparable to the effect of the positive control insulin. GLUT4 translocation into the cell membrane is a key event for the uptake of blood glucose into adipose tissues and striated muscles. The roseroot data are in good accordance with previous reports, where intraperitoneal injection of an aqueous R.rosea extract led to an increased GLUT4 expression in skeletal muscle of diabetic rats (Niu et al., 2014). In accordance with that, salidroside, a main constituent of R. rosea (Panossian et al., 2010; Li et al., 2017; Dimpfel et al., 2018), promoted the glucose uptake in adipocytes (Wang et al., 2004).
When summarizing our in-vitro data, the roseroot extract hit more of the tested targets than the avens root extract and in most assays was even more potent in terms of its inhibitory activity. However, when the root extracts were evaluated in two in-vivo models, we found that solely the avens root extract exhibited antidiabetic activity. In the first model, a modified hen’s egg test (Gluc-HET), application of the avens root extract led to significantly reduced blood glucose levels, which was comparable to the effect of the positive control (the insulin analogue NovoRapid), whereas no change in blood glucose was observed for the roseroot extract. In contrast to this, Niu et al., 2014 showed that an aqueous R. rosea extract dose-dependently lowered the plasma glucose level in streptozotocin-induced diabetic rats. Of note, in this study the extract was applied by intraperitoneal injection, which may result in a higher bioactivity. However, we cannot rule out that the reported blood glucose lowering effect of roseroot extract may be specific for mammals.
In the second model, D. melanogaster, supplementation of 2.5% avens root extract but not of 2.5% roseroot extract resulted in the reduction of the triacylglyceride level in female fruit flies that were fed a starch-rich diet. In good accordance with this, Schriner et al. (2016) reported that when supplementing the Drosophila diet with the same concentration of roseroot extract, the fat and protein levels of fruit flies were not affected independent on the carbohydrate content of the diet (0.09% vs. 9% sucrose). However, the roseroot extract elevated the sugar content of the flies on the low-carbohydrate diet.
Our determination of the TPC in combination with HPLC analyses revealed that phenolic compounds with potential biological activity are abundant in the two selected root extracts. For the aqueous R. rosea extract, rosarin and rosarin isomers were identified as main constituents, which is in line with previous analytical studies. However, other phenolic compounds that have been frequently determined in roseroot extracts, including salidroside, a phenyl-ethanoid and rosavins (phenyl-propanoids) (Panossian et al., 2010; Li et al., 2017; Dimpfel et al., 2018; Olennikov et al., 2020) did not show up in our analyses. Of note, Dimpfel et al. (2018) analysed different roseroot preparations and found variations in the content of active ingredients including salidroside and rosavins. Factors that are known to affect herbal preparations are the geographic origin, the harvesting season, the drying procedure and the extraction method. Among these compounds, particularly salidroside has been shown to exhibit antidiabetic properties both, in in-vitro and in-vivo studies. For example, when tested in the L6 myoblast cell line, salidroside treatment was found to elicit an enhanced glucose uptake (Li et al., 2008). Furthermore, Zheng et al., 2015 reported antidiabetic effects of orally applied salidroside on obese db/db mice including decreased blood glucose levels, an improved glucose tolerance, increased insulin sensitivity and enhanced GLUT4 expression in skeletal muscles. With regard to the underlying molecular mechanism, in-vitro experiments using hepatocyte and myoblast cell lines indicated that the AMPK related signalling pathway is a target of salidroside (Li et al., 2008; Zheng et al., 2015). Accordingly, the absence of detectable salidroside concentrations in our roseroot extract is a possible explanation for the lack of an antidiabetic activity in the corresponding in-vivo models.
Regarding major phenolic compounds of the aqueous avens root extract, our analyses revealed ellagic acid and its derivatives as well as ellagitannins such as pedunculagin, stenophyllanin, stachyurin, casuarinin and gemin A. This is in line with previous studies on G. urbanum extracts (Owczarek et al., 2015; Granica et al., 2016; Neshati et al., 2018; Al-Snafi, 2019). In particular, ellagic acid and its derivatives have been suggested to be very promising agents against DM and diabetic complications as recently summarized (Amor et al., 2020). Some effects reported herein are of great interest in the context of our study: First, a α-glucosidase inhibition by ellagic acid-rich plant extracts is described which is far more effective than the inhibition of α-amylase (Kam et al., 2013; Yin et al., 2014; Bellesia et al., 2015). Second, one study reported DPP4 as a putative target of ellagic acid (Mohanty et al., 2019). And third, a significantly reduced blood glucose level by an ellagic acid-rich plant extract was observed in a diabetic mouse model which was tested in an oral glucose tolerance test (Abu-Gharbieh and Shehab, 2017). Remarkably, all these effects are in line with the outcome of our study in terms of avens root extract activity. Besides, Granica et al., 2016 postulated that gemin A is the active compound of G. urbanum. In this study, gemin A, detected as main constituent, showed high anti-inflammatory potential. However, there are no data on the underlying mechanisms or on gemin A in the context of diabetes.
The discrepancy between our in-vitro and in-vivo results on roseroot and avens root bioactivity have been frequently observed in comparable studies (Schrader et al., 2012). This underlines the need to further evaluate the efficacy of candidate extracts that have been identified by enzyme- or cell culture-based assays in studies with living organisms in order to address the pharmacology of the relevant bioactive compounds. We suggest that non-rodent models such as hen’s eggs or the fruit fly D. melanogaster can be integrated into this process, since they allow a cheap and rapid in-vivo evaluation without major ethical considerations. The HET CAM model represents a powerful system for the analysis of potential insulin mimetic compounds. Chicken embryos used on day 11 of the development are insulin sensitive, but do not produce insulin at this stage. Importantly, chicken embryos are vertebrates and therefore evolutionary more close to humans than invertebrate models. However, at day 11 they do not possess a fully developed nervous system and thus no pain perception. It is therefore regarded a valuable alternative model reducing the number of animals in well established rodent models such as mice and rats (Haselgrübler et al., 2017). D. melanogaster represents a valuable complementation to the HET CAM model, since it includes pharmacological aspects such as bioavailability, the influence of the gut microbiota and biotransformation that cannot be covered by the hen’s egg test. Moreover, we suggest that when obtaining consistent antidiabetic activities in such different models (an invertebrate and a vertebrate), it is more likely that these findings can be transferred to other organisms including humans. In this regard, we would like to add that although the general steps of glucose metabolism are evolutionary highly conserved, we are aware that our alternative in-vivo models hen’s egg and the fruit fly have their limitations. Here, we have demonstrated that the combination of an in-vitro tool box of assays and two in-vivo models is suitable to unveil novel potent plant extracts derived from a plant extract library. Nevertheless, it is obvious that the antidiabetic potential of avens root extract needs to be further verified in rodent models or human intervention studies, which still represent the gold standard for this purpose.
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Non-alcoholic fatty liver disease (NAFLD) has become one of the most common chronic liver diseases worldwide, and its prevalence is still growing rapidly. However, the efficient therapies for this liver disease are still limited. Mitochondrial dysfunction has been proven to be closely associated with NAFLD. The mitochondrial injury caused reactive oxygen species (ROS) production, and oxidative stress can aggravate the hepatic lipid accumulation, inflammation, and fibrosis. which contribute to the pathogenesis and progression of NAFLD. Therefore, pharmacological therapies that target mitochondria could be a promising way for the NAFLD intervention. Recently, natural products targeting mitochondria have been extensively studied and have shown promising pharmacological activity. In this review, the recent research progress on therapeutic effects of natural-product-derived compounds that target mitochondria and combat NAFLD was summarized, aiming to provide new potential therapeutic lead compounds and reference for the innovative drug development and clinical treatment of NAFLD.
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INTRODUCTION
With the increasing prevalence of obesity, type 2 diabetes, and metabolic syndrome, non-alcoholic fatty liver disease (NAFLD) has become one of the most common chronic liver metabolic diseases (Adams et al., 2005; Zhao et al., 2020). NAFLD is generally characterized by excessive accumulation of stored energy in liver fat that exceeds the ATP requirements of hepatocytes. Excess accumulation of toxic lipids causes oxidative stress and inflammation, leading to damage and death of hepatocytes (Nagalekshmi et al., 2011). It is estimated that approximately 25% of the global population are affected by NAFLD, and its prevalence is still growing rapidly (Younossi et al., 2016; Huang et al., 2020).
NAFLD is the early stage of many more severe hepatic metabolic diseases including a wide spectrum of disorders ranging from non-alcoholic steatohepatitis (NASH) and liver fibrosis to cirrhosis and even hepatocellular carcinoma (HCC) (Adams et al., 2005; White et al., 2012). Insulin resistance (IR) is believed to play a causative role in the pathogenesis of NAFLD. Overnutrition-induced insulin resistance could sensitize hepatocytes to mitochondrial dysfunction and oxidative damage, leading to the increased inflammation and hepatic stellate cells (HSC) activation, which promote the development of advanced forms of liver injuries (Tilg and Moschen, 2010; Nassir and Ibdah, 2014). In addition to the liver disease, NAFLD is also strongly associated with the cardiovascular disease morbidity and mortality. Indeed, patients with NAFLD are more prone to the development of cardiovascular disease (Adams et al., 2017).
Recently, hepatic mitochondrial dysfunction has been implicated in exerting an important role in the pathophysiology of NAFLD. Mitochondrial structure and function alteration are observed in patients with metabolic syndrome and profoundly induce the metabolic disturbances that contribute to the development of NAFLD (Einer et al., 2018). In this review, we discuss the role of mitochondrial dysfunction in NAFLD and focus on the potential therapeutic effect of natural products on NAFLD, and the association between the therapeutic mechanism and mitochondrial function.
Mitochondria in Non-Alcoholic Fatty Liver Disease
Mitochondrial Homeostasis
The liver plays a predominant role in regulating energy metabolism. While it is relatively small in volume compared with the whole body, the proportion of liver cell respiration is much higher. Under the physiological condition, 15% of the organismal oxygen is consumed by the liver, suggesting that hepatocytes are rich in mitochondria, which consume oxygen to produce ATP (Shum et al., 2020). Indeed, mitochondria take up to 18% of the whole hepatocyte volume and exert a key role in the energy generation from nutrient (carbohydrates, lipids, and proteins) oxidation (Di Ciaula et al., 2021). Therefore, mitochondria are extremely important to maintain the normal metabolic function of the liver.
Mitochondria are highly dynamic organelles, which act as the dynamic hub of the cellular energy metabolism network. There are hundreds of enzymes in mitochondrial matrix that are responsible for pyruvate, fatty acids, and citric acid catabolism (Di Ciaula et al., 2021). In physiological condition, glucose is metabolized into pyruvate through glycolysis and then to acetyl-CoA, which is subsequently oxidated to generate ATP by the TCA cycle and oxidative phosphorylation in the hepatocyte mitochondria. In addition, mitochondria can oxidize the fatty acids and amino acids to produce ATP and ketones or urea for gluconeogenesis during the fasting states (Shum et al., 2020). In addition to the energy production, mitochondria also provide the carbon intermediates for anabolic reactions, such as lipid biosynthesis. Specifically, mitochondrion-derived citrate is converted into acetyl-CoA in the hepatocyte cytosol, where acetyl-CoA is consumed to synthesize fatty acids (Wellen and Thompson, 2012). Moreover, beyond nutrients metabolism, mitochondria can also regulate the concentration of cytoplasmic calcium ions and cellular redox status (Zhao et al., 2020). It also involved in the programmed cell death and innate immunity process, in which mitochondria provide energy and the signaling molecule that are needed to communicate with other organelles such as the endoplasmic reticulum and lysosome (Martucciello et al., 2020). Therefore, maintaining mitochondrial homeostasis is particularly important for the balance of cellular physiological and pathological process in the liver.
The homeostasis of mitochondria is mainly maintained by the balance of mitochondrial biogenesis, mitochondrial fission/fusion, and mitochondrial autophagy. Once the homeostasis is maladjusted, a certain degree of mitochondrial accumulation will lead to the metabolic disorders of the liver and other tissues (Figure 1).
[image: Figure 1]FIGURE 1 | Overview of the association between mitochondrial homeostasis and NAFLD. Mitochondria are dynamic and complex organelles, and their homeostasis is mainly maintained by the balance of mitochondrial biogenesis, mitochondrial fission/fusion, and mitophagy. Mitochondrial injury can aggravate the hepatic lipid accumulation and ROS production and induce the inflammation and fibrosis that contribute to the pathogenesis and progression of NAFLD.
Mitochondrial biogenesis plays a key role in cellular homeostasis and survival, including mitochondrial DNA (mtDNA) replication, transcription of mtDNA- and nuclear-coding genes, translation, membrane recruitment, protein introduction, and assembly of the OXPHOS complex (Zhu et al., 2014). The process is tightly regulated by a suite of transcription factors, including nuclear respiratory factors (NRF1 and NRF2), estrogen-related receptors (ERRs), and the peroxisome proliferator-activated receptor gamma co-activator 1α (PGC-1α), among which PGC-1α is considered as the master regulator of mitochondrial biogenesis. It can orchestrate the activation of NRFs and ERRs, which therefore regulated two major mitochondrial proliferation involving factors, namely, mitochondrial transcription factor A (TFAM) and transcription factor B proteins (TFBs) (Dominy and Puigserver, 2013; Zhu et al., 2014). Indeed, expression of PGC-1α could promote the mitochondrial proliferation and improve the mitochondrial respiration in mitochondrial defect diseases (Viscomi et al., 2011). Additionally, AMP-activated protein kinase (AMPK) is also involved in the regulation of mitochondrial biogenesis through phosphorylation of PGC-1α (Birkenfeld et al., 2011).
Mitochondrial dynamics includes fusion, fission, and mitophagy, which are another three aspects that modulate the mitochondrial homeostasis. The constant fission and fusion can reshape the mitochondria and repair the damaged components, while the redundant fission or severely damaged mitochondria will be degraded through mitophagy, a mitochondria-specific autophagy, which is the basic process of selective isolation and degradation of damaged mitochondria to maintain the functional integrity of the mitochondrial network and cellular homeostasis. This process is highly regulated by the PTEN-induced kinase 1 (PINK1)–Parkin pathway. Through mitophagy, a cell can avoid excessive reactive oxygen species (ROS) production caused by damaged mitochondria and ensure redox homeostasis. In addition, the mitophagy process can also promote the decomposition of lipid droplets and release free fatty acids transported to intact mitochondria for β-oxidation and increase the energy release (Arroyave-Ospina et al., 2021).
Mitochondrial Dysfunction and Non-alcoholic Fatty Liver Disease
Mitochondrial dysfunction is mainly characterized by ROS excessive production, oxidative stress, and respiratory chain reduction. These effects are closely associated with lipid accumulation, inflammation, and hepatic cell death in the NAFLD development. Thus, NAFLD is also considered as a type of mitochondrial disorder (Pessayre and Fromenty, 2005). Under physiological condition, normal mitochondrial fatty acid oxidation (FAO) can support the ATP synthesis and energy supply with controlled superoxide generation. However, when excessive free fatty acids (FFAs) accumulate in cells that cannot be sufficiently handled by mitochondria, the superfluous FFAs will be converted into triglycerides causing the lipid overdecomposition in the liver and leading to steatosis (Pessayre and Fromenty, 2005). In addition, the imbalanced hepatocyte oxidative capacity will make the mitochondria produce ROS greater than the detoxification ability of cellular antioxidants, and these excessive ROS can potentiate oxidative stress through inducing protein oxidation and lipid peroxidation of mitochondrial membranes, impairing respiratory chain activity and causing mtDNA damage (Pessayre, 2007; Besse-Patin et al., 2017), which will further contribute to the mitochondrial dysfunction. Therefore, as early stage of NAFLD (steatosis) progresses to NASH, the impaired mitochondria are becoming insufficient to protect the liver from lipotoxicity due to the continuous FFAs deposition and oxidative damage (Sunny et al., 2017). Additionally, the excessive ROS production may also increase the mitochondrial permeability transition (MPT) pore opening and promote the release of cytochrome C and other proapoptotic factors into the cytosol, causing the hepatocyte death and NASH progression (Haouzi et al., 2000; Ricchelli et al., 2011). Apart from mitochondrial dysfunction, long-term oxidative stress also triggers the inflammation-related signaling pathways activation, such as c-JUN N-terminal kinase (JNK) and nuclear factor kappa B (NF-κB), causing cell inflammatory cytokines release, inflammatory cell infiltration, or even parenchymal hepatic cell death (Pessayre and Fromenty, 2005). For instance, the increased TNF-α can induce the mitochondrial lipid peroxidation and the activation of membrane permeability transition and its subsequent cytochrome C release, resulting in the hepatocyte apoptosis or necrosis, which is considered as a key event in NASH progression (Pessayre et al., 2001). Moreover, the mtDNA released from oxidative damaged liver cells can activate NOD-like receptor family pyrin domain contain 3 (NLRP3) inflammasome and toll-like receptor 9 (TLR9)-mediated inflammatory response and further promote the transition to NASH (Garcia-Martinez et al., 2016; Yang et al., 2020a). Besides, there is strong evidence indicating that ROS and lipid peroxidation can also induce the transforming growth factor beta (TGF-β) production in Kupffer cell and activate the hepatic stellate cells into collagen-producing myofibroblasts, leading to the hepatic fibrosis or even liver cirrhosis (Fromenty et al., 2004).
Patients with more severe NAFLD, such as NASH, are also more prone to mitochondria ultrastructural changes and imbalance of mitochondrial dynamics. Cells failing to remove the damaged mitochondria may cause a large number of damaged mitochondria accumulation and further decrease the ability of the liver to restore its normal function, eventually leading to the cell death and development of advanced NAFLD (Wang et al., 2015). Since mitochondrial autophagy is the major process that is responsible for the clearance of surplus or damaged mitochondria, mitophagy has played a key role in amending NAFLD. Indeed, mitophagy disorders have been found in the livers of both NAFLD patients and mice. Studies have shown that PINK1 or Parkin deficiency leads to defective mitochondrial phagocytosis and exacerbation of NAFLD (Edmunds et al., 2020). In addition, inflammation-induced inactivation of mitofusion2 (Mfn2) activity could also impair mitophagy by decreasing the formation of autophagosome and aggravate hepatic steatosis, resulting in the acceleration of the progression of NASH (Hernández-Alvarez et al., 2019).
Therefore, the mitochondria function and antioxidant status of the liver are crucial in the pathophysiological development of NAFLD. When mitochondria-derived oxidative stress increases, Kelch-like ECH-associated protein 1 (KEAP1) will release nuclear factor (erythrocyte derived 2)-like 2 (Nrf2) and promote its nuclear translocation (Xu et al., 2019a). Activated Nrf2 induces its downstream targets, including nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, quinone oxidoreductase 1 (NQO1), heme oxygenase 1 (HO-1), superoxide dismutase (SOD), catalase, and γ-glutamate cysteine ligase (GCL) expression and increase the antioxidant capacity of the hepatic cell. Correspondingly, Nrf2 deficiency affects the activity of mitochondrial complex I and increase the production of ROS, while Nrf2-deficient mice with fatty liver phenotype can be reversed by increasing the expression of liver antioxidant genes and modulation of lipid metabolism-related genes such as PPARα and SREBP1c (Arroyave-Ospina et al., 2021).
Application of Natural Products in Non-alcoholic Fatty Liver Disease
The current therapy for NAFLD include diet change, exercise, and pharmacological intervention. However, there are still no specific drug that has been approved for clinical use. Medications for other conditions are often used to relieve NAFLD symptoms, for example, insulin sensitization agents (pioglitazone), lipid-lowering agents (statins), cholesterol absorption inhibitors (ezetimibe), antioxidants (vitamin E), weight loss agents (orlistat), and intestinal probiotics (Kikuzaki et al., 1996; Li et al., 2005; Geng et al., 2011). Studies have shown that regulating lipid metabolism, oxidation, and inflammation-related targets can affect the occurrence and development of NAFLD (Kibble et al., 2015). Especially, the mitochondrial targeting therapy may be one of the effective options to ameliorate liver injury. It has been proven that activation of mitochondrial enzymes, such as PPARα, by specific agonists could markedly increase the lipid metabolism and inhibit the development of hepatic steatosis (Arroyave-Ospina et al., 2021). Vitamin E, a lipophilic antioxidant, has been widely used to treat the patients with NAFLD and NASH (Ji et al., 2014). High dose of vitamin E can effectively improve the steatosis and alleviate the liver injury in NASH patients (Chalasani et al., 2018). Thus, antioxidants targeting mitochondria appear to be a valid strategy for treating NAFLD.
Over the years, many medicinal plants derived from nature have been developed, which are also important sources of many biological compounds. Due to the special structure and molecular diversity of natural products, their activities have been extensively investigated and their important pharmacological role in anti-inflammation, anti-oxidation, and liver protection revealed (Al-Hrout et al., 2018; Hamza et al., 2018; Al-Dabbagh et al., 2019). Recently, accumulating evidence has suggested that natural products can increase mitochondrial function and further improve its associated metabolic diseases, including fatty liver disease such as NAFLD, diabetes, and diabetic complications (Lee et al., 2020). Due to the low toxicity and side effects of natural medicines, it has become a complementary option for the prevention and treatment of NAFLD (El-Kharrag et al., 2017). It is estimated that 40% of Food and Drug Administration (FDA)-approved treatments are natural ingredients or derivatives (El-Kharrag et al., 2017; Al-Hrout et al., 2018). Among the natural products, terpenoids, such as tripterine and triptolide, phenolic compound curcumin, and terpenoid berberine all have good anti-inflammatory and antioxidant activities, suggesting their application prospects in the treatment of mitochondrial dysfunction-related liver disease (Figure 2).
[image: Figure 2]FIGURE 2 | Natural products ameliorate NAFLD by regulating mitochondrial dysfunction. Mitochondrial dysfunction includes many aspects, such as the decreased ATP generation, mitochondrial biogenesis reduction, impaired mitophagy, imbalanced fission/fusion, and increased ROS production. The natural products, including phenols, alkaloids, flavonoids, isoflavones, and terpenoids, can significantly improve one or several aspects that linked to the mitochondrial dysfunction and subsequently improve the NAFLD.
Phenolics
Resveratrol (RSV), a polyphenolic organic compound, can be extracted from grapes and other plants. RSV has pharmacological effects such as inhibiting adipogenesis and promoting mitochondrial biogenesis to enhance mitochondrial activity (Kim et al., 2014). Studies have shown that resveratrol (20 μM) can inhibit glucose-induced steatosis in HepG2 cells and improve its mitochondrial activity without affecting the cell viability, suggesting the beneficial role of RSV in the treatment of mitochondrial dysfunction (Izdebska et al., 2018). Indeed, RSV can reduce HFD-induced high triglyceride and restore the core component of mitochondrial electron transport chain gene expression, such as COQs. Importantly, the levels and ratios of PINK1 and Parkin are also affected by the RSV intervention and therefore affecting mitochondrial dynamics and mitophagy (Meza-Torres et al., 2020). In addition, RSV can also improve OA-induced lipid accumulation and mitochondrial dysfunction in HepG2 cells and increase mitochondrial membrane potential (MMP) and the expression levels of Sirt1, PPARγ and PGC-1α, thus promoting mitochondrial biogenesis (Rafiei et al., 2019). A recent study also suggests that RSV supplementation in HFD diet-fed rodents could markedly induce hepatic uncoupling protein 2 (UCP2) expression, increase mitochondrial numbers, and inhibit inflammatory responses (Poulsen et al., 2012). In the randomized double-blind crossover study, subjects treated with 150 mg resveratrol for 30 days could significantly reduce the hepatic lipid content, serum triglyceride (TG), alanine aminotransferase (ALT), and inflammatory markers. Furthermore, resveratrol also improved the ex vivo mitochondrial function (Timmers et al., 2011; Timmers et al., 2016).
As a folk medicine, pomegranate fruit has been used to treat various diseases. Currently, pomegranate juice and its derivatives are widely used for health promotion (Cerdá et al., 2003). The addition of pomegranate extract (PE) effectively reduced ATP consumption and downregulated the expression of hepatic UCP2 in SD rats, thus avoiding the possibility of ATP depletion (Zou et al., 2014; Hou et al., 2019).
Of the polyphenols found in PE, punicalagin (PU) is the most abundant ellagic tannin. It has been shown to exert antioxidant and anti-inflammatory biological activity (Heber, 2008; Chen et al., 2012) and plays a regulatory role in HFD-induced obesity, insulin resistance, and NAFLD. PU treatment ameliorated palmitate-induced mitochondrial membrane potential lost, ATP depletion, and ROS production, while it increased the mitochondrial complex activities, mtDNA copy number, and mitochondrial fusion-related proteins expression in HepG2 cells (Yan et al., 2016; Cao et al., 2020). Thus, PU could protect the mitochondrial function and restore the mitochondrial morphology and further block mitochondria-mediated caspase-dependent apoptosis. In addition, PU also contribute to the elimination of oxidative stress by increasing SOD activity in the liver (Zou et al., 2014; Yan et al., 2016; Cao et al., 2020). These protective effects of PU are closely associated with PGC-1α and Keap1-Nrf2 signaling pathway activation, suggesting that PU might be a potential supplementary therapeutic agent for mitochondria dysfunction-related liver diseases.
Mounting evidence suggests that the antioxidant effect of polyphenols may be beneficial for the improvement of hepatic lipid accumulation, liver inflammation, and fibrosis. Litchi pulp phenol (LPP) is a high content of phenolic compounds in litchi, which has antioxidant activity in vitro and in vivo (Su et al., 2016). Studies have shown that LPPs exert a protective effect on mice liver. After LPPs treatment, the levels of ALT, aspartate aminotransferase (AST), and thiobarbituric acid reactive substance (TBARS) in serum were significantly decreased, while the levels of glutathione (GSH), glutathione peroxidase (GPX), SOD, and catalase (CAT) in the liver were increased. LPPs can increase the activity of mitochondrial respiratory chain complex and Na+ K+ ATPase and decrease the level of mitochondrial membrane potential and the production of ROS (Su et al., 2016). These indicate that LPPs modulate liver injury through scavenging free radicals and regulating mitochondrial dysfunction. Moreover, it significantly reduced mitochondrial protein oxidation by restoring complex I, II, and IV activities (Xiao et al., 2017).
Procyanidins, mainly found in grapes, cocoa, and green tea, are the most abundant polyphenols in human diet. They exert a variety of biological functions such as antioxidant, anti-inflammatory, and hypolipidemic effects. Grape seed proanthocyanidins extract has been used as a bioactive dietary supplement due to its regulatory function in metabolic disorders (Akaberi and Hosseinzadeh, 2016). Açai seed extract (ASE), rich in procyanidins (88%), shows better therapeutic effect than rosuvastatin in improving oxidative damage under the condition that it has similar effects on liver steatosis and hyperlipidemia (Tavares et al., 2020). In addition, the combination treatment of grape seed procyanidins and metformin can more effectively reduce the hepatic TG levels than metformin in NAFLD (Yogalakshmi et al., 2013). In fact, the content of procyanidins B1, B2, and B3 isolated from proanthocyanidins exhibited excellent antioxidant function (Shimada et al., 2012). Both procyanidin B1 and B3 upregulated the expression levels of PGC-1α, NRF1, and TFAM and improved the mitochondrial biogenesis. Procyanidin B1 can also markedly reduce the expression of Drp1 and increase the expression of Mfn2, while procyanidin B3 induces the expression of Mfn1 and Mfn2, thereby maintaining mitochondrial morphology and function (Tie et al., 2020). Moreover, it is reported that procyanidin B2 can significantly reduce lipid accumulation and excessive ROS production in HepG2 cells. Mechanistically, it inhibits FFA-induced hepatic steatosis and oxidative stress by regulating TFEB-mediated lysosomal pathway and restoring mitochondrial membrane potential (Su et al., 2018).
Zingiber officinale Roscoe, commonly known as ginger, exerts a significant role in mitochondrial biogenesis and the lipid metabolism (Deng et al., 2019b). Ginger extract (GE) can promote OXPHOS of liver and activate the AMPK/PGC-1α signaling pathway. GE induces the production of ATP and the activity of mitochondrial respiratory chain complex I and IV, which promotes mitochondrial biogenesis and improves mitochondrial function. Consistently, 6-gingerol and 6-shogaol extracted from ginger could induce the oxygen consumption and intrascapular temperature in mice liver by increasing mtDNA copy number (Deng et al., 2019b).
Helenalin isolated from Centipeda minima (L.) A. Braun and Asch. (HCM) has been found to have anti-inflammatory and antioxidative effects. HCM can significantly reduce oxidative stress, lipid peroxidation, and production of ROS by activating the Nrf2 pathway. Thereby, it protects mitochondria function and reduces the liver damage. Additionally, HCM could also significantly reduce the production of inflammatory cytokines by inhibiting Toll-like receptor 4 (TLR4) signal transduction and NF-κB activation, which may further protect the mitochondria from inflammation related injury and subsequently decreasing the hepatocyte apoptosis (Li et al., 2019b).
Alkaloids
Benzoyl aconitine (BAC) is one of the representative traditional alkaloids in Fuzi (Aconitum carmichaeli Debeaux). BAC induces mitochondrial biogenesis through the activation of AMPK/PGC-1α signaling cascade. AMPK is a kinase that responds to mitochondrial function by regulating mitochondrial biogenesis and autophagy (Rabinovitch et al., 2017; Foretz et al., 2018). It has been reported that BAC could increase HepG2 cells’ mitochondrial mass and mtDNA copy number in a dose-dependent manner without affecting cell proliferation. As for ATP production, the most important function of mitochondria, BAC can increase its production through promoting the oxygen consumption rate and the expression of OXPHOS-related proteins, including NDUFS1 (Complex I), SDHA (Complex II), UQCRC1 (Complex III), COX4 (Complex IV), and ATP5A1 (Complex V) in HepG2 cells (Deng et al., 2019a). Consistently, BAC protects mice from liver steatosis and inflammation by improving systemic glucose homeostasis, reducing fat mass, and increasing autophagy flux (Garcia et al., 2019).
Matrine (Mat) is a tetracyclo-quinolizidine alkaloid, which is mainly derived from leguminosae such as Sophora flavescens Aiton. It has been reported that Mat exerts pharmacological effects on improving liver function in patients with hepatitis (Liang et al., 2019). In addition, studies have shown that Mat and oxymatrine (Oxy-Mat) can inhibit steatohepatitis (Mahzari et al., 2018). Mechanistically, it was suggested that Mat could downregulate the levels of lipogenesis-related proteins, such as sterol regulatory element-binding protein 1c (SREBP-1c), fatty acid synthase (FAS), and acetyl-coa-carboxylase (ACC) both in HFD mice and L02 cells. The decreased fatty acid synthesis will reduce the fatty acid overaccumulation-induced mitochondria injury and improve the hepatic steatosis (Gao et al., 2018). In addition to reducing lipogenesis in the liver, Mat can also significantly reduce the palmitic-acid-induced mitochondrial dysfunction and endoplasmic reticulum stress (ER stress) in L02 cells. These effects are strongly associated with the downregulated level of intracellular calcium, since the abnormal release of ER calcium could lead to both mitochondrial dysfunction and ER stress. Mechanistically, Mat regulates cytosolic calcium homeostasis mainly through its inhibition effect on sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) pump (Gao et al., 2018). Moreover, it is also reported that Mat treatment can enhance the mitophagy and alleviate the mitochondrial-damage-associated oxidative stress (Wang et al., 2019a).
Dendrobium nobile Lindl. alkaloids (DNLAs) are the main active ingredients of D. nobile, which were found to have a protective effect on hepatic lipid homeostasis and mitochondrial function (Li et al., 2019a). It has been shown that DNLA can combat mitochondrial oxidative stress and reduce its oxidative damage. DNLA treatment can improve oxygen consumption, reverse mitochondrial respiratory depression, and increase ATP production via regulating Nrf2 signaling pathway in mice. Consequently, mitochondrial H2O2 content and malondialdehyde (MDA) production were reduced, while GSH level and Mn-SOD activity were significantly increased with DNLA treatment. Furthermore, DNLAs also decrease the level of membrane-permeable ROS and further inhibit the oxidative damage of mitochondrial lipids (Zhou et al., 2020).
Berberine (BBR) is an isoquinoline alkaloid that can improve glucose metabolism and enhance insulin sensitivity. In addition, BBR also has pharmacological effects on reducing body weight, cholesterol, and triglyceride levels (Kong et al., 2008). As a promising drug for metabolism disorders, BBR can effectively improve mitochondrial swelling and promote mitochondrial fusion (Yu et al., 2021). It has been reported that silent mating-type information regulation 2 homolog 3 (SIRT3) can regulate the mitochondrial β-oxidation through deacetylating long-chain acyl-coenzyme A dehydrogenase (LCAD). In both high-fat fed mice and rats, BBR intervention can notably promote the SIRT3 expression and activation, thereby improving systematic and inhibiting the progression of hepatic steatosis (Teodoro et al., 2013; Xu et al., 2019b). Besides, BBR also markedly reduced Nox2-dependent mitochondrial ROS production and improve non-esterified fatty acid impaired mitochondrial respiratory chain function by regulating Nrf2 signaling and PGC-1α expression (Sun et al., 2017; Shi et al., 2018). Recently, a randomized controlled trial demonstrated that berberine ursodeoxycholate has a broad spectrum of metabolic activity in patients with NASH and diabetes. It can reduce the liver lipid content with apparent improvement in hepatic inflammation and injury. Importantly, it is relatively well tolerated with oral administration, suggesting that berberine ursodeoxycholate could be a feasibility way for the combined treatment of NASH and diabetes (Harrison et al., 2021).
Flavonoids
Flavonoids are commonly found in vegetables, fruits, tea, coffee, and other drinks in daily life. Currently, they have shown wide range of biological pharmacological activities, such as antibacterial, anti-inflammatory, and ROS clearance (Martucciello et al., 2020).
Silymarin (SM), extracted from the Mediterranean plant Silybum marianum (L.) Gaertn, contains various flavonolignans. Silymarin is reported to optimize the electron transport chain under oxidative stress, maintaining the integrity of the mitochondrial respiratory chain, thereby reducing electron leakage and directly reducing the activity of ROS-producing enzymes in the mitochondria (Surai, 2015; Baldini et al., 2020). In randomized trial, Silymarin remarkably attenuates the NAFLD activity score (NAS) and fibrosis score in patients with NASH, indicating that Silymarin can be a promising phytotherapy for NAFLD and NASH patients (Wah Kheong et al., 2017; Zhong et al., 2017). As the main component of silymarin, silybin is found to eliminate ROS, reduce lipid peroxidation, inhibit apoptosis, and reduce oxidative stress in HepG2 cells (Esselun et al., 2019). In addition, Silybin can reduce the activation of oxidative-stress-dependent transcription factor NF-κB and promote autophagy by restoring aquaporin 9 (AQP9) and glycerol permeability levels.
Recently, silybin-phospholipid (SILIPHOS), an antioxidant complex, has shown hepatoprotective and antifibrosis effects in rat NASH model. It regulates mitochondrial energy metabolism by preventing proton leakage. Additionally, it can also reduce glutathione consumption and mitochondrial H2O2 production and restore the decreased ATP synthesis caused by chronic liver disease (Serviddio et al., 2010). Realsil is another silybin complex containing vitamin E, which greatly enhances the bioavailability of silymarin and also show antioxidant effects against mitochondrial ROS and NO production (Grattagliano, 2013). In NAFLD and NASH patients, Realsil treatment could significantly reduce the serum lipid peroxidation and NAS score and restore antioxidant capacity of hepatocytes (Stiuso et al., 2014; Federico et al., 2020).
Anthocyanins are one of the main color substances in plant flowers and fruits and known as the seventh most essential nutrient for the human body. Mulberry anthocyanins have been widely used in the fields of food and health products due to their high extraction rate and stable structure. Anthocyanins extracted from bilberry and blackcurrant have been reported to enhance the activation of AMPK/PCC-1α signaling pathway, which in turn protects mitochondrial biogenesis and electron transport chain in NASH mice (Tang et al., 2015). Cyanidin-3-O-glucoside (C3G) is one of the main components of anthocyanin in mulberry, which has been shown to reduce visceral fat and weight gain in obese adults and rats (Li et al., 2020). During the onset of NAFLD, if a large number of damaged mitochondria accumulate, ROS excessive production and mitochondrial autophagy damage may lead to a second hit in the development of NAFLD, causing more serious liver disease. It was reported that C3G can inhibit liver oxidative stress, NLRP3 inflammasome activation, and steatosis in mice and NAFLD patients. In high-fat diet fed mice, C3G treatment increases LC3-II protein abundance, autophagosomes number, and mitochondrial localization, promoting PINK1/Parkin-mediated mitophagy to clear the damaged mitochondria [33]. Thus, the lipid droplets are induced to decompose via lipophagy (McWilliams and Muqit, 2017; Schulze et al., 2017), thereby promoting more free fatty acids release into mitochondria for β-oxidation to alleviate hepatic lipid accumulation. At the same time, the damaged mitochondria are also decomposed through mitochondrial autophagy, which further reduces oxidative stress to maintain mitochondrial homeostasis [33].
A growing number of epidemiological and clinical studies have shown that citrus fruits, such as Citrus × aurantium L. (C. aurantium), exert a positive effect on glucose and lipid metabolism. Neohesperidin (NHP), as one of the most abundant flavonoids in C. aurantium, is reported to enhance mitochondrial biogenesis in HFD mice by activating the AMPK/PGC-1α signaling pathway (Wang et al., 2020). After NHP intervention, the mice hepatic lipid accumulation and the liver steatosis were significantly improved. Indeed, NHP also promotes fatty acid oxidation, reduces insulin resistance, and improves glucose homeostasis in HFD mice.
Among all the bioactive molecules in lemons, eriocitrin is the major flavonoid with antioxidant activity that can decrease lipid levels and reduce oxidative stress without causing toxicological manifestations. Eriocitrin can significantly upregulate the mRNA levels of ACOX1 and ACADM. More importantly, it promotes mitochondrial β-oxidation and biogenesis and ameliorates HFD-induced hepatic steatosis (Hiramitsu et al., 2015) in palmitate-induced HepG2 cells. After treatment with eriocitrin, mtDNA content was significantly increased in a dose-dependent manner, accompanied with increased intracellular ATP production. These suggests that eriocitrin may increase mitochondrial biogenesis and restore the activity of respiratory chain complex, thereby restoring the mitochondrial function.
Kaempferol-3-O-glucuronide (K3O) is a natural chemical component extracted from Holly plants. It has antioxidant, lipid metabolism regulation, and anti-inflammatory effects. Studies have shown that K3O can reduce the oxidative stress and lipid peroxidation in the liver, reduce hepatic steatosis, and alleviate NAFLD. K3O treatment decreases H2O2-induced ROS production in HepG2 cells. Additionally, it can also significantly reduce MDA and increase the level of GSH-Px. In the mechanism study, the results suggest that the protective effect of K3O is associated with Nrf2/Keap1 signaling activation (Deng et al., 2021).
In addition to activating mitochondrial biogenesis, AMPK can also improve mitochondrial function by promoting mitochondrial autophagosome formation and increasing autophagy flux. Aspalasin is a rooibos flavonoid that can activate AMPK signaling pathway to increase hepatic energy expenditure and improve liver lipid metabolism. In palmitate-induced liver cells, impaired hepatic substrate metabolism together with defective insulin signaling pathway is strongly associated with decreased Akt protein expression and mitochondrial respiratory rate (Mazibuko-Mbeje et al., 2019). However, aspalasin administration significantly improve mitochondrial dysfunction through promoting the respiration and ATP production. These results suggest that aspalasin could protect from mitochondria-related liver injury by regulating AMPK signaling, subsequently inhibiting the steatosis development.
Isoflavone
Puerarin is isolated from the roots of Pueraria lobata (Wild.) Ohwi. As an isoflavone compound, it has shown the biological activity in restoring mitochondrial dysfunction, preventing oxidative stress and inflammation, and improving lipid/glucose metabolism. In high-fat high-sucrose (HFHS) diet fed mice, puerarin has a certain therapeutic potential to inhibit NAFLD. It can increase the mitochondrial membrane potential and ATP generation, therefore improving liver mitochondrial functional homeostasis and decreasing the ROS production. It suggested that the effects of puerarin are closely related to its role in NAD+ replenishing and AMPK activation (HOU et al., 2020; Wang et al., 2019b). Apart from mitochondrial function protection, puerarin is also involved in regulating mitochondrial dynamics. It can modulate the mitochondrial fission and fusion by increasing the Mfn2 and Opa1 expression and decreasing Drp1 expression. Moreover, palmitate-impaired mitophagy is also restored by puerarin via increasing PINK1/Parkin expression (Chen et al., 2018) Thus, these results indicate that puerarin could be a potential therapeutic agent for the treatment of NAFLD.
Terpenoids
Celastrol is a potent anti-inflammatory pentacyclic triterpene extracted from the root of Tripterygium wilfordii Hook. f. It has been reported that rich accumulation of palmitic acid from the diet can lead to elevated levels of diacylglycerol (DAGS) and ceramides (Carta et al., 2017). These accumulated toxic lipids can induce lipid toxicity, leading to mitochondrial dysfunction and endoplasmic reticulum stress (Arroyave-Ospina et al., 2021). It has been reported that celastrol can improve mitochondrial dysfunction and insulin sensitivity through reducing mitochondrial oxidative stress and thus enhance fatty acid oxidation in palmitic-acid-induced C3A human hepatocytes (Abu et al., 2017). Importantly, celastrol can stimulate mitochondrial biogenesis and increase cell antioxidant capacity by activating AMPK-SIRT1 signaling pathways, which is associated with increased SIRT1 deacetylation activity and activation of PGC-1α and coactivation of nuclear respiratory factor 1 (NRF1) expression (Abu et al., 2020). In addition, Hu et al. also found that celastrol could promote Nur77, a nuclear receptor, translocation from the nucleus into mitochondria. Nur77 interacted with tumor necrosis factor receptor-associated factor 2 (TRAF2) and p62 to facilitate the injured mitochondria clearance by mitophagy (Hu et al., 2017). Therefore, celastrol might be a good candidate therapeutic agent for the treatment of mitochondrial dysfunction and inflammation-triggered NASH.
Sweroside is the secoiridoid extracted from Swertia pseudochinensis H. Hara. A recent study demonstrated that sweroside is a hepatoprotective agent against NAFLD. Mice treated with sweroside were resistant to HFD-induced weight gain, insulin resistance, and hepatic steatosis. Sweroside can reduce the number of lipid droplets and inflammatory cell infiltration in the liver. These beneficial effects of sweroside are closely related to its role in regulating PPARα and CD36 and FGF21 expression (Yang et al., 2020b). There is evidence that NLRP3 inflammasome is increased during the occurrence and development of NAFLD (Mridha et al., 2017; Yang et al., 2020a). Mitochondria-injury-related ROS release can induce NLRP3 inflammasome activation-mediated proinflammatory cytokine expression and aggravate the NASH development (Kim et al., 2020; Wu et al., 2020). Sweroside has been reported to alleviate oxidative stress and intercellular ROS, which can therefore inhibit the activation of NLRP3 inflammasome, reduce the levels of IL-1β, and subsequently reduce inflammation and further improve metabolic diseases (Ma et al., 2018). These results suggest that sweroside may be a good therapeutic agent for NAFLD and NASH treatment.
Gentianaceae plant extracts have been widely used in food additives, tea, or medicine to treat various human diseases and disorders (Dai et al., 2018). Amarogentin, a gentian iridoid, has been shown to have a protective effect on liver injury and improve mitochondrial dysfunction by regulating the expression level of liver CYP450 system. When mitochondrial function is impaired, the expression level of mtDNA-encoded genes will change, which will eventually lead to the impaired energy production and liver failure (El-Hattab and Scaglia, 2013). Amarogentin can reverse mtDNA damage, significantly reduce mtDNA deletion in HepG2 cells, and prevent cell apoptosis. In addition, amarogentin could also reduce the production of ROS and increase antioxidant capacity in HepG2 cells, thereby improving mitochondrial damage (Dai et al., 2018).
Other Compounds
Polygonatum kingianum Collett Hemsl. (PK) has been used as herb and nutritional ingredient for centuries. The main active components in PK can be isolated as polysaccharides, steroid saponins, triterpenoid saponins, and isoflavones (Zhao et al., 2018). PK has the pharmacological activity of regulating lipid metabolism and promoting mitochondrial function (Yang et al., 2019), and it has been used to treat mitochondrial dysfunction and alleviate NAFLD. The reduction in HFD-induced NAFLD by PK is related to the improvement of mitochondrial antioxidant status, energy metabolism, and β-oxidation of fatty acids. In addition, PK can also inhibit the apoptosis of liver cells. PK extract administration can restore the activities of GSH-Px, SOD, Na+-K+-ATPase, and complex I and II in SD rats and reduce the content of MDA in liver mitochondria. It can also markedly upregulate the expression of CPT-1α mRNA and downregulate the expression of UCP-2, thereby regulating mitochondrial biogenesis and fatty acid metabolism. In addition, PK can increase the expression of Bcl-2 in liver cells and inhibit cytochrome C release from mitochondria and subsequent apoptosis-related proteins expression.
Sulforaphane is an isothiocyanate extracted from cruciferous vegetables, best derived from broccoli buds, and most of its activity is attributed to its ability to regulate the signaling pathway of Keap1-Nrf2-antioxidant reaction element (Kubo et al., 2017). Sulforaphane and its precursor glucoraphanin have been considered as the most effective natural inducers of Nrf2. It is reported that glucoraphanin can effectively inhibit the HFD-fed mice weight gain and reduce liver steatosis through improving lipid peroxidation. In addition, it also increases the energy expenditure and mitochondrial uncoupled protein 1 (UCP1) level and therefore suppress the development of NASH (Nagata et al., 2017). Oxidative stress and calcium ion can induce the mitochondrial permeability transition pore (mPTP) opening and subsequent membrane depolarization, which is often associated with cell death, while sulforaphane supplement significantly inhibits the redox-induced mPTP opening and protects from mitochondrial dysfunction in rats (Greco et al., 2011). Furthermore, sulforaphane ameliorates the mitochondrial swelling and promotes the mitochondrial biogenesis through regulating PGC-1α-dependent pathway (Lei et al., 2019). Taken together, sulforaphane and glucoraphanin exert pharmacological activity of improving mitochondrial function and inhibiting the development of NAFLD.
DISCUSSION
As the prevalence of NAFLD increases over the decades, it has become one of the most common chronic liver diseases worldwide. However, the efficient therapies for this liver disease are still limited. So far, only physical exercise and dietary modification are recommended by FDA. Recently, mounting evidence has suggested that mitochondrial dysfunction is closely associated with the NAFLD development. Mitochondrial injury can aggravate the hepatic lipid accumulation and ROS production and induce the inflammation and fibrosis that contribute to the pathogenesis and progression of NAFLD. Thus, pharmacological therapies that target mitochondria could be a promising way for the NAFLD intervention in clinics. Indeed, many mitochondrial targeted agents derived from natural products have been extensively studied and have revealed good pharmacological activities in combating the NAFLD (Rafiei et al., 2019).
Most of the natural products that regulate the mitochondria are mainly through promoting mitochondrial function and adjusting the mitochondrial dynamics to alleviate the NAFLD development. Increased lipid flux can lead to insufficient mitochondrial oxidation and aggravate ROS production, leading to oxidative stress. The balance between oxidants and antioxidants plays a key role in maintaining mitochondrial function during the development of NAFLD. Natural products that act as mitochondrial biogenesis inducer and selective antioxidants are essential in improving the mitochondrial homeostasis and reducing oxidative stress and thereby protecting from NAFLD. As summarized in this review, the alkaloids berberine, phenolic compounds 6-gingerol and 6-shogaol, flavonoids NHP, and terpenoids celastrol and amarogentin all showed pharmacological activities to produce functional mitochondria, which can promote mitochondrial biogenesis. These natural antioxidants increase liver antioxidant capacity by improving mitochondrial homeostasis, thus providing effective treatment for chronic metabolic liver diseases such as NAFLD.
Mitophagy affects the lipid phagocytosis process and can eliminate damaged mitochondria. The maintenance of mitochondrial homeostasis is closely related to mitochondrial autophagy. Mitophagy of damaged mitochondria can ensure the normal decomposition and energy release of lipid droplets. Flavonoids C3G and aspalasin can promote mitochondrial autophagy, increase autophagy flux, and reduce liver inflammation and steatosis. In addition to improving mitochondrial biogenesis, celastrol also improved NASH by promoting mitophagy to inhibit inflammatory responses.
Although various pharmacological mitochondria-protection activities have been exhibited by the core components of natural products, the therapeutic utility of some chemicals are partly compromised due to their poor water solubility and low bioavailability. For instance, to achieve therapeutic efficacy, berberine has to be used at relatively large oral doses in mice (Turner et al., 2008), which limits the development and application of berberine as the pharmacological preparation. Therefore, the design and structural modification of these natural chemicals to get eligible derivatives with good pharmacological and pharmacokinetic profile are extremely important for the future development of mitochondrial targeting medicine (Gaba et al., 2021). Recently, combination therapy is considered as a potential therapeutic option for the mitochondria-related liver disorders. This therapeutic strategy includes both backbone and complementary treatment, which can maximize the therapeutic effects of two or more natural products, or even combined with common chemical medicine. Thus, combination therapy may also be a good way to make full use of natural mitochondria medicine.
Herein, we revealed the relationship between mitochondrial function and the pathogenesis of NAFLD and summarized the protective effect of natural products on NAFLD and its subsequent chronic liver diseases by improving mitochondrial homeostasis (Table 1). By developing natural-products-derived compounds that target mitochondria will provide new potential therapeutic approaches and clinical perspective for treating mitochondrial dysfunction and spare the liver from NAFLD.
TABLE 1 | Mechanisms of natural products and active components in the treatment of NAFLD.
[image: Table 1]AUTHOR CONTRIBUTIONS
ML contributed to conception and design. JX and JS searched the literature. JX and ML wrote the manuscript. RY, BJ, Y-WZ, SW, YZ, ML and TW critically viewed, edited the manuscript. All authors listed have read and approved it for publication.
FUNDING
This work was supported by the National Natural Science Foundation of China (No. 82004062 and 81802523) and the Research Program of Tianjin Municipal Education Commission (No. 2017KJ129).
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.
REFERENCES
 Abu Bakar, M. H., Sarmidi, M. R., Tan, J. S., and Mohamad Rosdi, M. N. (2017). Celastrol Attenuates Mitochondrial Dysfunction and Inflammation in Palmitate-Mediated Insulin Resistance in C3A Hepatocytes. Eur. J. Pharmacol. 799, 73–83. doi:10.1016/j.ejphar.2017.01.043
 Abu Bakar, M. H., Shariff, K. A., Tan, J. S., and Lee, L. K. (2020). Celastrol Attenuates Inflammatory Responses in Adipose Tissues and Improves Skeletal Muscle Mitochondrial Functions in High Fat Diet-Induced Obese Rats via Upregulation of AMPK/SIRT1 Signaling Pathways. Eur. J. Pharmacol. 883, 173371. doi:10.1016/j.ejphar.2020.173371
 Adams, L. A., Anstee, Q. M., Tilg, H., and Targher, G. (2017). Non-alcoholic Fatty Liver Disease and its Relationship with Cardiovascular Disease and Other Extrahepatic Diseases. Gut 66 (6), 1138–1153. doi:10.1136/gutjnl-2017-313884
 Adams, L. A., Lymp, J. F., St Sauver, J. J., Sanderson, S. O., Lindor, K. D., Feldstein, A., et al. (2005). The Natural History of Nonalcoholic Fatty Liver Disease: A Population-Based Cohort Study. Gastroenterology 129 (1), 113–121. doi:10.1053/j.gastro.2005.04.014
 Akaberi, M., and Hosseinzadeh, H. (2016). Grapes (Vitis vinifera) as a Potential Candidate for the Therapy of the Metabolic Syndrome. Phytother. Res. 30 (4), 540–556. doi:10.1002/ptr.5570
 Al-Dabbagh, B., Elhaty, I. A., Elhaw, M., Murali, C., Al Mansoori, A., Awad, B., et al. (2019). Antioxidant and Anticancer Activities of Chamomile (Matricaria Recutita L.). BMC Res. Notes 12 (1), 3. doi:10.1186/s13104-018-3960-y
 Al-Hrout, A., Chaiboonchoe, A., Khraiwesh, B., Murali, C., Baig, B., El-Awady, R., et al. (2018). Safranal Induces DNA Double-Strand Breakage and ER-Stress-Mediated Cell Death in Hepatocellular Carcinoma Cells. Sci. Rep. 8 (1), 16951. doi:10.1038/s41598-018-34855-0
 Arroyave-Ospina, J. C., Wu, Z., Geng, Y., and Moshage, H. (2021). Role of Oxidative Stress in the Pathogenesis of Non-alcoholic Fatty Liver Disease: Implications for Prevention and Therapy. Antioxidants (Basel) 10 (2), 174. doi:10.3390/antiox10020174
 Baldini, F., Portincasa, P., Grasselli, E., Damonte, G., Salis, A., Bonomo, M., et al. (2020). Aquaporin-9 Is Involved in the Lipid-Lowering Activity of the Nutraceutical Silybin on Hepatocytes through Modulation of Autophagy and Lipid Droplets Composition. Biochim. Biophys. Acta Mol. Cell Biol Lipids 1865 (3), 158586. doi:10.1016/j.bbalip.2019.158586
 Besse-Patin, A., Léveillé, M., Oropeza, D., Nguyen, B. N., Prat, A., and Estall, J. L. (2017). Estrogen Signals through Peroxisome Proliferator-Activated Receptor-γ Coactivator 1α to Reduce Oxidative Damage Associated with Diet-Induced Fatty Liver Disease. Gastroenterology 152 (1), 243–256. doi:10.1053/j.gastro.2016.09.017
 Birkenfeld, A. L., Lee, H. Y., Guebre-Egziabher, F., Alves, T. C., Jurczak, M. J., Jornayvaz, F. R., et al. (2011). Deletion of the Mammalian INDY Homolog Mimics Aspects of Dietary Restriction and Protects against Adiposity and Insulin Resistance in Mice. Cell Metab 14 (2), 184–195. doi:10.1016/j.cmet.2011.06.009
 Cao, K., Wang, K., Yang, M., Liu, X., Lv, W., and Liu, J. (2020). Punicalagin Improves Hepatic Lipid Metabolism via Modulation of Oxidative Stress and Mitochondrial Biogenesis in Hyperlipidemic Mice. Food Funct. 11 (11), 9624–9633. doi:10.1039/d0fo01545h
 Carta, G., Murru, E., Banni, S., and Manca, C. (2017). Palmitic Acid: Physiological Role, Metabolism and Nutritional Implications. Front. Physiol. 8, 902. doi:10.3389/fphys.2017.00902
 Cerdá, B., Cerón, J. J., Tomás-Barberán, F. A., and Espín, J. C. (2003). Repeated Oral Administration of High Doses of the Pomegranate Ellagitannin Punicalagin to Rats for 37 Days Is Not Toxic. J. Agric. Food Chem. 51 (11), 3493–3501. doi:10.1021/jf020842c
 Chalasani, N., Younossi, Z., Lavine, J. E., Charlton, M., Cusi, K., Rinella, M., et al. (2018). The Diagnosis and Management of Nonalcoholic Fatty Liver Disease: Practice Guidance from the American Association for the Study of Liver Diseases. Hepatology 67 (1), 328–357. doi:10.1002/hep.29367
 Chen, B., Tuuli, M. G., Longtine, M. S., Shin, J. S., Lawrence, R., Inder, T., et al. (2012). Pomegranate Juice and Punicalagin Attenuate Oxidative Stress and Apoptosis in Human Placenta and in Human Placental Trophoblasts. Am. J. Physiol. Endocrinol. Metab. 302 (9), E1142–E1152. doi:10.1152/ajpendo.00003.2012
 Chen, X., Yi, L., Song, S., Wang, L., Liang, Q., Wang, Y., et al. (2018). Puerarin Attenuates Palmitate-Induced Mitochondrial Dysfunction, Impaired Mitophagy and Inflammation in L6 Myotubes. Life Sci. 206, 84–92. doi:10.1016/j.lfs.2018.05.041
 Dai, K., Yi, X. J., Huang, X. J., Muhammad, A., Li, M., Li, J., et al. (2018). Hepatoprotective Activity of Iridoids, Seco-Iridoids and Analog Glycosides from Gentianaceae on HepG2 Cells via CYP3A4 Induction and Mitochondrial Pathway. Food Funct. 9 (5), 2673–2683. doi:10.1039/c8fo00168e
 Dash, S., Xiao, C., Morgantini, C., Szeto, L., and Lewis, G. F. (2013). High-Dose Resveratrol Treatment for 2 Weeks Inhibits Intestinal and Hepatic Lipoprotein Production in Overweight/Obese Men. Arterioscler Thromb. Vasc. Biol. 33 (12), 2895–2901. doi:10.1161/ATVBAHA.113.302342
 Deng, X., Zhang, S., Wu, J., Sun, X., Shen, Z., Dong, J., et al. (2019b). Promotion of Mitochondrial Biogenesis via Activation of AMPK-Pgc1ɑ Signaling Pathway by Ginger (Zingiber Officinale Roscoe) Extract, and its Major Active Component 6-Gingerol. J. Food Sci. 84 (8), 2101–2111. doi:10.1111/1750-3841.14723
 Deng, X. H., Liu, J. J., Sun, X. J., Dong, J. C., and Huang, J. H. (2019a). Benzoylaconine Induces Mitochondrial Biogenesis in Mice via Activating AMPK Signaling cascade. Acta Pharmacol. Sin. 40 (5), 658–665. doi:10.1038/s41401-018-0174-8
 Deng, Y., Ma, J., Weng, X., Wang, Y., Li, M., Yang, T., et al. (2021). Kaempferol-3-O-Glucuronide Ameliorates Non-alcoholic Steatohepatitis in High-Cholesterol-Diet-Induced Larval Zebrafish and HepG2 Cell Models via Regulating Oxidation Stress. Life (Basel) 11 (5), 445. doi:10.3390/life11050445
 Di Ciaula, A., Passarella, S., Shanmugam, H., Noviello, M., Bonfrate, L., Wang, D. Q., et al. (2021). Nonalcoholic Fatty Liver Disease (NAFLD). Mitochondria as Players and Targets of Therapies?Int. J. Mol. Sci. 22 (10), 5375. doi:10.3390/ijms22105375
 Dominy, J. E., and Puigserver, P. (2013). Mitochondrial Biogenesis through Activation of Nuclear Signaling Proteins. Cold Spring Harb Perspect. Biol. 5 (7), a15008. doi:10.1101/cshperspect.a015008
 Edmunds, L. R., Xie, B., Mills, A. M., Huckestein, B. R., Undamatla, R., Murali, A., et al. (2020). Liver-specific Prkn Knockout Mice Are More Susceptible to Diet-Induced Hepatic Steatosis and Insulin Resistance. Mol. Metab. 41, 101051. doi:10.1016/j.molmet.2020.101051
 Einer, C., Hohenester, S., Wimmer, R., Wottke, L., Artmann, R., Schulz, S., et al. (2018). Mitochondrial Adaptation in Steatotic Mice. Mitochondrion 40, 1–12. doi:10.1016/j.mito.2017.08.015
 El-Hattab, A. W., and Scaglia, F. (2013). Mitochondrial DNA Depletion Syndromes: Review and Updates of Genetic Basis, Manifestations, and Therapeutic Options. Neurotherapeutics 10 (2), 186–198. doi:10.1007/s13311-013-0177-6
 El-Kharrag, R., Amin, A., Hisaindee, S., Greish, Y., and Karam, S. M. (2017). Development of a Therapeutic Model of Precancerous Liver Using Crocin-Coated Magnetite Nanoparticles. Int. J. Oncol. 50 (1), 212–222. doi:10.3892/ijo.2016.3769
 Esselun, C., Bruns, B., Hagl, S., Grewal, R., and Eckert, G. P. (2019). Differential Effects of Silibinin a on Mitochondrial Function in Neuronal PC12 and HepG2 Liver Cells. Oxid. Med. Cell. Longev. 2019, 1652609–1652610. doi:10.1155/2019/1652609
 Federico, A., Dallio, M., Gravina, A. G., Diano, N., Errico, S., Masarone, M., et al. (2020). The Bisphenol a Induced Oxidative Stress in Non-alcoholic Fatty Liver Disease Male Patients: A Clinical Strategy to Antagonize the Progression of the Disease. Int. J. Environ. Res. Public Health 17 (10), 3369. doi:10.3390/ijerph17103369
 Foretz, M., Even, P. C., and Viollet, B. (2018). AMPK Activation Reduces Hepatic Lipid Content by Increasing Fat Oxidation In Vivo. Int. J. Mol. Sci. 19 (9). doi:10.3390/ijms19092826
 Fromenty, B., Robin, M. A., Igoudjil, A., Mansouri, A., and Pessayre, D. (2004). The Ins and Outs of Mitochondrial Dysfunction in NASH. Diabetes Metab. 30 (2), 121–138. doi:10.1016/S1262-3636(07)70098-8
 Gaba, S., Saini, A., Singh, G., and Monga, V. (2021). An Insight into the Medicinal Attributes of Berberine Derivatives: A Review. Bioorg. Med. Chem. 38, 116143. doi:10.1016/j.bmc.2021.116143
 Gao, X., Guo, S., Zhang, S., Liu, A., Shi, L., and Zhang, Y. (2018). Matrine Attenuates Endoplasmic Reticulum Stress and Mitochondrion Dysfunction in Nonalcoholic Fatty Liver Disease by Regulating SERCA Pathway. J. Transl. Med. 16 (1), 319. doi:10.1186/s12967-018-1685-2
 Garcia, D., Hellberg, K., Chaix, A., Wallace, M., Herzig, S., Badur, M. G., et al. (2019). Genetic Liver-specific AMPK Activation Protects against Diet-Induced Obesity and NAFLD. Cell Rep 26 (1), 192–e6. doi:10.1016/j.celrep.2018.12.036
 Garcia-Martinez, I., Santoro, N., Chen, Y., Hoque, R., Ouyang, X., Caprio, S., et al. (2016). Hepatocyte Mitochondrial DNA Drives Nonalcoholic Steatohepatitis by Activation of TLR9. J. Clin. Invest. 126 (3), 859–864. doi:10.1172/JCI838810.1172/JCI83885
 Geng, C. A., Wang, L. J., Zhang, X. M., Ma, Y. B., Huang, X. Y., Luo, J., et al. (2011). Anti-Hepatitis B Virus Active Lactones from the Traditional Chinese Herb: Swertia Mileensis. Chemistry 17 (14), 3893–3903. doi:10.1002/chem.201003180
 Grattagliano, I., Diogo, C. V., Mastrodonato, M., de Bari, O., Persichella, M., Wang, D. Q., et al. (2013). A Silybin-Phospholipids Complex Counteracts Rat Fatty Liver Degeneration and Mitochondrial Oxidative Changes. World J. Gastroenterol. 19 (20), 3007–3017. doi:10.3748/wjg.v19.i20.3007
 Greco, T., Shafer, J., and Fiskum, G. (2011). Sulforaphane Inhibits Mitochondrial Permeability Transition and Oxidative Stress. Free Radic. Biol. Med. 51 (12), 2164–2171. doi:10.1016/j.freeradbiomed.2011.09.017
 Hamza, A. A., Heeba, G. H., Elwy, H. M., Murali, C., El-Awady, R., and Amin, A. (2018). Molecular Characterization of the Grape Seeds Extract's Effect against Chemically Induced Liver Cancer: In Vivo and In Vitro Analyses. Sci. Rep. 8 (1), 1270. doi:10.1038/s41598-018-19492-x
 Haouzi, D., Lekéhal, M., Moreau, A., Moulis, C., Feldmann, G., Robin, M. A., et al. (2000). Cytochrome P450-Generated Reactive Metabolites Cause Mitochondrial Permeability Transition, Caspase Activation, and Apoptosis in Rat Hepatocytes. Hepatology 32 (2), 303–311. doi:10.1053/jhep.2000.9034
 Harrison, S. A., Gunn, N., Neff, G. W., Kohli, A., Liu, L., Flyer, A., et al. (2021). A Phase 2, Proof of Concept, Randomised Controlled Trial of Berberine Ursodeoxycholate in Patients with Presumed Non-alcoholic Steatohepatitis and Type 2 Diabetes. Nat. Commun. 12 (1), 5503. doi:10.1038/s41467-021-25701-5
 Heber, D. (2008). Multitargeted Therapy of Cancer by Ellagitannins. Cancer Lett. 269 (2), 262–268. doi:10.1016/j.canlet.2008.03.043
 Hernández-Alvarez, M. I., Sebastián, D., Vives, S., Ivanova, S., Bartoccioni, P., Kakimoto, P., et al. (2019). Deficient Endoplasmic Reticulum-Mitochondrial Phosphatidylserine Transfer Causes Liver Disease. Cell 177 (4), 881–e17. doi:10.1016/j.cell.2019.04.010
 Hiramitsu, M., Shimada, Y., Kuroyanagi, J., Inoue, T., Katagiri, T., Zang, L., et al. (2015). Eriocitrin Ameliorates Diet-Induced Hepatic Steatosis with Activation of Mitochondrial Biogenesis. Sci. Rep. 4 (1), 3708. doi:10.1038/srep03708
 Hou, B.-Y., Zhao, Y.-R., Ma, P., Xu, C.-Y., He, P., Yang, X.-Y., et al. (2020). Hypoglycemic Activity of Puerarin through Modulation of Oxidative Stress and Mitochondrial Function via AMPK. Chin. J. Nat. Medicines 18 (11), 818–826. doi:10.1016/S1875-5364(20)60022-X
 Hou, C., Zhang, W., Li, J., Du, L., Lv, O., Zhao, S., et al. (2019). Beneficial Effects of Pomegranate on Lipid Metabolism in Metabolic Disorders. Mol. Nutr. Food Res. 63 (16), e1800773. doi:10.1002/mnfr.201800773
 Hu, M., Luo, Q., Alitongbieke, G., Chong, S., Xu, C., Xie, L., et al. (2017). Celastrol-Induced Nur77 Interaction with TRAF2 Alleviates Inflammation by Promoting Mitochondrial Ubiquitination and Autophagy. Mol. Cell. 66 (1), 141–e6. doi:10.1016/j.molcel.2017.03.008
 Huang, D. Q., El-Serag, H. B., and Loomba, R. (2020). Global Epidemiology of NAFLD-Related HCC: Trends, Predictions, Risk Factors and Prevention. Nat. Rev. Gastroenterol. Hepatol. 18, 223–238. doi:10.1038/s41575-020-00381-6
 Izdebska, M., Herbet, M., Gawrońska-Grzywacz, M., Piątkowska-Chmiel, I., Korga, A., Sysa, M., et al. (2018). Resveratrol Limits Lipogenesis and Enhance Mitochondrial Activity in HepG2 Cells. J. Pharm. Pharm. Sci. 21 (1), 504–515. doi:10.18433/jpps29994
 Ji, H. F., Sun, Y., and Shen, L. (2014). Effect of Vitamin E Supplementation on Aminotransferase Levels in Patients with NAFLD, NASH, and CHC: Results from a Meta-Analysis. Nutrition 30 (9), 986–991. doi:10.1016/j.nut.2014.01.016
 Kibble, M., Saarinen, N., Tang, J., Wennerberg, K., Mäkelä, S., and Aittokallio, T. (2015). Network Pharmacology Applications to Map the Unexplored Target Space and Therapeutic Potential of Natural Products. Nat. Prod. Rep. 32 (8), 1249–1266. doi:10.1039/C5NP00005J
 Kikuzaki, H., Kawasaki, Y., Kitamura, S., and Nakatani, N. (1996). Secoiridoid Glucosides from Swertia Mileensis. Planta Med. 62 (1), 35–38. doi:10.1055/s-2006-957792
 Kim, B. R., Kim, B. J., Kook, Y. H., and Kim, B. J. (2020). Mycobacterium Abscessus Infection Leads to Enhanced Production of Type 1 Interferon and NLRP3 Inflammasome Activation in Murine Macrophages via Mitochondrial Oxidative Stress. Plos Pathog. 16 (3), e1008294. doi:10.1371/journal.ppat.1008294
 Kim, S. K., Joe, Y., Zheng, M., Kim, H. J., Yu, J. K., Cho, G. J., et al. (2014). Resveratrol Induces Hepatic Mitochondrial Biogenesis through the Sequential Activation of Nitric Oxide and Carbon Monoxide Production. Antioxid. Redox Signal. 20 (16), 2589–2605. doi:10.1089/ars.2012.5138
 Kong, W. J., Wei, J., Zuo, Z. Y., Wang, Y. M., Song, D. Q., You, X. F., et al. (2008). Combination of Simvastatin with Berberine Improves the Lipid-Lowering Efficacy. Metabolism 57 (8), 1029–1037. doi:10.1016/j.metabol.2008.01.037
 Kubo, E., Chhunchha, B., Singh, P., Sasaki, H., and Singh, D. P. (2017). Sulforaphane Reactivates Cellular Antioxidant Defense by Inducing Nrf2/ARE/Prdx6 Activity during Aging and Oxidative Stress. Sci. Rep. 7 (1), 14130. doi:10.1038/s41598-017-14520-8
 Lee, E. S., Kwon, M. H., Kim, H. M., Woo, H. B., Ahn, C. M., and Chung, C. H. (2020). Curcumin Analog CUR5-8 Ameliorates Nonalcoholic Fatty Liver Disease in Mice with High-Fat Diet-Induced Obesity. Metabolism 103, 154015. doi:10.1016/j.metabol.2019.154015
 Lei, P., Tian, S., Teng, C., Huang, L., Liu, X., Wang, J., et al. (2019). Sulforaphane Improves Lipid Metabolism by Enhancing Mitochondrial Function and Biogenesis In Vivo and In Vitro. Mol. Nutr. Food Res. 63 (4), e1800795. doi:10.1002/mnfr.201800795
 Li, J. C., Feng, L., Sun, B. H., Ikeda, T., Nohara, T., Kumamoto, U., et al. (2005). Hepatoprotective Activity of the Constituents in Swertia Pseudochinensis. Biol. Pharm. Bull. 28 (3), 534–537. doi:10.1248/bpb.28.534
 Li, S., Zhou, J., Xu, S., Li, J., Liu, J., Lu, Y., et al. (2019a). Induction of Nrf2 Pathway by Dendrobium Nobile Lindl. Alkaloids Protects against Carbon Tetrachloride Induced Acute Liver Injury. Biomed. Pharmacother. 117, 109073. doi:10.1016/j.biopha.2019.109073
 Li, X., Shi, Z., Zhu, Y., Shen, T., Wang, H., Shui, G., et al. (2020). Cyanidin‐3‐ O ‐glucoside Improves Non‐alcoholic Fatty Liver Disease by Promoting PINK1‐mediated Mitophagy in Mice. Br. J. Pharmacol. 177 (15), 3591–3607. doi:10.1111/bph.15083
 Li, Y., Zeng, Y., Huang, Q., Wen, S., Wei, Y., Chen, Y., et al. (2019b). Helenalin from Centipeda Minima Ameliorates Acute Hepatic Injury by Protecting Mitochondria Function, Activating Nrf2 Pathway and Inhibiting NF-κB Activation. Biomed. Pharmacother. 119, 109435. doi:10.1016/j.biopha.2019.109435
 Liang, N., Kong, Z., Lu, C. L., Ma, S. S., Li, Y. Q., Nikolova, D., et al. (2019). Radix Sophorae Flavescentis versus Other Drugs or Herbs for Chronic Hepatitis B. Cochrane Database Syst. Rev. 6, CD013106. doi:10.1002/14651858.CD013106.pub2
 Ma, L. Q., Yu, Y., Chen, H., Li, M., Ihsan, A., Tong, H. Y., et al. (2018). Sweroside Alleviated Aconitine-Induced Cardiac Toxicity in H9c2 Cardiomyoblast Cell Line. Front. Pharmacol. 9, 1138. doi:10.3389/fphar.2018.01138
 Mahzari, A., Zeng, X. Y., Zhou, X., Li, S., Xu, J., Tan, W., et al. (2018). Repurposing Matrine for the Treatment of Hepatosteatosis and Associated Disorders in Glucose Homeostasis in Mice. Acta Pharmacol. Sin. 39 (11), 1753–1759. doi:10.1038/s41401-018-0016-8
 Marques, P. E., Amaral, S. S., Pires, D. A., Nogueira, L. L., Soriani, F. M., Lima, B. H., et al. (2012). Chemokines and Mitochondrial Products Activate Neutrophils to Amplify Organ Injury during Mouse Acute Liver Failure. Hepatology 56 (5), 1971–1982. doi:10.1002/hep.25801
 Martucciello, S., Masullo, M., Cerulli, A., and Piacente, S. (2020). Natural Products Targeting ER Stress, and the Functional Link to Mitochondria. Int. J. Mol. Sci. 21 (6), 1905. doi:10.3390/ijms21061905
 Mazibuko-Mbeje, S. E., Dludla, P. V., Johnson, R., Joubert, E., Louw, J., Ziqubu, K., et al. (2019). Aspalathin, a Natural Product with the Potential to Reverse Hepatic Insulin Resistance by Improving Energy Metabolism and Mitochondrial Respiration. PLoS One 14 (5), e0216172. doi:10.1371/journal.pone.0216172
 McWilliams, T. G., and Muqit, M. M. (2017). PINK1 and Parkin: Emerging Themes in Mitochondrial Homeostasis. Curr. Opin. Cell Biol. 45, 83–91. doi:10.1016/j.ceb.2017.03.013
 Meza-Torres, C., Hernández-Camacho, J. D., Cortés-Rodríguez, A. B., Fang, L., Bui Thanh, T., Rodríguez-Bies, E., et al. (2020). Resveratrol Regulates the Expression of Genes Involved in CoQ Synthesis in Liver in Mice Fed with High Fat Diet. Antioxidants 9 (5), 431. doi:10.3390/antiox9050431
 Most, J., Timmers, S., Warnke, I., Jocken, J. W., van Boekschoten, M., de Groot, P., et al. (2016). Combined Epigallocatechin-3-Gallate and Resveratrol Supplementation for 12 Wk Increases Mitochondrial Capacity and Fat Oxidation, but Not Insulin Sensitivity, in Obese Humans: A Randomized Controlled Trial. Am. J. Clin. Nutr. 104 (1), 215–227. doi:10.3945/ajcn.115.122937
 Mridha, A. R., Wree, A., Robertson, A. A. B., Yeh, M. M., Johnson, C. D., Van Rooyen, D. M., et al. (2017). NLRP3 Inflammasome Blockade Reduces Liver Inflammation and Fibrosis in Experimental NASH in Mice. J. Hepatol. 66 (5), 1037–1046. doi:10.1016/j.jhep.2017.01.022
 Nagalekshmi, R., Menon, A., Chandrasekharan, D. K., and Nair, C. K. (2011). Hepatoprotective Activity of Andrographis Paniculata and Swertia Chirayita. Food Chem. Toxicol. 49 (12), 3367–3373. doi:10.1016/j.fct.2011.09.026
 Nagata, N., Xu, L., Kohno, S., Ushida, Y., Aoki, Y., Umeda, R., et al. (2017). Glucoraphanin Ameliorates Obesity and Insulin Resistance through Adipose Tissue browning and Reduction of Metabolic Endotoxemia in Mice. Diabetes 66 (5), 1222–1236. doi:10.2337/db16-0662
 Nassir, F., and Ibdah, J. A. (2014). Role of Mitochondria in Nonalcoholic Fatty Liver Disease. Int. J. Mol. Sci. 15 (5), 8713–8742. doi:10.3390/ijms15058713
 Pessayre, D., Berson, A., Fromenty, B., and Mansouri, A. (2001). Mitochondria in Steatohepatitis. Semin. Liver Dis. 21 (01), 57–69. doi:10.1055/s-2001-12929
 Pessayre, D., and Fromenty, B. (2005). NASH: A Mitochondrial Disease. J. Hepatol. 42 (6), 928–940. doi:10.1016/j.jhep.2005.03.004
 Pessayre, D., Mansouri, A., and Fromenty, B. (2002). Nonalcoholic Steatosis and Steatohepatitis. V. Mitochondrial Dysfunction in Steatohepatitis. Am. J. Physiol. Gastrointest. Liver Physiol. 282 (2), G193–G199. doi:10.1152/ajpgi.00426.2001
 Pessayre, D. (2007). Role of Mitochondria in Non-alcoholic Fatty Liver Disease. J. Gastroenterol. Hepatol. 22 (s1), S20–S27. doi:10.1111/j.1440-1746.2006.04640.x
 Poulsen, M. M., Larsen, J. Ø., Hamilton-Dutoit, S., Clasen, B. F., Jessen, N., Paulsen, S. K., et al. (2012). Resveratrol Up-Regulates Hepatic Uncoupling Protein 2 and Prevents Development of Nonalcoholic Fatty Liver Disease in Rats Fed a High-Fat Diet. Nutr. Res. 32 (9), 701–708. doi:10.1016/j.nutres.2012.08.004
 Quesada, I. M., Del Bas, J. M., Bladé, C., Ardèvol, A., Blay, M., Salvadó, M. J., et al. (2007). Grape Seed Procyanidins Inhibit the Expression of Metallothione in Genes in Human HepG2 Cells. Genes Nutr. 2 (1), 105–109. doi:10.1007/s12263-007-0027-4
 Rabinovitch, R. C., Samborska, B., Faubert, B., Ma, E. H., Gravel, S. P., Andrzejewski, S., et al. (2017). AMPK Maintains Cellular Metabolic Homeostasis through Regulation of Mitochondrial Reactive Oxygen Species. Cell Rep 21 (1), 1–9. doi:10.1016/j.celrep.2017.09.026
 Rafiei, H., Omidian, K., and Bandy, B. (2019). Dietary Polyphenols Protect against Oleic Acid-Induced Steatosis in an In Vitro Model of NAFLD by Modulating Lipid Metabolism and Improving Mitochondrial Function. Nutrients 11 (3), 541. doi:10.3390/nu11030541
 Ricchelli, F., Sileikytė, J., and Bernardi, P. (2011). Shedding Light on the Mitochondrial Permeability Transition. Biochim. Biophys. Acta 1807 (5), 482–490. doi:10.1016/j.bbabio.2011.02.012
 Schulze, R. J., Drižytė, K., Casey, C. A., and McNiven, M. A. (2017). Hepatic Lipophagy: New Insights into Autophagic Catabolism of Lipid Droplets in the Liver. Hepatol. Commun. 1 (5), 359–369. doi:10.1002/hep4.1056
 Serviddio, G., Bellanti, F., Giudetti, A. M., Gnoni, G. V., Petrella, A., Tamborra, R., et al. (2010). A Silybin-Phospholipid Complex Prevents Mitochondrial Dysfunction in a Rodent Model of Nonalcoholic Steatohepatitis. J. Pharmacol. Exp. Ther. 332 (3), 922–932. doi:10.1124/jpet.109.161612
 Shi, Z., Li, X. B., Peng, Z. C., Fu, S. P., Zhao, C. X., Du, X. L., et al. (2018). Berberine Protects against NEFA-Induced Impairment of Mitochondrial Respiratory Chain Function and Insulin Signaling in Bovine Hepatocytes. Int. J. Mol. Sci. 19 (6), 1691. doi:10.3390/ijms19061691
 Shimada, T., Tokuhara, D., Tsubata, M., Kamiya, T., Kamiya-Sameshima, M., Nagamine, R., et al. (2012). Flavangenol (pine Bark Extract) and its Major Component Procyanidin B1 Enhance Fatty Acid Oxidation in Fat-Loaded Models. Eur. J. Pharmacol. 677 (1-3), 147–153. doi:10.1016/j.ejphar.2011.12.034
 Shum, M., Ngo, J., Shirihai, O. S., and Liesa, M. (2020). Mitochondrial Oxidative Function in NAFLD: Friend or Foe?Mol. Metab. 101134, 101134. doi:10.1016/j.molmet.2020.101134
 Stiuso, P., Scognamiglio, I., Murolo, M., Ferranti, P., De Simone, C., Rizzo, M. R., et al. (2014). Serum Oxidative Stress Markers and Lipidomic Profile to Detect NASH Patients Responsive to an Antioxidant Treatment: A Pilot Study. Oxid. Med. Cell. Longev. 2014, 169216–169218. doi:10.1155/2014/169216
 Su, D., Zhang, R., Zhang, C., Huang, F., Xiao, J., Deng, Y., et al. (2016). Phenolic-rich Lychee (Litchi Chinensis Sonn.) Pulp Extracts Offer Hepatoprotection against Restraint Stress-Induced Liver Injury in Mice by Modulating Mitochondrial Dysfunction. Food Funct. 7 (1), 508–515. doi:10.1039/C5FO00975H
 Su, H., Li, Y., Hu, D., Xie, L., Ke, H., Zheng, X., et al. (2018). Procyanidin B2 Ameliorates Free Fatty Acids-Induced Hepatic Steatosis through Regulating TFEB-Mediated Lysosomal Pathway and Redox State. Free Radic. Biol. Med. 126, 269–286. doi:10.1016/j.freeradbiomed.2018.08.024
 Sun, Y., Yuan, X., Zhang, F., Han, Y., Chang, X., Xu, X., et al. (2017). Berberine Ameliorates Fatty Acid-Induced Oxidative Stress in Human Hepatoma Cells. Sci. Rep. 7 (1), 11340. doi:10.1038/s41598-017-11860-3
 Sunny, N. E., Bril, F., and Cusi, K. (2017). Mitochondrial Adaptation in Nonalcoholic Fatty Liver Disease: Novel Mechanisms and Treatment Strategies. Trends Endocrinol. Metab. 28 (4), 250–260. doi:10.1016/j.tem.2016.11.006
 Surai, P. F. (2015). Silymarin as a Natural Antioxidant: An Overview of the Current Evidence and Perspectives. Antioxidants (Basel) 4 (1), 204–247. doi:10.3390/antiox4010204
 Tang, X., Shen, T., Jiang, X., Xia, M., Sun, X., Guo, H., et al. (2015). Purified Anthocyanins from Bilberry and Black Currant Attenuate Hepatic Mitochondrial Dysfunction and Steatohepatitis in Mice with Methionine and Choline Deficiency. J. Agric. Food Chem. 63 (2), 552–561. doi:10.1021/jf504926n
 Tavares, T. B., Santos, I. B., de Bem, G. F., Ognibene, D. T., da Rocha, A. P. M., de Moura, R. S., et al. (2020). Therapeutic Effects of Açaí Seed Extract on Hepatic Steatosis in High-Fat Diet-Induced Obesity in Male Mice: a Comparative Effect with Rosuvastatin. J. Pharm. Pharmacol. 72 (12), 1921–1932. doi:10.1111/jphp.13356
 Tell, G., Vascotto, C., and Tiribelli, C. (2012). Alterations in the Redox State and Liver Damage: Hints from the EASL Basic School of Hepatology. J. Hepatol. 58 (2), 365–374. doi:10.1016/j.jhep.2012.09.018
 Teodoro, J. S., Duarte, F. V., Gomes, A. P., Varela, A. T., Peixoto, F. M., Rolo, A. P., et al. (2013). Berberine Reverts Hepatic Mitochondrial Dysfunction in High-Fat Fed Rats: A Possible Role for SirT3 Activation. Mitochondrion 13 (6), 637–646. doi:10.1016/j.mito.2013.09.002
 Tie, F., Wang, J., Liang, Y., Zhu, S., Wang, Z., Li, G., et al. (2020). Proanthocyanidins Ameliorated Deficits of Lipid Metabolism in Type 2 Diabetes Mellitus via Inhibiting Adipogenesis and Improving Mitochondrial Function. Int. J. Mol. Sci. 21 (6), 2029. doi:10.3390/ijms21062029
 Tilg, H., and Moschen, A. R. (2010). Evolution of Inflammation in Nonalcoholic Fatty Liver Disease: The Multiple Parallel Hits Hypothesis. Hepatology 52 (5), 1836–1846. doi:10.1002/hep.24001
 Timmers, S., de Ligt, M., Phielix, E., van de Weijer, T., Hansen, J., Moonen-Kornips, E., et al. (2016). Resveratrol as Add-On Therapy in Subjects with Well-Controlled Type 2 Diabetes: A Randomized Controlled Trial. Diabetes Care 39 (12), 2211–2217. doi:10.2337/dc16-0499
 Timmers, S., Konings, E., Bilet, L., Houtkooper, R. H., van de Weijer, T., Goossens, G. H., et al. (2011). Calorie Restriction-like Effects of 30 Days of Resveratrol Supplementation on Energy Metabolism and Metabolic Profile in Obese Humans. Cell Metab 14 (5), 612–622. doi:10.1016/j.cmet.2011.10.002
 Turner, N., Li, J. Y., Gosby, A., To, S. W., Cheng, Z., Miyoshi, H., et al. (2008). Berberine and its More Biologically Available Derivative, Dihydroberberine, Inhibit Mitochondrial Respiratory Complex I: A Mechanism for the Action of Berberine to Activate AMP-Activated Protein Kinase and Improve Insulin Action. Diabetes 57 (5), 1414–1418. doi:10.2337/db07-1552
 Viscomi, C., Bottani, E., Civiletto, G., Cerutti, R., Moggio, M., Fagiolari, G., et al. (2011). In Vivo correction of COX Deficiency by Activation of the AMPK/PGC-1α axis. Cell Metab 14 (1), 80–90. doi:10.1016/j.cmet.2011.04.011
 Wah Kheong, C., Nik Mustapha, N. R., and Mahadeva, S. (2017). A Randomized Trial of Silymarin for the Treatment of Nonalcoholic Steatohepatitis. Clin. Gastroenterol. Hepatol. 15 (12), 1940–1949. doi:10.1016/j.cgh.2017.04.016
 Wang, L., Liu, X., Nie, J., Zhang, J., Kimball, S. R., Zhang, H., et al. (2015). ALCAT1 Controls Mitochondrial Etiology of Fatty Liver Diseases, Linking Defective Mitophagy to Steatosis. Hepatology 61 (2), 486–496. doi:10.1002/hep.27420
 Wang, M. R., Zhang, X. J., Liu, H. C., Ma, W. D., Zhang, M. L., Zhang, Y., et al. (2019a). Matrine Protects Oligodendrocytes by Inhibiting Their Apoptosis and Enhancing Mitochondrial Autophagy. Brain Res. Bull. 153, 30–38. doi:10.1016/j.brainresbull.2019.08.006
 Wang, S. W., Sheng, H., Bai, Y. F., Weng, Y. Y., Fan, X. Y., Lou, L. J., et al. (2020). Neohesperidin Enhances PGC-1α-Mediated Mitochondrial Biogenesis and Alleviates Hepatic Steatosis in High Fat Diet Fed Mice. Nutr. Diabetes 10 (1), 27. doi:10.1038/s41387-020-00130-3
 Wang, S., Yang, F. J., Shang, L. C., Zhang, Y. H., Zhou, Y., and Shi, X. L. (2019b). Puerarin Protects against High‐fat High‐sucrose Diet‐induced Non‐alcoholic Fatty Liver Disease by Modulating PARP‐1/PI3K/AKT Signaling Pathway and Facilitating Mitochondrial Homeostasis. Phytotherapy Res. 33 (9), 2347–2359. doi:10.1002/ptr.6417
 Wellen, K. E., and Thompson, C. B. (2012). A Two-Way Street: Reciprocal Regulation of Metabolism and Signalling. Nat. Rev. Mol. Cell Biol 13 (4), 270–276. doi:10.1038/nrm3305
 White, D. L., Kanwal, F., and El-Serag, H. B. (2012). Association between Nonalcoholic Fatty Liver Disease and Risk for Hepatocellular Cancer, Based on Systematic Review. Clin. Gastroenterol. Hepatol. 10 (12), 1342–e2. doi:10.1016/j.cgh.2012.10.001
 Wu, Y., Hao, C., Liu, X., Han, G., Yin, J., Zou, Z., et al. (2020). MitoQ Protects against Liver Injury Induced by Severe Burn Plus Delayed Resuscitation by Suppressing the mtDNA-NLRP3 axis. Int. Immunopharmacol. 80, 106189. doi:10.1016/j.intimp.2020.106189
 Xiao, J., Zhang, R., Huang, F., Liu, L., Deng, Y., Ma, Y., et al. (2017). Lychee (Litchi Chinensis Sonn.) Pulp Phenolic Extract Confers a Protective Activity against Alcoholic Liver Disease in Mice by Alleviating Mitochondrial Dysfunction. J. Agric. Food Chem. 65 (24), 5000–5009. doi:10.1021/acs.jafc.7b01844
 Xu, L., Nagata, N., and Ota, T. (2019a). Impact of Glucoraphanin-Mediated Activation of Nrf2 on Non-alcoholic Fatty Liver Disease with a Focus on Mitochondrial Dysfunction. Int. J. Mol. Sci. 20 (23), 5920. doi:10.3390/ijms20235920
 Xu, X., Zhu, X. P., Bai, J. Y., Xia, P., Li, Y., Lu, Y., et al. (2019b). Berberine Alleviates Nonalcoholic Fatty Liver Induced by a High-Fat Diet in Mice by Activating SIRT3. FASEB J. 33 (6), 7289–7300. doi:10.1096/fj.201802316R
 Yan, C., Sun, W., Wang, X., Long, J., Liu, X., Feng, Z., et al. (2016). Punicalagin Attenuates Palmitate-Induced Lipotoxicity in HepG2 Cells by Activating the Keap1-Nrf2 Antioxidant Defense System. Mol. Nutr. Food Res. 60 (5), 1139–1149. doi:10.1002/mnfr.201500490
 Yang, G., Jang, J. H., Kim, S. W., Han, S. H., Ma, K. H., Jang, J. K., et al. (2020a). Sweroside Prevents Non-alcoholic Steatohepatitis by Suppressing Activation of the NLRP3 Inflammasome. Int. J. Mol. Sci. 21 (8), 2790. doi:10.3390/ijms21082790
 Yang, Q., Shu, F., Gong, J., Ding, P., Cheng, R., Li, J., et al. (2020b). 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
 Yang, X. X., Wei, J. D., Mu, J. K., Liu, X., Li, F. J., Li, Y. Q., et al. (2019). Mitochondrial Metabolomic Profiling for Elucidating the Alleviating Potential of Polygonatum Kingianum against High-Fat Diet-Induced Nonalcoholic Fatty Liver Disease. World J. Gastroenterol. 25 (43), 6404–6415. doi:10.3748/wjg.v25.i43.6404
 Yogalakshmi, B., Sreeja, S., Geetha, R., Radika, M. K., and Anuradha, C. V. (2013). Grape Seed Proanthocyanidin Rescues Rats from Steatosis: A Comparative and Combination Study with Metformin. J. Lipids 2013, 153897. doi:10.1155/2013/153897
 Younossi, Z. M., Koenig, A. B., Abdelatif, D., Fazel, Y., Henry, L., and Wymer, M. (2016). Global Epidemiology of Nonalcoholic Fatty Liver Disease-Meta-Analytic Assessment of Prevalence, Incidence, and Outcomes. Hepatology 2013 (1), 73–84. doi:10.1002/hep.28431
 Yu, M., Alimujiang, M., Hu, L., Liu, F., Bao, Y., and Yin, J. (2021). Berberine Alleviates Lipid Metabolism Disorders via Inhibition of Mitochondrial Complex I in Gut and Liver. Int. J. Biol. Sci. 17 (7), 1693–1707. doi:10.7150/ijbs.54604
 Zhao, P., Zhao, C., Li, X., Gao, Q., Huang, L., Xiao, P., et al. (2018). The Genus Polygonatum: A Review of Ethnopharmacology, Phytochemistry and Pharmacology. J. Ethnopharmacol. 214, 274–291. doi:10.1016/j.jep.2017.12.006
 Zhao, Q., Liu, J., Deng, H., Ma, R., Liao, J. Y., Liang, H., et al. (2020). Targeting Mitochondria-Located circRNA SCAR Alleviates NASH via Reducing mROS Output. Cell 183 (1), 76–e22. doi:10.1016/j.cell.2020.08.009
 Zhong, S., Fan, Y., Yan, Q., Fan, X., Wu, B., Han, Y., et al. (2017). The Therapeutic Effect of Silymarin in the Treatment of Nonalcoholic Fatty Disease: A Meta-Analysis (PRISMA) of Randomized Control Trials. Medicine (Baltimore) 96 (49), e9061. doi:10.1097/MD.0000000000009061
 Zhou, J., Zhang, Y., Li, S., Zhou, Q., Lu, Y., Shi, J., et al. (2020). Dendrobium Nobile Lindl. Alkaloids-Mediated protection against CCl4-Induced Liver Mitochondrial Oxidative Damage Is Dependent on the Activation of Nrf2 Signaling Pathway. Biomed. Pharmacother. 129, 110351. doi:10.1016/j.biopha.2020.110351
 Zhu, J., Wang, K. Z., and Chu, C. T. (2014). After the Banquet: Mitochondrial Biogenesis, Mitophagy, and Cell Survival. Autophagy 9 (11), 1663–1676. doi:10.4161/auto.24135
 Zou, X., Yan, C., Shi, Y., Cao, K., Xu, J., Wang, X., et al. (2014). Mitochondrial Dysfunction in Obesity-Associated Nonalcoholic Fatty Liver Disease: The Protective Effects of Pomegranate with its Active Component Punicalagin. Antioxid. Redox Signal. 21 (11), 1557–1570. doi:10.1089/ars.2013.5538
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 © 2021 Xu, Shen, Yuan, Jia, Zhang, Wang, Zhang, Liu and Wang. 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.
		REVIEW
published: 05 January 2022
doi: 10.3389/fphar.2021.772435


[image: image2]
Natural Products Targeting Liver X Receptors or Farnesoid X Receptor
Jianglian She1,2, Tanwei Gu3, Xiaoyan Pang1, Yonghong Liu1,2,4, Lan Tang3* and Xuefeng Zhou1,4*
1CAS Key Laboratory of Tropical Marine Bio-resources and Ecology, Guangdong Key Laboratory of Marine Materia Medica, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, China
2College of Earth and Planetary Sciences, University of Chinese Academy of Sciences, Beijing, China
3NMPA Key Laboratory for Research and Evaluation of Drug Metabolism, Guangdong Provincial Key Laboratory of New Drug Screening, School of Pharmaceutical Sciences, Southern Medical University, Guangzhou, China
4Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China
Edited by:
Lei Chen, Guangdong Ocean University, China
Reviewed by:
Prasanna K. Santhekadur, JSS Academy of Higher Education and Research, India
Maria Costa, Universidade Lusófona Research Center for Biosciences & Health Technologies, Portugal
Sheikh Mansoor, Sher-I-Kashmir Institute of Medical Sciences, India
* Correspondence: Lan Tang, tl405@smu.edu.cn; Xuefeng Zhou, xfzhou@scsio.ac.cn
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 08 September 2021
Accepted: 22 November 2021
Published: 05 January 2022
Citation: She J, Gu T, Pang X, Liu Y, Tang L and Zhou X (2022) Natural Products Targeting Liver X Receptors or Farnesoid X Receptor. Front. Pharmacol. 12:772435. doi: 10.3389/fphar.2021.772435

Nuclear receptors (NRs) are a superfamily of transcription factors induced by ligands and also function as integrators of hormonal and nutritional signals. Among NRs, the liver X receptors (LXRs) and farnesoid X receptor (FXR) have been of significance as targets for the treatment of metabolic syndrome-related diseases. In recent years, natural products targeting LXRs and FXR have received remarkable interests as a valuable source of novel ligands encompassing diverse chemical structures and bioactive properties. This review aims to survey natural products, originating from terrestrial plants and microorganisms, marine organisms, and marine-derived microorganisms, which could influence LXRs and FXR. In the recent two decades (2000–2020), 261 natural products were discovered from natural resources such as LXRs/FXR modulators, 109 agonists and 38 antagonists targeting LXRs, and 72 agonists and 55 antagonists targeting FXR. The docking evaluation of desired natural products targeted LXRs/FXR is finally discussed. This comprehensive overview will provide a reference for future study of novel LXRs and FXR agonists and antagonists to target human diseases, and attract an increasing number of professional scholars majoring in pharmacy and biology with more in-depth discussion.
Keywords: natural products, liver X receptor, farnesoid X receptor, docking, agonists, antagonists
1 INTRODUCTION
Nuclear receptors (NRs), a superfamily of transcription factors incorporating a group of 48 members in humans and 49 in mice (Gronemeyer et al., 2004; Zhang et al., 2004), are integrators of hormonal and nutritional signals, mediating changes to metabolic pathways within the body (Calkin and Tontonoz, 2012). NRs comprise seven subfamilies, namely, thyroid hormone receptor-like (NR1), retinoid X receptor-like (NR2), estrogen receptor-like (NR3), nerve growth factor IB-like (NR4), steroidogenic factor-like (NR5), germ cell nuclear factor-like (NR6), miscellaneous (NR0), etc. (Zhang et al., 2020c). From N-terminus to C-terminus, NRs share common structure features and are composed of an activation function-1 (AF-1) domain, a DNA-binding domain (DBD), a ligand-binding domain (LBD), a ligand-dependent activation function-2 (AF-2) domain, as well as a hinge region linking the DBD and the LBD (Figure 1) (El-Gendy et al., 2018). NRs activate or repress genes expression required for virtually all aspects of development, reproduction, cell growth, metabolism, immunity, and inflammation by binding with regulatory regions of target genes and acting in concert with coactivators and corepressors. The activity of a large subgroup of NRs depends on small lipophilic, membrane-permeable ligands binding to the LBD, such as fatty acids, oxysterols, and bile acids, functioning as important regulators and ideal drug targets in metabolic syndrome-related diseases for drug discovery and development (Lonard and O’Malley, 2007; McKenna et al., 2009; Hollman et al., 2012).
[image: Figure 1]FIGURE 1 | The basic structure of nuclear receptor (NR) domains.
Among the representative NRs, the liver X receptors (LXRs) were identified as an orphan nuclear receptor in the mid-1990s (Willy et al., 1995; Niesor et al., 2001) and have two isoforms: LXRα (NR1H3, initially named OR-1) and LXRβ (NR1H2, initially named NER and UR) (Shinar et al., 1994; El-Gendy et al., 2018). In humans, LXRα consists of 447 amino acids and is highly expressed in the liver, whereas LXRβ consists of 460 amino acids and is expressed ubiquitously in most tissues and organs (Apfel et al., 1994; Shinar et al., 1994; Willy et al., 1995; Lu et al., 2001; Chinetti-Gbaguidi and Staels, 2009). Both LXRα and LXRβ form obligate heterodimers with 9-cis retinoic acid receptor RXR (retinoid X receptor, NR2B1), and thus, LXRs/RXR might be activated by ligands for either LXRs or RXR, such as endogenous oxysterols for LXRs, which are considered as “permissive” (Chinetti-Gbaguidi et al., El-Gendy et al., 2018). As cholesterol sensors, LXRs have attracted sustaining attention in participating in the regulation of cholesterol, fatty acid, and glucose metabolism, inflammation, and immunity (Janowski et al., 1996; Jakobsson et al., 2012).
The farnesoid X receptor (FXR, NR1H4) identified in 1995 has been known as a member of NRs and a xenobiotic receptor (Niesor et al., 2001; Wang D. et al., 2018). FXR was originally named on the basis of the observation that farnesol and related derivatives possessed the potency of activating FXR (Calkin and Tontonoz, 2012; Zhang J. et al., 2020). In the subsequent years, a series of natural cholesterol metabolites including bile acids were identified as endogenous ligands, meaning that FXR is more appropriately classified as a nuclear bile acid (BA) receptor (Parks et al., 1999; Zhang T. et al., 2020). In accordance with its function as chief sensor of BA, FXR is most abundantly expressed in the liver, intestine, kidneys, and adrenal glands, thus, playing a pivotal role in the regulation of BA metabolism (Lefebvre et al., 2009; Chen et al., 2011). Furthermore, FXR has also been reported to exhibit the regulatory potential of several other physiological processes such as glucose and lipid metabolism (Forman et al., 1995; Parks et al., 1999). Similarly, FXR also forms obligate heterodimers with 9-cis retinoic acid receptor RXR like LXRs. FXR exists as two types of encoded genes, namely, FXRα and FXRβ, although the latter is a pseudogene. Hence, for the purpose of this review, FXRα will be simplified as FXR (Modica et al., 2010).
Natural products are a promising source for bioactive agents and lead compounds for new drug research (Hiebl et al., 2018; Wang D. et al., 2020), which not only include ethnopharmacologically used compounds from plants or herbals but also terrestrial or marine-derived microbial metabolites (Yang et al., 2014). There are plenty of bioactive components in traditional Chinese medicines (TCMs) that might serve as selective ligands for their respective receptors (Qiu, 2007; Cragg and Newman, 2013; Li et al., 2015). Furthermore, the oceans, with their unique environment and huge biodiversity, have the potential as a plentiful source of diverse natural products accompanying pharmacological activities (Carazo et al., 2019). In comparison with synthetic and combinatorial compounds, natural products display a great structural and chemical diversity (Jones et al., 2006; Shen 2015). Beyond that, they cover a large range of biodiversity and profuse functionality because of the capacity of interacting with multiple proteins or other biological targets (Wink, 2003; Jones et al., 2006; Hiebl et al., 2018).
However, there are two main drawbacks to the development of natural products, one of which is that natural products are often in limited supply. Another limitation is the difficulty of separation of trace active compounds and elucidation of unknown compounds (Yang et al., 2014). To date, several technological advances have helped to overcome the above drawbacks, particularly in the developments of high-performance liquid chromatography–electrospray ionization mass spectrometry (HPLC-ESI-MS) and high-resolution nuclear magnetic resonance (NMR) technologies, facilitating the identification and structure elucidation of unknown compounds (Strege, 1999; Koehn and Carter, 2005). Additionally, advances in other subjects, such as metabolic engineering, microbial cultivation, as well as genetic methods, might solve the supply of natural products and contribute to the development of natural product-derived drugs (Ling et al., 2015; Shen, 2015).
This review focuses on natural products targeting LXRs/FXR in the recent two decades (2000–2020). For a brief background of LXRs/FXR, we refer to several recent reviews and give comprehensive overviews regarding this topic, and the docking evaluation of desired natural products targeting LXRs/FXR is finally discussed.
2 PHYSIOLOGICAL FUNCTIONS OF LIVER X RECEPTORS AND FARNESOID X RECEPTOR
2.1 The role of liver X receptors and farnesoid X receptor in metabolic processes
2.1.1 Cholesterol and lipid metabolism
A stringent control of systemic and cellular cholesterol levels is essential to physiological homeostasis (Bonamassa and Moschetta, 2013; Hong and Tontonoz, 2014). LXRs sense excess cholesterol and trigger various adaptive mechanisms protecting the cells from cholesterol overload. Activation of LXRs results in reverse cholesterol transport (RCT), inhibition of intestinal cholesterol absorption, and suppression of cholesterol synthesis and uptake by the cells (Beltowski, 2008).
ATP-binding cassette transporters A1 (ABCA1) is one of the earliest identified LXR target genes and one of the most highly regulated LXRs targets, required for the ability of LXRs agonists to stimulate cholesterol efflux to apolipoprotein AI (APOAI) (Ishibashi et al., 2013) acceptors. Another transporter ATP-binding cassette transporters G1 (ABCG1) that promotes cholesterol efflux from macrophages is also an LXR target gene (Tarling and Edwards, 2011). RCT is the stimulation of cholesterol removal from the cell, along with transport to the liver, and biliary excretion (Beltowski, 2008). In this process, LXRs upregulate the expression of transporters involved in cholesterol removal from plasma membrane to extracellular acceptors, namely the ABCA1 and ABCG1 (Cavelier et al., 2006), thus, induce cholesterol mobilization from the plasma membrane of nonhepatocyte cell types, cause the formation of high density lipoprotein (HDL) or apolipoproteins, reduce cholesterol expression in the cell membrane, and disrupt lipid rafts formation (Repa et al., 2000; Bradley et al., 2007). LXRs are also involved in the regulation of intracellular cholesterol traffic. LXRs agonists increase the expression of Niemann–Pick C1 (NPC1) and C2 (NPC2) proteins, two carriers mediating transportation from the endosomal compartment to the plasma membrane before efflux, which result in stimulating redistribution of cholesterol from the endosomal compartment to the plasma membrane where it becomes available for efflux to extracellular acceptors (Castrillo et al., 2003; Duval et al., 2006).
In terms of the indispensable interrelation between the intestinal absorption and the regulation of cholesterol levels within the body, LXRs agonists have been verified to stimulate cholesterol recycling from the enterocyte to the intestinal lumen by upregulating ATP-binding cassette transporters G5 (ABCG5) and ATP-binding cassette transporters G8 (ABCG8) (Yu et al., 2003). Additionally, Niemann–Pick C1-like 1 (NPC1L1) protein contained in the apical membranes of enterocytes and attenuated by LXR activation endows a paramount role in intestinal cholesterol absorption (Wang, 2007).
Collectively, cellular and systemic cholesterol homeostasis are maintained by the coordinated actions of sterol-regulatory element-binding proteins (SREBPs) and LXRs. SREBPs are activated in response to low cellular cholesterol levels, whereas LXRs are activated by elevated cholesterol levels (Calkin and Tontonoz, 2012).
FXR activation not only inhibits the uptake and conversion to bile acids of cholesterol, as well as impact the synthesis and excretion of cholesterol, but also promote the expression of hepatic scavenger receptors leading to the enhanced RCT (Neuschwander-Tetri et al., 2015). Growing lines of evidence indicate that FXR activation is an attractive approach for the regulation of lipid homeostasis. FXR-null mice are featured with hypertriglyceridemia, hypercholesterolemia, and growing intestinal cholesterol absorption, in close association with increase in HDL cholesterol and lipoprotein lipase activity, the generation and characterization of which are a breakthrough for uncovering and verifying the importance of FXR action for lipid metabolism (Sinal et al., 2000; Lambert et al., 2003). LXRs regulate the expression of proteins involved in lipid remodeling. The gene cluster of apolipoproteins E, C1, C2, and C4 (APOE, APOC1, APOC2, and APOC4), belonging to LXRs target genes, are implicated in lipid transport and catabolism (Hiebl et al., 2018). Also, FXR has been demonstrated to possess the ability of regulating LXRs-mediated lipogenesis (Han et al., 2016).
2.1.2 Bile acid metabolism
BAs, the end products of cholesterol catabolism in the liver (Fiorucci et al., 2012a), are amphipathic molecules with a steroidal moiety derived from cholesterol (Han et al., 2016). FXR, widely expressing in nonclassical BA target tissues (Wang et al., 2018b), plays a critical role in maintaining BAs homeostasis by controlling their synthesis, transport, and metabolism (Sinal et al., 2000). Take for instance FXR. It protects the liver from the excess BAs by promoting excretion and preventing synthesis and uptake (Jian et al., 2014). Recent researches have demonstrated that BAs-activated FXR decreases BAs de novo synthesis in the liver, increases BAs secretion into the small intestine, promotes BA intestinal reabsorption, and inhibits hepatic basolateral BAs reuptake (Gadaleta et al., 2015).
The classic BA synthetic pathway, initiated by the first and rate-limiting enzyme converting cholesterol into BA, cholesterol 7α-hydroxylase (CYP7A1), is considered as the major BA biosynthetic pathway in humans (Russell, 2003). Likewise, FXR activation induces intestinal epithelial expression of fibroblast growth factor 19 (FGF19, also known as FGF15 in rodents), which suppresses BA synthesis by inhibiting CYP7A1 (Inagaki et al., 2005). FXR primarily controls BA synthesis via activating small heterodimer partner (SHP) to inhibit the expression of LXRs, which further suppresses the transcription of CYP7A1 (De Fabiani et al., 2001). As has been stated, CYP7A1 contains a responsive element for the LXRs/RXR heterodimer, proposing that LXRs also might regulate the BA synthetic pathways to a certain degree (Li et al., 2019).
2.1.3 Glucose metabolism
Given the interdependence of lipid and carbohydrate metabolism, it is not surprising that the LXR signaling has affected glucose homeostasis and insulin sensitivity (Goodwin et al., 2008). Glucose transporter type 4 (GLUT4), an insulin-responsive glucose transporter expressed primarily in adipose tissues and skeletal muscle, is usually inhibited in diabetic patients and diabetic mice models. Several studies have illuminated that the expression of GLUT4 in some mice models could be regulated throughout direct interaction with LXR response elements (LXREs) (Mi et al., 2003; Goodwin et al., 2008). Indeed, phosphoenolpyruvate carboxy kinase (PEPCK) and glucose-6-phosphatase (G6P), involved in hepatic gluconeogenesis, are dramatically inhibited in insulin-resistant rats administrated with LXR agonists, resulting in decreasing hepatic glucose, insulin sensitivity, and plasma glucose (Cao et al., 2003).
Another unanticipated area of intense study that recently arose is that FXR are currently under clinical investigation for the pleiotropic role to manage glucose homeostasis. Activation of hepatic FXR decreases plasma glucose levels, downregulates the gluconeogenic pathway, and alters the transcription, either indirectly or directly, of several genes that govern gluconeogenesis and glycolysis. Nevertheless, the underlying mechanisms involved in glycemic response remain controversial.
2.2 Liver X receptors and farnesoid X receptor as therapeutic target
The fact that LXRs and FXR play a pivotal role in metabolism homeostasis is of relevance for drug research, the functions of which are evidenced in many pathological conditions as illustrated in Figures 2 and 3.
[image: Figure 2]FIGURE 2 | Liver X receptors (LXRs) and related pathological conditions.
[image: Figure 3]FIGURE 3 |  Farnesoid X receptor (FXR) and related pathological conditions.
2.2.1 Diabetic mellitus and obesity
It has been covered that human LXRs genes possess potential connections between obesity and diabetes with the advent of genome-wide association studies (Calkin and Tontonoz, 2012). LXR activation promotes triglyceride (TG) accumulation in skeletal muscle cells, probably through the induction of the expression of lipogenic enzymes. Furthermore, LXR agonist treatment improves glucose tolerance in diet-induced diabetic models, involved in glucose metabolism as a potential approach for the treatment of type 2 diabetes (T2D) characterized by high-blood glucose and insulin resistance (Huang, 2014).
The observation that FXR activation results in insulin substrate receptor 1 (IRS-1) phosphorylation on the tyrosine residues in the liver and adipose tissue manifests a prospect application of FXR agonists for the management of patients with insulin resistance to improve insulin sensitivity, indicating that FXR agonists are suitable for T2D (Gadaleta et al., 2015; Han et al., 2016). Intestinal activation of FXR reduces diet-induced weight gain, hepatic glucose production, and steatosis. Meanwhile, it strongly stimulates FGF19 expression in the intestine, reverses high fat-induced diabetes, and enhances the metabolic rate while decreasing adiposity (Cave et al., 2016).
2.2.2 Cancer
LXRs inhibit the proliferation of multiple cancer cell lines from the liver, lung, skin melanoma, prostate, breast, cervical, epidermis, bone, and squamous carcinoma, as well as leukemia T cells (El-Gendy et al., 2018). LXR ligands have shown antiproliferative effects on different cancer cell types, altogether suggesting a ubiquitous and global effect of LXRs on proliferation and apoptosis, not only on cells with a tumor origin (Jakobsson et al., 2012; Boussac et al., 2013).
According to accumulating bibliographic data, FXR may prevent intestinal and hepatocellular tumorigenesis (Gadaleta et al., 2015; Masaoutis and Theocharis, 2018). Emerging evidence supports that FXR seems to possess various antioncogenic and less common prooncogenic attributes. In the case of the pancreas, elevated FXR expression seems to impart better prognosis to adenocarcinoma. In the case of breast cancer, immunohistochemical FXR positivity is also an independent favorable prognostic factor (Masaoutis and Theocharis, 2018).
2.2.3 Inflammation and immunity
Both LXRα and LXRβ are involved in regulating inflammatory responses since they are expressed in a variety of immune cells, and are involved in innate and adaptive immunity and inflammatory responses (Hong and Tontonoz 2008), the activation of which inhibit proinflammatory cytokine production in macrophages derived from wild-type mice rather than from LXRα- and LXRβ-knockout mice (Cave et al., 2016). Moreover, FXR is downregulated in a variety of disease states accompanying inflammation, such as fibrosis, cirrhosis, cardiovascular inflammatory, and cancer (Han et al., 2016). For the therapy of nonalcoholic steatohepatitis (NASH), chronic hepatitis B virus (HBV) infection (Wang et al., 2018c), and inflammatory bowel disease (IBD), FXR has provided a novel target.
Most of the studies conducted to find LXR modulators possessing therapeutic utility have been directed toward LXR agonists. However, the elevation of plasma TG and hepatic steatosis caused by LXRs in the liver, as a major drawback, has impeded its development into commercial drugs. To overcome this undesirable effect, new strategies have been put forward such as developing inverse agonists, LXRβ-selective agonists, and tissue-selective agonists (El-Gendy et al., 2018).
Based on emerging evidence that FXR activation by agonists treatment has a beneficial effect on the treatment of various diseases in animal models, some FXR agonists have been imported into clinical studies for its value as medicinal drugs (Han et al., 2016). At present, some FXR ligands impacted in cholestasis, T2D and metabolic syndrome, nonalcoholic fatty liver disease (NAFLD) or NASH, and primary BA diarrhea are measured in phases I and II clinical trials. Although there is therapeutic benefit of FXR ligands, the risks of various ligands, particularly on the intestines or kidneys, require profound investigation and cautious consideration (Hollman et al., 2012).
3 NATURAL PRODUCTS TARGETING LIVER X RECEPTORS
In this section, natural products regulating LXRs expression in different models are outlined. We categorized and summarized these natural products in Supplementary Tables S1 and S2.
3.1 Natural agonists targeting liver X receptors
Oxysterols, oxygenated derivatives of cholesterol, have been identified as the endogenous agonists of LXRs, including 22R-hydroxycholesterol, 24S,25-epoxycholesterol, 24S-hydroxycholesterol (Janowski et al., 1996; Forman et al., 1997; Lehmann et al., 1997; Huang, 2014), 20S-hydroxycholesterol, 25-hydroxycholesterol, and 27-hydroxycholesterol (Huang, 2014; Schroepfer et al., 2000). These oxysterols possess the ability of activating both LXRα and LXRβ. Interestingly, an endogenous ligand, 5α,6α-epoxycholesterol (Janowski et al., 1996, Lehmann et al., 1997; Hiebl et al., 2018) could act as either agonist, inverse agonist, or antagonist depending on the setting. In this review, these endogenous active ingredients are not listed as natural products targeting LXRs.
3.1.1 Terpenes
Geraniol (1), a major constituent of essential oils from aromatic plants, including Cinnamomum tenuipilum Kosterm (Lauraceae), Valeriana officinalis L. (Caprifoliaceae), and Panax notoginseng (Burk.) F.H. Chen, leads to the activation of LXRα and FXR, as assessed in the hyperlipidemic rats, which induced significant and dose-dependent decrease of serum total cholesterol (TC), TG, and low-density lipoprotein cholesterol in hyperlipidemic rats (Ji and Gong, 2007; Galle et al., 2015; Lei et al., 2019). Cineole (2), also named cajeputol, is a monoterpene and a principal constituent of Mentha longifolia (L.) L., most eucalyptus oils, teas, rosemary, Psidium, and many other essential oils. Treatment with 2 induced remarkable increase in target genes associated with LXRs. It displayed decreased cellular lipid accumulation and reduced cholesterol levels, as evaluated via Oil Red O lipid staining and cholesterol quantification, suggesting practical implications for the development of hypercholesterolemia and atherosclerosis because it not only reduced cholesterol accumulation but also prevented the potential side-effect hepatic steatosis (Jun et al., 2013). Triterpene squalene (3), obtained from dried biomass of Schizochytrium mangrovei PQ6, was presented in nutrition, health care, cosmetics, and medicine. A recent study revealed that 3 significantly regulated target genes associated with RCT via stimulating the transactivation of LXRα/β, further confirmed as a potent pharmaceutical agent for the treatment of atherosclerosis and hypercholesterolemia, and the prevention of the potential side effect of hepatic steatosis as well (Hien et al., 2017).
A pterosin sesquiterpenoid named (2R,3S)-5-hydroxymethylpterosin C (4), isolated from the traditional medicinal plant Pteris cretica L., activated LXRα/β in murine 3T3-L1 adipocytes, and exhibited lipid-lowering effect (Luo et al., 2016). Three diterpenes DTP 1 (5), DTP 3 (6), and DTP 5 (7), widespread in plants and insects, are active compounds from traditional folk medicine Scoparia dulcis L. for the treatment of inflammation and cancer (Cuadrado et al., 2011; Hu et al., 2018). In RAW cells, gene expression analysis demonstrated that 5–7 could activate either LXRα or LXRβ. Moreover, 5–7 strongly induced the expression of established LXR target genes in macrophages and promoted macrophage cholesterol efflux (Traves et al., 2007).
Two new lanostanoid triterpenes, (3β, 24Z)-3,27-dihydroxy-lanosta-8, 24-dien-1-one (8) and (3β, 23S)-3,23-dihydroxy-7,9(11),24-lanostane-triene (9), from the fungus Rigidoporus microporus collected in the rubber tree, activated both LXRα and LXRβ. More detailed data revealed that 8 and 9 were dual LXRα/β agonists at 10 µM using a luciferase reporter assay in HEK293T cells (Rincón et al., 2020). TCM plant Gynostemma pentaphyllum (Thunb.) Makino has been consumed as tea for numerous beneficial effects, for instance, to treat cough and chronic bronchitis. Gynosaponin TR1 (10), from the aerial parts of G. pentaphyllum (Thunb.) Makino, selectively enhanced LXR-mediated transcription activation in HEK293 cells as an LXRα agonist. Notably, 10 possessed higher selectivity for LXRα than LXRβ (Ky et al., 2010; Zhang Y. et al., 2020). Two terpenes, (−)-acanthoic acid (11) isolated from Rollinia pittieri Saff. and R. exsucca (DC.) A.DC., along with polycarpol (12) isolated from Unonopsis glaucopetala R.E.Fr. and Minquartia guianensis Aubl., showed potent binding affinity for LXRα with IC50 of 0.25 and 0.12 µM, respectively. Amazingly, 11 and 12 seemed to be the better LXRα agonists than natural oxysterols, such as 22R-hydroxycholesterol and 24S,25-epoxycholesterol (Jayasuriya et al., 2005). Paeonia lactiflora Pall. is mainly found in Taiwan and frequently used for the treatment of inflammation, hyperlipidemia, and hyperglycemia, a vital natural monoterpene, which is paeoniflorin (13). In a study using mammalian one-hybrid assay with the specificity for LXRα transactivation, 13 transactivated LXRα at 10 mM and was further confirmed as a LXRα agonist (Lin H.-R., 2013).
Ganoderma capense has been documented to possess various pharmacological activities, including defending malignant tumors and hepatitis. Ganocalidin A (14), from the fruiting bodies of G. capense, could increase LXRα and reduced lipid accumulation as an LXRα agonist (Liao et al., 2019). Ganoboninone E (15) and ganoboninketals A-C (16–18), dominating compounds of the fruiting bodies of G. boninense, exhibited remarkable agonistic activity to the transactivation of LXRβ (Ma et al., 2015; Abdullah et al., 2020). Tripterygium wilfordii Hook. f. has been used as a traditional medicine for multiple pharmacological activities, including anticancer and anti-inflammatory effects. A major ingredient triptolide (19) from T. wilfordii Hook. f., influenced either LXRα or FXR through increasing the LXRα protein expression and suppressing FXR protein expression simultaneously, while the clinical application of 19 is greatly constrained by hepatotoxicity (Jiang et al., 2016; Zou et al., 2020).
[image: ] | 
Tirotundin (20) and tagitinin A (21) from Tithonia diversifolia (Hemsl.) A. Gray, which are used to treat diabetes and hepatoprotection, also act as LXRα/β and FXR agonists (Lin HR., 2013). Platycodin D (22), a triterpene saponin from Platycodon grandiflorum (Jacq.) A.DC., suppressed the generation of proinflammatory cytokine and subsequently inhibited LPS-induced inflammatory response, due to the upregulation of LXRα expression, which is considered as a potential therapeutic drug for mastitis. It exhibited that 22 was capable of attenuating NL-induced inflammatory response in osteoarthritis chondrocyte via LXRα activation (Qu et al., 2016; Wang L. et al., 2017). Saikosaponin A (23), a well-known bioactive component of Radix bupleuri, induced cholesterol efflux from lipid rafts through LXRα–ABCA1 signaling pathway, and knockdown of LXRα led to the abrogation of the antiinflammatory effect of 23, suggesting a potency of attenuating oxidative and inflammatory responses (Fu et al., 2015). Viperidone (24), a major ingredient of Leptocereus quadricostatus (Bello) Britton & Rose, selectively activated LXRα, and its derivatives also owned the same activity (Jayasuriya et al., 2005; Komati et al., 2017).
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A highly valued TCM Panax ginseng C.A.Mey. possesses the efficacy of promoting blood circulation and accelerating metabolism and digestion. A ginsenoside, 25-OCH3-PPD (25) from P. ginseng C.A.Mey., proved to ameliorate P2X7 receptor-mediated NLRP3 (nucleotide-binding oligomerization domain, leucine-rich repeat, and pyrin domain-containing 3) inflammasome and hepatic fibrosis through inducing LXRα/β pathway in the development of thioacetamide-stimulated hepatic fibrosis mice (Han et al., 2018). Another study indicated that ginsenosides play an important role in cholesterol metabolism since ginsenosides Ro (26), Rg3 (27), Re (28), Rg1 (29), and Rg2 (30) increased LXRα mRNA levels, followed by the upregulation of CYP7A (Kawase et al., 2012). P. notoginseng (Burk.) F.H. Chen has been used as a natural remedy in traditional medicine for the treatment of cardiovascular diseases. Terpenes from P. notoginseng (Burk.) F.H. Chen, notoginsenoside R1 (31) (Jia et al., 2010; Fan et al., 2012) and ginsenoside CK (32) (Zhang et al., 2020c), could significantly upregulate LXRα functioning as LXRα agonists.
3.1.2 Flavonoids
Cyanidin (33), a very widely distributed flavonoid present in fruits and vegetables, possesses the function of regulating cellular lipid metabolism. It was reported that 33 accelerated LXRα and LXRβ transactivation and induced the recruitment of coactivator peptide with EC50 3.5 and 125.2 μM, respectively. Meanwhile, surface plasmon resonance (SPR) assay demonstrated that 33 directly associated with both LXRα/β with the dissociation equilibrium constant (KD) of 33 to LXRα at 2.16 μM and LXRβ at 73.2 μM, respectively (Jia et al., 2013). Another common flavonoid, hesperetin (34), increased ABCA1 promoter and LXRα enhancer activities, indicating the function of promoting cholesterol efflux (Iio et al., 2012a). Chrysin (35), present in honey, propolis, and plant extracts, significantly enhanced cholesterol efflux and promoted the mRNA level of a set of nuclear receptors including PPAR (peroxisome proliferator-activated receptor) γ, LXRα, ABCA1, and ABCG1 via upregulating the classical PPARγ–LXRα–ABCA1/ABCG1 pathway (Wang et al., 2015). Daidzein (36), widely existing in soybeans, is an indirect modifier of LXRs as it reduced the expression of SREBP-1c through suppressing LXRα, whereas it increased the expression of ABCG8 via activating LXRβ indirectly. Another bioactive flavonoid genistein (37) present in soybeans also was reported to inhibit LXRα activation induced by a synthetic agonist T0901317 while stimulating LXRβ activation. Besides, 37 might prevent NAFLD via the regulation of visceral adipocyte metabolism and adipocytokines (Kim et al., 2010; Gonzalez-Granillo et al., 2012). Naringenin (38), widespread in grapefruits, oranges, and tomatoes, acts as a modulator of LXRα activity. It activated and upregulated LXRα and associated target genes in an AMPK (adenosine 5′-monophosphate-activated protein kinase)-dependent manner, further preventing the deterioration of atherosclerosis and foam cell progression (Wolkow et al., 2010; Saenz et al., 2018). Persimmon tannin is isolated from Diospyros kaki L., also known as proanthocyanidins. In a recent study using high-cholesterol diet mice model, persimmon tannin stimulated the expressions of LXRα, PPARα, and PPARγ, and simultaneously, it promoted their associated downstream gene expressions, further accelerating macrophage reverse cholesterol transport (Ge et al., 2017).
Quercetin (39), the pivotal aglycone in Medicago sativa L., elevated protein levels of LXRα and PPARγ in THP-1cells. Additionally, it increased cholesterol efflux from THP-1 macrophages and lowered the risk of atherosclerosis. A marked antihepatitis C virus (HCV) activity was exhibited by 39 in replicon-containing cells when combined with interferon α, appearing to be an effective inhibitor of HCV replication (Lee et al., 2013; Pisonero-Vaquero et al., 2014; Ren et al., 2018). Iristectorigenin B (40) derived from Belamcanda chinensis, used as a traditional medicine in East Asia for its inflammation property, increased ABCA1 and ABCG1 gene expression function as an agonist for both LXRα and LXRβ significantly. It also stimulated cholesterol efflux in macrophages without inducing hepatic steatosis, providing insights for treating hypercholesterolemia and atherosclerosis (Jun et al., 2012). A flavonoid that is very widespread in food plants like Phaseolus vulgaris L. and in medicinal plants like Cornus alternifolia L. f. (Cornaceae) is kaempferol-3-O-β-D-glucopyranoside (41), as an LXRα/β dual agonist. It exhibited potent LXRα/β agonistic activity with EC50 values of 1.8 μM (Dong et al., 2007; He et al., 2012). Interestingly, its aglycone kaempferol (42) selectively activated LXRβ, further suppressing SREBP-1 to regulate metabolic syndrome (Hoang et al., 2015). Formononetin (43), an isoflavone constituent from Brazilian red propolis, enhanced LXR transcription and promoted ABCG1 activity in THP-1 macrophages, indicating agonistic function of both LXRα and LXRβ (Daugsch et al., 2008; Iio et al., 2012b). Nelumbo nucifera Gaertn., usually regarded as tea in Japan, has been used in traditional medicine; the leaves of Nelumbo nucifera Gaertn. contains quercetin glycosides, especially quercetin-3-O-glucuronide (44). It was proven to increase ABCA1 expression via activating LXRα, providing a potential direction on arteriosclerosis prevention (Ohara et al., 2013). Rhus verniciflua Stokes is used in TCM for the therapy of gastritis, stomach cancer, and atherosclerosis. One of the effective compounds, butein (45), increased CYP7A1 luciferase activity in AML 12 cells via activating LXRα dependently and upregulating the transcriptional expression level of LXRα, which was borne out using the knockdown of LXRα (Jeong et al., 2015). Scutellarein (46), widely found in Erigeron breviscapus (vant.), is a traditional agent for the treatment of inflammation and obesity. Cholesterol output was reduced by 46 by activating the PPARγ–LXRα–ABCA1 pathway, suggesting a potential function in the cholesterol metabolism. Beyond that, treatment with 46 attenuated high-fat diet (HFD)-induced obesity and the associated diseases as it reduced the body weight, inflammatory state, and visceral index as well as improved hyperlipidemia and hepatic dysfunction in C57 mice fed on the HFD-developed obesity (Lin et al., 2019). Puerarin (47), obtained from Radix Pueraria or Pueraria lobate, attenuated acute lung injury via activating LXRα and suppressed LPS-induced inflammatory response (Li et al., 2017; Wang et al., 2018d). Isoliquiritigenin (48), isolated from Glycyrrhizae species, could promote the activation of LXRα and repressed LXRα-dependent hepatic steatosis, further protecting hepatocytes against oxidative injury inflicted caused by fat accumulation (Kim YM. et al., 2010).
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The n-butanol fraction isolated from Zanthoxylum bungeanum Maxim., widespread in China as an edible aroma and a traditional medicine, mainly including rutin (49) and hyperin (50), was demonstrated to regulate the lipid metabolism in apolipoprotein E knockout mice via promoting the expression of genes involved in RCT, such as CYP27A1, LXRα, and ABCG1 (Wu et al., 2015). SPF1 (51) and SPF2 (52), two flavonoids derived from the root of Sophora tonkinensis Gagnep. induced the ABCA1 protein in RAW264.7 cells. A more detailed investigation revealed their neuroprotective effect by activating RXR/LXRs heterodimers as a novel approach to the treatment or prevention of Alzheimer’s disease (Inoue et al., 2014; Wang et al., 2019). A recent study using APOE−/− mice model, kuwanon G (53) isolated from the root bark of Morus alba L., significantly decreased intracellular lipid accumulation as well as inflammatory cytokines through activating the LXRα–ABCA1/ABCG1 pathway, which upregulated cholesterol efflux-related proteins, ABCA1 and ABCG1, in an LXRα-dependent way (Liu et al., 2018).
3.1.3 Alkaloids
Tetramethylpyrazine (54), an alkaloid diffusely widespread in foods like fermented Japanese food natto and Chinese black vinegar, also present in medicinal plant like Ligusticum chuanxiong, could directly regulate the expression of PPAR and LXRα gene by elevating the PPARγ–LXRα–ABCA1 pathway, indicating its potency of improving lipid profiles. In a small cohort of patients with pulmonary arterial hypertension or chronic thromboembolic pulmonary, the therapeutic effects of 54 were accompanied by inhibition of intracellular calcium homeostasis in rat distal pulmonary arterial smooth muscle cells as a novel and inexpensive medication for the treatment of pulmonary hypertension (Chen J. et al., 2017; Chen et al., 2020). Leonurine (55) present in Herba leonuri is traditionally used for therapy of gynecological disorders, dysmenorrhea, and menstrual disorders. In a study using Oil Red O staining and liquid scintillation counting assay, 55 mediated cholesterol efflux by promoting ABCA1/G1 induced by PPAR and LXRα, which inhibited lipid accumulation in THP-1 macrophage-derived foam cells via the PPAR and LXRα pathway (Jiang et al., 2017).
A fungus, Penicillium paxilli metabolite paxilline (56), was reported as an LXRα/β dual agonist. It activated LXRα and LXRβ with equivalent potency in HEK293 cells, subsequently leading to the expression of ABCA1 and SREBP (Bramlett et al., 2003). Oxepinamides D–G (57–60), four novel oxepin-containing pyrimidines derived from Aspergillus puniceus F02Z-1744, were revealed as LXRα selective agonists for their agonistic function of LXRα in chimeric receptor reporter gene assay with the EC50 values of 10.6, 12.8, 13.6, and 12.1 μM, respectively (Lu et al., 2011). Oxepinamides H–K (61–64) and four 4-quinazolinone alkaloids, puniceloids A–D (65–68) were obtained from the deep-sea fungus A. puniceus SCSIO z021. Compounds 61–68 remarkably activated LXRα with EC50 values of 1.7–50 μM, with 67 and 68 exhibiting the most potency (Liang et al., 2019). Scequinadoline D (69), an alkaloid derived from the marine fungus Scedosporium apiospermum F41-1, stimulated the mRNA expression of a series target genes, such as LXRα and PPARγ. It was found to facilitate TG accumulation with EC50 values of 0.27 ± 0.03 μM as a potent insulin sensitizer targeting adipocytes and a promising potential for the treatment of T2D (Li CJ. et al., 2020).
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3.1.4 Steroids
Phytosterols, including β-sitosterol (70), campesterol (71), sitostanol (72), and YT-32 (73), are equivalent of mammalian cholesterols. Treatment with 70–73 increased the expression of LXRα/β target genes, further supporting subsequent research in intestinal cells (Komati et al., 2017). Two steroids, 24S-stigmast-5-ene-3β,24-ols (74) derived from Ficus pumila L. and 24S-stigmast-5,28-diene-3β,24-ols (75) isolated from genus Sargassum were proved to be selectively LXRβ agonists via luciferase assay with GAL-4 chimeric receptors. Meaningfully, their isomers also promoted the expression of LXR target genes, such as ABCA1 and SREBP1c, serving as LXR positive modulators (Castro Navas et al., 2018).
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There have been several marine-derived steroids reported as ligands of LXRs. Fucosterol (76), a steroid widespread in marine algae, could promote the transactivation of both LXRα (+155% at 200 μM) and LXRβ (+83% at 200 μM) serving as an LXRα/β dual agonist, further indicating nutritional implications in hypercholesterolemia and atherosclerosis (Hoang et al., 2012a). 24S-Saringosterol (77) (maybe same as 75) from an edible seaweed Sargassum fusiforme, promoted the transactivation of LXRα/β, and stimulated LXRβ by 14.4-fold, higher than LXRα by 3.8-fold, acting as a selective LXRβ agonist, the discovery of which also further confirmed that phytosterols in Sargassum fusiforme contributed to the well-known antiarteriosclerosis. Beyond that, 77 was in the observed effects on cognition and Aβ plaque load as an attractive option for the treatment of neurodegenerative disorders such as AD (Chen P. et al., 2014; Bogie et al., 2019; Hannan et al., 2020). Present in marine fish and plant roots is 4-Cholesten-3-one (78), but it is also found in a red marine alga Laurencia papillosa. Compound 78 at 12.5 μM resulted in a remarkable enhancement of the mRNA expression of LXRβ as well as its associated target genes compared with untreated cells in monocytic cell line THP-1. To confirm this effect, LXRs inverse agonist and LXRβ knockdown were employed, which resulted in the neutralization. Further study showed that 78 decreased the viability of two breast cancer cell lines, namely MCF-7 and MDA-MB-231, exerting promising antibreast cancer activity by altering LXRs-dependent lipid metabolism in breast cancer cells without increasing lipogenesis (Elia et al., 2019). Gorgostane-3β,9α,5α,6β,11α-tetrol (79) and gorgost-5-ene-3β,9α,11α-triol (80) isolated from the Plexaura species possessed a better affinity with LXRα than LXRβ with EC50 values of 0.45 and 0.05 μM (Jayasuriya et al., 2005).
3.1.5 Phenol derivatives
Ethyl 2,4,6-trihydroxybenzoate (81, ETB) was derived from Celtis biondii Pamp., which is traditionally used in the therapy of cardiovascular disease. In a reporter gene assay by time-resolved fluorescence resonance energy transfer as well as SPR analysis, ETB (81) suppressed cellular cholesterol accumulation via activating LXRα/β-responsive transcriptional genes as a LXRα/β dual agonist (Hoang et al., 2012b). Paeonol (82), a phenol present in Paeonia suffruticosa, is significantly beneficial for various inflammatory diseases, especially atherosclerosis. Treatment with 82 markedly attenuated cholesterol accumulation and suppressed the formation of foam cells in macrophages and APOE−/− mice as it activated LXRα to promote LXRα-ABCA1-dependent cholesterol efflux, providing a novel explanation for the antiatherogenic action of 82 (Zhao et al., 2013). Resveratrol (83), widespread in red wine, berries, and peanuts, elevated LXRα together with the mRNA levels of associated target genes such as ABCA1 and ABCG1. A more detailed investigation revealed that ABCA1-mediated cholesterol efflux and intracellular cholesterol could be mediated by 83 via the PPARγ/LXRα pathway. Pathologic analysis of treatment with 83 (30 mg/kg/day) in HBVX protein transgenic mice showed a therapeutic effect on HBVX protein-induced fatty liver and the early stages of liver damage, considering it as a potential preventive agent for HBV-associated hepatocellular carcinoma (Sevov et al., 2006; Voloshyna et al., 2013). Danshensu (84), rosmarinic acid (85), salvianolic acid A (86), and salvianolic acid B (87), bioactive compounds present in Salvia miltiorrhiza Bunge used for the therapy of angina pectoris, myocardial infarction, and stroke, functioned as LXRα/FXR dual agonists via the transactivation assays and improved the lipid profiles in hyperlipidemic rats (Ji and Gong, 2008; Li et al., 2015). Methyl gallate (88) and ethyl gallate (89) were isolated from Talisia nervosa Radlk, widespread in the tropical moist and wet forest. The evaluation of LXRα transcriptional activity showed that 88 and 89 were 3.16- and 2.62-fold activation of LXRα at a concentration of 100 µg/ml, indicating their potential utility against metabolic syndrome (Vásqueza et al., 2019).
Riccardin C (90), a natural cyclic bibenzyl derivative found in Blasia pusilla L. and Reboulia hemisphaerica, interacts with LXRα as an agonist. 90 resulted in a 15-fold increase of the transactivation of the reporter gene at 30 μM. Moreover, the coactivator association and receptor-mediated transactivation assay demonstrated 90 as an LXRβ antagonist through its competition with the synthetic agonist TO-1317 (Tamehiro et al., 2005; Asakawa, 2008; Harada et al., 2013). Several natural ligands isolated from plant resin have also shown activities towards LXRs. For an instance, podocarpic acid (91), and its derivatives podocarpic acid imide (92), podocarpic acid anhydride (93), and podocarpic acid anhydride acetate (94), bound to both LXRα and LXRβ at 1–2 nM serving as LXRα/β dual agonists. Especially for 91, it was over eight-to 10-fold better at activation of LXRs compared with a natural LXRs agonist 22(R)-hydroxycholesterol (Singh et al., 2005; Komati et al., 2017).
The described biological activities of sesamol (95) found in sesame oil of Sesamum indicum L. mainly include antiinflammatory and antioxidative effects, protecting against hypertension, atherosclerosis, and aging. In a study using pGL3-TK-PPRE-X3-luciferase reporter assay, 95 prominently enhanced LXRα transcriptional activity for 2.6-fold at 100 μM (Periasamy et al., 2013; Majdalawieh and Ro, 2014). Magnolol (96), a natural lignin isolated from Magnolia officinalis Rehder & E.H.Wilson, has proved to activate LXRs and PPARγ target genes and inhibit the NF-κB (nuclear factor kappa-B) and mRNA expression of inflammatory cytokines under Aβ incubation in vitro studies to attenuate Aβ-induced AD (Xie et al., 2020). Honokiol (97), another lignin from M. officinalis Rehder & E.H.Wilson, activated LXRs transcriptional activity and increased its downstream gene ABCA1 expression. Interestingly, it also functions as a dual activator of LXRs/RXR heterodimer (Jung et al., 2010; Xie et al., 2020). Herniarin (98) is a 7-methoxycoumarin derivative found in the aerial part of Artemisia dracunculus L., which is traditionally used to alleviate the symptomatic pain of spasmodic colitis. A detailed research indicated that 98 could upregulate LXRα/β to inhibit the development of breast cancer in Sprague–Dawley rats (Talbi et al., 2016; Pattanayak and Bose, 2019).
Emodin (99) is widespread in the TCM such as Rheum officinale Baill., R. palmatum L., and Polygonam cuspidatum, with its biological activities that range from cardioprotective to antioxidant, anticancer, antibacterial, antifibrotic, and anti-inflammatory effects. Emodin (99) promoted cholesterol efflux from differentiated THP1 macrophages through activating the PPARγ/LXRs/ABCA1/ABCG1 signaling pathway. It prevented atherosclerosis in ApoE−/− mouse model, and in vitro evidence supported this effect commendably, highlighting the therapeutic potential in atherosclerosis (Luo et al., 2021). Six new octulosonic acid derivatives were obtained from the flower heads of Chamaemelum nobile L., while 100 and 101 among them exhibited an increase in LXRα activity at 30 μM (Zhao et al., 2014).
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Our previous study revealed eight new ene-yne hydroquinones derived from marine fungus Pestalotiopsis neglecta SCSIO41403, one of them, pestalotioquinoside C (102), functioning as a potential LXRα agonist via upregulating the mRNA level of the target gene ABCA1. Using SPR assay, 102 interacted with LXRα dose-dependently with the KD of 50.0 μM (Wang F. et al., 2020). Further study discovered pestalotiochromones A (103) as a potential LXRs agonist, remarkably upregulated LXRβ and downstream gene ABCA1. Moreover, 103 combined well with LXRα in a dose-dependent manner, the kinetic curves of which resembled those of the potent LXRs agonist GW3965 for binding with LXRα, with KD of 6.2 μM (Liang et al., 2021).
3.1.6 Others
Betaine (104), a natural trimethyl glycine in common foods, including wheat products, spinach, pretzels, and shrimp, has been used for the therapy of NAFLD via upregulating hepatic expression of LXRα and PPARα, along with attenuating the changes in their associated target genes in fructose-induced rat models. 101 also ameliorated hepatic lipid accumulation, gluconeogenesis, and inflammation through a battery of determinations, further confirming potential mechanisms involved in the treatment of NAFLD (Ge et al., 2016; Chen Q. et al., 2017). Allicin (105) is an essential ingredient of garlic, responsible for its favor, and its pharmacological activities range from anti-inflammatory to antioxidative stress and antihypertensive activities. 105 has also been confirmed to attenuate inflammation via increasing the expression of LXRα in a dose-dependent manner (Zhang et al., 2017). Taurine (106), known as 2-aminoethanesulfonic acid is synthesized in the liver to a small extent, which is also isolated from seafood. Macrophage cells incubated with 106 inhibited cholesterol accumulation and regulated genes expression involved in RCT as an LXRα agonist (Hoang et al., 2012c).
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5-Hydroxy-3-methoxy-5-methyl-4-bu-tylfuran-2(5H)-one (107), obtained from marine-derived fungus Setosphaeria sp. SCSIO41009, was reported as an LXRα agonist. It decreased ox-low-density lipoprotein-induced lipid accumulation and possessed a greater TG-lowering effect than the positive control T0901317 through targeting LXRα. Taken together, 107 displayed a weak cytotoxicity but had a powerful TC-lowering effect most likely through targeting PPARα, and it exhibited a potential application for the treatment of dyslipidemia (Li et al., 2020b). Setosphapyrone C (108) and D (109) derived from the same fungus, enhanced LXRα/ABC pathways to achieve a lipid-lowering effect, possessing potential application for the treatment of hyperlipidemia (Li et al., 2020c).
In addition, total jiaogulan saponins isolated from Gynostemma pentaphyllum were proven to upregulate LXRα and a series of target genes to increase BA and cholesterol excretions (Liu et al., 2016).
3.2 Natural antagonists targeting liver X receptors
Polyunsaturated fatty acids (PUFAs) are the dominating source of endogenous LXR antagonists, especially for arachidonic acid identified as a dual antagonist as interacting directly with LXRα and LXRβ, which also could be isolated from traditional medicine Acanthopanax koreanum Nakai. (Yoshikawa et al., 2002; Kuang et al., 2012). Prostaglandin F2α, one of the essential metabolites of compound arachidonic acid, has also been verified as a dual antagonist. Notably, prostaglandin F2α could function as an LXRs/RXR heterodimer antagonist (Zhuang et al., 2013). In addition, endogenous antagonist ursodeoxycholic acid, a key secondary BA, has been substantiated to inhibit LXRα-induced lipogenic gene expression as a negative modulator of LXRα signaling (Lee et al., 2014).
3.2.1 Terpenes
Iridoid (110) functions as a predominant compound of Valeriana jatamansi Jones. It has been shown that treatment with 110 resulted in the decrease of lipid biochemical indexes in hyperlipidemic rats by decreasing the expressions of SREBP-1c and LXRα (Zhu et al., 2016). Lucidone (111), a natural occurring terpene derivative present in a folk medicine Lindera erythrocarpa Makino, has been found to inhibit adipogenesis in 3T3-L1 cells by decreasing adipogenic genes transcription levels, including LXRα, indicating that it is a nutraceutical to guard against obesity and subsequent metabolic disorders (Hsieh and Wang 2013; Wong et al., 2014). Two sesquiterpenoids named paraconiothins C (112) and I (113), isolated from the endophytic fungus Paraconiothyrium brasiliense ECN258, were proven to inhibit LXRα at 50 μM (Nakashima et al., 2019).
Ursolic acid (114) is a common pentacyclic triterpenoid in many plants, such as Cornus officinalis Siebold & Zucc., and the described pharmacological activities range from anticancer to antioxidant, antiangiogenic, anti-inflammatory, immunoregulatory, hypolipidemic, and hepatoprotective effects. It was demonstrated to be an LXRα antagonist and displays efficacy in treating NAFLD as it significantly decreased TC accumulation and induced steatosis at 20 μM through modulation of LXRα, transcription factor SREBP-1c, and a battery of downstream target genes (Lin et al., 2018). Potentilla chinensis Ser. found in oriental countries, has been traditionally used in the therapy of immune disorders and liver diseases. Asiatic acid (115), a pivotal constituent isolated from P. chinensis Ser., significantly regulated the key factors associated with lipid metabolism including SREBP-1c and LXRα to restrain the production of hepatocyte lipogenesis. A further study elucidated that 115 effectively alleviated hepatic steatosis and hepatocyte damage, attributed to its ability to alleviate oxidative stress, recruit the antioxidative defense system, inhibit the NF-κB pathway, alleviate hepatocyte apoptosis, and lipid metabolism disorder and, thereby, for the treatment of NAFLD (Wang et al., 2018a). A clerodane diterpenoid borapetoside E (116), derived from Tinospora crispa (L.) Hook. f. & Thomson, which is used in traditional medicine for the therapy of diabetes and other diseases, suppressed the mRNA expressions of SREBP and LXRα in the liver, serving a potential therapy for diet-induced T2D. It improved hyperglycemia and oral glucose tolerance, promoted insulin signaling, improved insulin resistance, and improved lipid levels, etc., in high-fat diet-induced obese mice, these beneficial effects in vivo further demonstrated the promising therapy (Xu W. et al., 2017). A TCM Panax ginseng C. A. Meyer has been regarded as a panacea for centuries in the treatment of various diseases such as metabolic disorders. 20S-Protopanaxatriol (117) is present in the root of this plant encompassing antiinflammatory and antioxidative stress bioactive activities. A synthetic agonist T0901317-dependent LXRα target genes and T0901317-induced TG accumulation were inhibited by 117 in primary hepatocytes, further suggesting it as a potential antilipogenic agent to treat NAFLD (Oh et al., 2015a).
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3.2.2 Flavonoids
Luteolin (118), occurring in a broad range of vegetables, fruits, and grains like carrots, peppers, celery, parsley, and spinach, is a common dietary flavonoid exerting numerous biological activities including antioxidant, anticancer, antimicrobial, antiallergic, and antiinflammatory effects. It abrogated agonist-induced LXRα/β transcriptional activity and suppressed the expression of related target genes serving as an LXRα/β antagonist (Francisco et al., 2016). Treatment with 118 inhibited LXR activation in HepG2 cells and eliminated lipid accumulation induced by LXR-SREBP-1c activation, thereby decreasing TG accumulation and primary hepatocytes. Overall, lipid accumulation induced by LXRs-SREBP-1c activation was abolished both in vivo and in vitro after treatment with 118, indicating the potential as a therapeutic agent for treating NAFLD (Yin et al., 2017). Besides, 118 in combination with cisplatin could potentially be used as a new regimen for the treatment of ovarian cancer (Wang et al., 2018c). It exhibited that 118 could upregulate LXRα and downstream target gene expression to control cholesterol metabolism (Park et al., 2020). Morin (119) present in many plants like mulberry, jackfruit, green tea, also in TCM like Tartary buckwheat, could reduce LXRα/β agonism induced by a synthetic agonist GW3965 (Gu et al., 2017a). Licochalcone A (120), present in the licorice root of Glycyrrhiza plant, such as Glycyrrhiza glabra L. and G. inflata Batalin, has been known as “Guolao” in China for thousands of years. The described bioactive properties range from antiparasitic to anticancer, antifungal, antiinflammatory, and osteogenic activities. As an LXRα antagonist, 120 restrained the transcription of lipogenic LXRα and resulted in the diminishment of accumulating TG in primary hepatocytes treated with a synthetic agonist T0901317 (Oh et al., 2015b). Isorhamnetin (121), an active ingredient of Hippophae rhamnoides L., downregulated the mRNA levels of LXRα and PPARγ (Lee et al., 2009). It also promoted the protein expression of PPARγ, LXRα, and CYP7A1 in qPCR analysis, indicating it as a potential agent in lipid homeostasis (Xiao et al., 2021). In HFD mice model, administration of alpinetin (122), derived from Alpinia katsumadai Hayata, efficiently suppressed LXRα and a series of receptors associated with lipid metabolism. Oral glucose and insulin tolerance tests, immunohistochemical and immunofluorescent analyses manifested that 122 attenuated insulin resistance and alleviated liver injury in HFD-induced mice as an ideal natural product in NAFLD (Zhou et al., 2018).
Sophoricoside (123), an LXRβ antagonist, present in the dried fruit of Styphnolobium japonicum (L.) Schott, has been reported to possess an antioxidant property. It could decrease the transcriptional activity of LXRβ concentration dependently (Zhang et al., 2020d). Xanthohumol (124), a critical flavonoid present in the female inflorescences of Humulus lupulus L., remarkably attenuated the mRNA expression of a direct target for LXRα transcriptional activation, inducible degrader of the low-density lipoprotein receptor (LDLR) in hepatic cells, which further inferenced a potential role of counteracting LXRs activation (Chen SF. et al., 2017). A flavonolignan silymarin (125), obtained from Silybum marianum (L.) Gaertn., has beneficial effects on liver diseases. It has been shown to reduce de novo hepatic lipogenesis, recover in insulin sensitivity, and protect against exacerbated myocardial ischemia reperfusion injury. Administration of 125 at 100 and 300 mg/kg depressed the upregulation of LXRβ and related genes expression in the liver of high fructose diet mice (Prakash et al., 2014; Chen et al., 2017b). Citrus fruits contain ample bioactive compounds including flavonoids, carotenoids, and coumarins. Citrange peel extract and citrange flesh and seed extract were proved to decrease LXRα/β and PPARγ level, emerging as a potential candidate for the treatment of obesity and related metabolic disorders (Lu et al., 2013).
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3.2.3 Steroids
Natural steroids antagonists for LXRα principally include ergosterol (126), ergostan-6,8,22-trien-3-ol (127), and ergostan-4,6,8,22-tetraen-3-one (128) from Tolypocladium niveum, 129 from Colletotrichum dematium, 130 from Acremonium sordidulum, and cycloeucalenone (131) from an unidentified fungus. These compounds suppressed LXRα to varying degrees with binding IC50 ranging from 0.5 to 6.5 μM (Ondeyka et al., 2005). Diosgenin (132), obtained from Dioscorea villosa L., Rhizoma Dioscorea Nipponicae, and Trigonella foenum-graecum L., has been reported to repress the accumulation of TG and lipogenic genes expression in HepG2 cells at 5 and 10 μmol/L via suppressing LXRα. Compound 132 inhibited an increase in LXRα mRNA in HepG2 cells, which were increased upon high glucose or a synthetic agonist T0901317 treatment. As determined by hematoxylin and eosin and Oil red O staining, along with detection of serum AST and ALT activity, 132 administration obviously ameliorated lipid accumulation in the liver and reduced the elevated serum ALT level in NAFLD rats, suggesting it as a potential agent for preventing NAFLD (Uemura et al., 2011; Cheng et al., 2018).
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3.2.4 Phenol derivatives
Curcumin (133), an active phenol derivative obtained from Curcuma longa L., could suppress the hepatic overexpression of LXRα, PPARγ, and fatty acid synthase. An immunoblot analysis also verified that 133 decreased the protein expression of LXRα and SREBP1c in the liver. Moreover, histological and serum biochemical analyses indicated that 133 apparently attenuated the hepatic lipid accumulation and decreased TG, TC, and nonesterified fatty acid levels in NAFLD mice model on account of the role for the prevention and treatment of NAFLD (Maithilikarpagaselvi et al., 2016; Chen et al., 2017b; Auger et al., 2018).
Meso-dihydroguaiaretic acid (134, MDGA), active dibenzylbutane lignan in Machilus thunbergia Siebold & Zucc., appears helpful in inflammation and neurovirulence. In HFD mice model, treatment with 134 reduced LXRα and associated target gene product expression, implying the purpose of attenuating NASH as a selective LXRα antagonist (Sim et al., 2014; Zanellaa et al., 2017). Sesamin (135), a major constituent in Sesamum indicum L., exerted antihyperlipidemic effects via decreasing LXRα expression and its downstream target genes, which were induced upon T0901317 treatment (Tai et al., 2019; Majdalawieh et al., 2020). Sauchinone (136), obtained from Saururus chinensis (Lour.) Baill., significantly decreased luciferase activity of LXRα activated by T0901317 and further inhibited LXRα-mediated SREBP-1c induction in HepG2 cells, preventing fat accumulation of hepatocytes (Kim YW. et al., 2010). A potential cholesterol-lowering agent alkaloid present in Piper longum L. is piperine (137), for which various biological activities, including anti-inflammatory, antiasthmatic and antitumor effects have been described. It inhibited the expression of ABCG5/8 and LXRα in the liver as a potential agent in preventing cholesterol gallstone formation and reduced biliary cholesterol secretion induced by lithogenic diet in C57BL/6 mice (Song et al., 2015).
Cyclic bibenzyl derivative riccardin F (138), present in liverworts, such as Blasia pusilla L., suppressed LXRE-dependent luciferase transcription in HepG2 cells functioning as an LXRα antagonist as well, and its homologous compound 90 has been described above as an LXRβ antagonist (Tamehiro et al., 2005; Asakawa, 2008). An LXRα antagonist biacetophenone cynandione A (139) found in the dried roots of Cynanchum wilfordi is both an endemic tonic and a traditional herbal medicine to promote liver and renal function. In HepG2 cells, treatment with 139 inhibited the mRNA levels of SREBP-1c as well as the expression of each enzyme upregulation promoted by two extrinsic LXRα agonists, GW3954 and T0901317 (Kim et al., 2020). Guttiferone I (140) is a naturally occurring polyisoprenylated benzophenone found in Garcinia humilis (Vahl) C.D.Adams. It has been found to bind with LXRα as an LXRα antagonist earlier on (Herath et al., 2005).
Rhein (141) is a key phytochemical of Rheum palmatum L., which is used as a TCM for thousands of years to treat obesity, constipation, ulcers, and gastrointestinal hemorrhage. It resulted into LXRs antagonism, dose-dependently interacted with LXRα and LXRβ with KD values of 46.7 and 31.97 μM in SPR assay, respectively. Moreover, 141 suppressed the transcriptional activity of SREBP-1c and further dose-dependently reduced the transaction of LXRs induced by GW3965. A further detailed study showed that 141 suppressed the expression levels of LXRs target genes. According to a series pharmacological experiment in an HFD-induced obese mouse model such as intraperitoneal glucose tolerance test and serum, fecal, and liver lipid content analysis, 141 showed several beneficial treatment effects on NAFLD in mice model, including decreased body and fat weight, lowered serum and hepatic lipid levels, improved insulin resistance, and reversed hepatic steatosis (Sheng et al., 2011a; Sheng et al., 2011b; Xue et al., 2020).
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3.2.5 Others
Our recent study revealed that piericidin A (142, PA) and its glycoside glucopiericidin A (143, GPA), isolated from a marine-derived Streptomyces strain, could decrease the protein level of LXRα rather than mRNA expression. SPR assay was further employed to explore, along with several other piericidin analogs. As expected, PA presented a similar LXRα protein affinity (KD 3.24 × 10−5 M) compared with GW3965 (KD 6.97 × 10−5 M). Another piericidin aglycone, 10-ketone PA (144), could also serve as an LXRα ligand with a KD value of 7.22 × 10−5 (M). However, the affinity for GPA–LXRα binding was much weaker in nonkinetic simulation binding mode, with the KD value of 3.492 (M). Other piericidin glycosides, such as 13-OH GPA and 6″-Gal GPA, also exhibited no binding activity. The molecular docking analysis also showed the significant differences in the binding effects of glycosides and glycosides with LXRα protein. Intriguingly, PA (142) and GPA (143) have been considered as antirenal cell carcinoma (RCC) drug candidates, whereas on account of LXRα, PA/GPA caused specific hepatotoxicity in RCC xenograft mice-induced ALT to 2.6- and 2.3-fold, as well as the AST to 1.6- and 2.2-fold higher than that of the control group, respectively. Further study demonstrated that PA/GPA aggravated hepatotoxicity in high cholesterol diet-fed LXRα-activated mice while exhibiting no toxicity in chow diet-fed mice, indicating that the accumulation as well as the delay metabolism process of cholesterol resulted in hepatotoxicity and cholestasis. Pharmacokinetic study discovered that GPA existed as a prodrug in the liver and exerted toxic effect due to transforming into PA, different from PA directly combined with LXRα as an inhibitor (Zhou et al., 2019; Liang et al., 2020).
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3R-1,7-Diphenyl-4E,6E-4,6-heptadien-3-ol (145), namely DPHD, is present in an indigenous medicinal herb Curcuma comosa Roxb. 145 upregulated mRNA and protein expressions of LXRα, SREBP1c, and their downstream targets in bilateral ovariectomy rats, exerting a lipid-lowering effect (Sutjarit et al., 2017). An endogenous LXR antagonist, arachidonic acid (146) (Ou et al., 2001) was also reported as a natural product from traditional medicine Acanthopanax koreanum Nakai. (Yoshikawa et al., 2002; Kuang et al., 2012). Another LXRα antagonist siphonaxanthin (147), a carotenoid present in green algae, such as Codium fragile, Umbraulva japonica, and Caulerpa lentillifera, repressed the excess accumulation of triacylglycerol induced by LXRα agonists, this effect was due to the downregulation of SREBP-1C and a series of associated target genes (Zheng J. et al., 2018).
It exhibited that schisandra polysaccharides, isolated from Schisandra chinensis (Turcz.) Baill (Wang et al., 2016), phenol, flavonoid, and sugar collected in the fruit of Abelmoschus esculentus (Zhang et al., 2020b), and total glycosides, isolated from Ligustrum lucidum L. Moench (Zhao and Liu, 2020), have the potency to downregulate LXRα and a set of associated genes, indicating both preventive and therapeutic role in regard to metabolic disorders.
4 NATURAL PRODUCTS TARGETING FARNESOID X RECEPTOR
In this section, we gather natural products regulating FXR expression in different models and categories. These are illustrated in Supplementary Tables S3 and S4.
4.1 Natural agonists targeting farnesoid X receptor
BAs are endogenous agonists targeting FXR/PXR, with chenodeoxycholic acid (CDCA) being most effective. The activation of BAs targeting FXR follows a rank order of potency as CDCA > deoxycholic acid (DCA) > lithocholic acid (LCA) > cholic acid (Parks et al., 1999; Carottiet al., 2014).
4.1.1 Terpenes and steroids
Forman et al. identified and described an orphan nuclear receptor, farnesoid X-activated receptor, which is activated by a naturally occurring isoprenoid farnesol (148) and related derivatives. Farnesol (148), present in many essential oils, activated FXR-RXR at the concentrations ranging between 5 and 50 μM as an FXR agonist, further inhibiting hepatic TG synthesis via regulating the mRNA expressions of related molecules involved in lipid metabolism (Forman et al., 1995). Further study indicated that 148 activated both PPARα and FXR at similar concentrations (30 or 50 μM) in CV-1 cells (Goto et al., 2011).
Lepidozenolide (149), a sesquiterpenoid isolated from the liverwort Lepidozia fauriana, could significantly activate FXR in a dose-dependent manner (Lin, 2015). Cafestol (150), a well-known ingredient of coffee, has been identified as a dual FXR/PXR agonist, as assessed by a double FXR/PXR KO mice model. It increased the expression of FXR-target genes in pathways of BA biosynthesis and intestinal FGF15 via the contribution of FXR/PXR activation (Ricketts et al., 2007). A naturally occurring terpenoid found in Ferula ovina Boiss. is tschimgine (151), capable of activating FXR and bind ideally with the LBD of FXR in molecular docking. Interestingly, 151 inhibited the induction of inflammation genes in an FXR-dependent manner (Zheng W. et al., 2017). Dihydroartemisinin (152), the derivative of artemisinin, is present in Artemisia carvifolia Buch.-Ham. ex Roxb. and emerged as a potential candidate for the treatment of liver cancer and fibrogenesis. Compound 152 activated FXR to inhibit contractility of cultured hepatic stellate cells as a potential natural product to attenuate portal hypertension in fibrotic rodents (Xu J. et al., 2016; Xu Y. et al., 2017; Ma et al., 2020). Scrophularia dentatais, a folk herbal medicine found in Tibet, is emerging as a potential candidate for the treatment of smallpox, measles, high-heat plague, and poisoning. Zhang et al. isolated four compounds from the whole plant of Scrophularia dentatais Royle ex Benth., all of them being C19-diterpenoids. One is scrodentoids F (153) that dose-dependently activated FXR in dual-luciferase reporter assay system in 293T cells (Zhang et al., 2016). Picroside II (154), the major terpene in Picrorhiza scrophulariiflora Pennell, activated FXR via transient transfection in a dual-luciferase reporter assay. It decreased CYP7A1 and increased bile salt export pump and UDP-glucuronosyltransferase 1a1 mRNA expression, the latter two of which were inhibited upon knockdown of FXR. Meanwhile, 154 dose-dependently reversed α-naphthylisothiocyanate (ANIT)-induced alteration in serum markers and thereby exerted protective effect on ANIT-induced cholestasis, possibly through FXR activation (Li et al., 2020d; Li et al., 2020e). Geniposide (155), a pivotal constituent in Gardenia jasminoides Ellis, activated FXR, PXR, and SHP. Blood biochemical determination discovered that 155 at 25, 50, or 100 mg/kg increased bile flow rate and reversed the ANIT-induced increases in serum markers for hepatotoxicity and cholestasis in a dose-dependent manner (Wang Y. et al., 2017).
[image: ] | 
Genet et al. screened betulinic acid (156) from the Betula species, oleanolic acid (157) from Olea europaea L., and ursolic acid (114) from Cornus officinalis Siebold & Zucc., and tested them regarding their ability to activate FXR. In the results, 156, 157, and 114 activated FXR along with potential impact in diabetes (Genet et al., 2010), and 157 also generated frail FXR agonism, along with moderate PXR agonism, which protected against LCA-induced hepatotoxicity and cholestasis (Chen Z. et al., 2014). Hedragonic acid (158), from the stem and root of Celastrus orbicalatus Thunb., remarkably activated FXR and possessed therapeutic effects on liver injury and inflammation in acetyl-para-aminophenol-induced mice model as an FXR agonist (Lu et al., 2018). Ergosterol peroxide (159) and four triterpenoids, ganoderiol F (160), ganodermanontriol (161), lucidumol A (162), and ganoderic acid TR (163), are bioactive lanostane metabolites of Ganoderma lucidum Karst., which has been used in Asian medicines since 2,000 years against a variety of diseases including tumor, inflammation, obesity, and diabetes. 159–163 were verified as FXR agonists as inducing FXR with the low micromolar range in HEK293 cells (Grienke et al., 2011). Ginsenoside Rg1 (29) from Panax ginseng C.A.Mey. is both FXR and LXRs agonist, the function of 29 on LXRs has been described above. Herein, 29 also was reported to activate FXR to promote bile secretion and normalize enzyme activity in the serum in intrahepatic cholestasis mice model (Xiao et al., 2020).
Astragalus membranaceus (Fisch.) Bunge, widespread in Europe and Asia, is beneficial to the treatment of diabetes, hyperlipidemia, atherosclerosis, and cancers, with its key constituents like astragaloside IV and cycloastragenol (164). Compound 164 stimulated FXR transcription activities and regulated the expression of FXR target gene in HepG2 cells as a potential candidate for NAFLD. Meanwhile, it improved metabolic profiles, ameliorated hepatic steatosis, altered BA composition, and activated FXR signaling and feedback loops in diet-induced obesity mice, further confirming the promise in ameliorating NAFLD. Besides, 164 also alleviated hepatic steatosis in methionine and choline-deficient L-amino acid diet-induced NASH mice (Gu et al., 2017b). Alisol M 23-acetate (165) and alisol A 23-acetate (166) present in Alisma orientalis (Sam.) Juzep. have been described as FXR agonists by transactivating FXR to modulate promoter action (Lin 2012). Another FXR agonist present in A. orientale (Sam.) Juzep and Rhizoma alismatis is alisol B 23-acetate (167), protecting against NASH and CCl4-induced hepatotoxicity via FXR activation (Meng et al., 2015; Meng et al., 2017; Huo et al., 2018). In addition, 167, aisol F (168), aisol A (169), and 25-anhydro alisol A (170) found in A. orientale (Sam.) Juzep. activated FXR in a dose-dependent manner (Huo et al., 2018).
[image: ] | 
Recently, another protostane-type triterpenoid 23S-11β,23-dihydroxy-8α, 9β,14β-dammar-13(17)-ene-3,24-dione (171) from A. orientale (Sam.) Juzep. was confirmed with the activities of activating FXR with an EC50 value of 90 nM (Luan et al., 2019). An oleanane triterpenoid arjunolic acid (172) is present in the heartwood of Terminalia arjuna W. & Arn., a common traditional medicine in India. Compound 172 was reported to upregulate the FXR and PPARα expression, as well as downregulated PPARγ expression in HFD-fed rats as a lead molecule for the therapy of NAFLD (Toppo et al., 2018).
Four tirucallanes xylocarpols E (173), agallochols A (174), B (175), and D (176) isolated from mangrove plants, activated FXR at the concentration of 10.0 µM in a luciferase reporter assay in HepG2 cells (Jiang et al., 2018). Dioscoreae rhizome, also known as “Shaoyao,” acts as either a food or a traditional medicine because of its protectivity of the kidneys and liver. Dioscin (177), a steroid saponin from D. rhizome, attenuated oxidative stress and inhibited inflammation to improve thioacetamide-induced acute liver injury in Sprague–Dawley rats as upregulating the expression levels of FXR and AMPKα via FXR/AMPK signal pathway, providing a new insight in the treatment of acute liver injury (Zheng L. et al., 2018).
4.1.2 Flavonoids
Calycosin (178), present in the dry roots of Radix Astragali, has been demonstrated to improve TG metabolism, mitigate obesity, and hyperlipidemia. It played an emerging role in protecting against liver injury induced by CCl4 on account of activating FXR and its target genes as an FXR agonist (Chen et al., 2005b). A more detailed study showed that 178 attenuated TG accumulation and hepatic fibrosis to protect against NASH through FXR activation (Duan et al., 2017). Cryptocarya chinensis (Hance) Hemsl. is an endemic famous for its antioxidant, immunological, and antitumor effects in southern China, Japan, and Taiwan. Four naturally occurring tetrahydroflavanone cryptochinones A–D (179–182), obtained from this plant, transactivated FXR dose dependently in a transient transfection reporter assay, semblable to CDCA (Lin et al., 2014). Xanthohumol (124) is not only a counteractor of LXRs activation, but also an FXR modulator. It activated FXR dose-dependently in the transient transfection assay. Furthermore, 124-fed mice possessed lowered levels of SREBP-1c, gluconeogenetic genes, as well as targets involved in fatty acid synthesis in KKA-(y) mice, indicating a promising role in attenuating diabetes (Nozawa, 2005).
A flavanone glycoside abundantly found in lemons and oranges is hesperidin (183), treatment with which prevented cholestatic liver injury and reduced BA toxicity in HepaRG cells via activating FXR. Compound 183 dose-dependently protected against 75 mg/kg dose of ANIT-induced cholestasis and liver injury as reversing increases in the liver index, biliary index, serum AST, ALT, alkaline phosphatase, and total bilirubin, functioning as an effective agent for the prevention and therapy of cholestatic liver disease (Zhang et al., 2020a). Desmodium styracifolium has extensive biological activities, ranging from cholesterol level-lowering to cancer prevention and inflammatory inhibition. Schaftoside (184), a flavanone glycoside found in D. styracifolium, ameliorated oxidative injury and inflammation as an FXR agonist. Particularly, 184 attenuated acetaminophen-induced hepatotoxicity via restraining NF-κB signaling and fine-tuning the generation of pro- and antiinflammatory eicosanoids, providing a promising agent to alleviate liver injury induced by acetaminophen overdose (Liu et al., 2020a). In another study, HFD-induced lipid accumulation in the liver was decreased after treatment with 184, as indicated by reduced AST and cholesterol in serum, along with intracellular TG levels in the serum and liver tissue, subsequently resulting in attenuation of liver histopathological injury. As assessed by RT-PCR and Western blotting, 184 ameliorated HFD-induced NAFLD probably via FXR–SREBP1 signaling (Liu et al., 2020b). A crucial tea catechin, epigallocatechin-3-gallate (185, EGCG), is well known as a potential tonic for cardiovascular diseases and a variety of cancers. EGCG activated FXR with the EC50 value of 2.99 μM, nevertheless, which seemed to be specific because of the nonactivation of other nuclear receptors. It was regarded as a selective SBARM (a selective bile acid receptor modulator) (Li et al., 2012). EGCG possessed the strongest anti-HBV activity toward HBsAg and HBeAg among the crude green tea catechin tests. Meanwhile, the interaction between 185 and FXR has been confirmed to decrease the transcriptional activation of HBV, serving as an FXR antagonist and anti-HBV agent (Xu W. et al., 2016).
Penthorum chinense Pursh, also known as “GanHuang-Cao,” has been used as food and Chinese tea for thousands of years, with various biological activities, including antioxidation and antihepatitis virus effects. Notably, Gansu granule made up of the extracts of P. chinense has been used in clinics for the treatment of acute hepatitis. Besides, pinocembrin-7-O-[2″-O-galloyl-4″,6″-hexahydroxydiphenoyl]-β-D-glucose (186) and 2′,6-dihydroxydihydrochalcone-4′-O-[2″-O-galloyl-4″, 6″-hexahydroxydiphenoyl]-β-D-glucopyranoside (187) present in P. chinense activated hepatic FXR to BA homeostasis and regulated lipid metabolism (Zhao et al., 2021).
Total flavonoids of Astmgali Radix (TFA) are the essential ingredients of A. Radix, which contributes to the pharmacological efficacy including antiinjury, antimutation, and antitumor effects of this herb. TFA reversed the decrease in mRNA and protein levels of FXR induced by dimethylnitrosamine in rats and mitigated liver function in rats with liver cirrhosis (Cheng et al., 2017). Procyanidins is abundant in grapes, apples, red grape juice, and red wine, whose folkloric applications embody in preventing and ameliorating atherosclerosis and other cardiovascular disease. A SBARM grape seed procyanidin extract promoted FXR transcriptional activity induced by BA and FXR dependently resulted in a reduction in TG in vivo (Del Bas et al., 2009).
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4.1.3 Phenol derivatives
A farnesyl phenolic compound grifolin (188) and ginkgolic acid 15:1 (189) from mushroom or Ginkgo biloba L., and geranyl caffeate (190) from Himalayan poplar, activated FXR ranging from 20 to 30 μM in monkey kidney cell line (Suzuki et al., 2006). Marchantins A (191) and E (192), macrocyclic bis-bibenzyls present in the liverworts of Marchantia paleacea Bertol., activated FXR at 10 μM (Suzuki et al., 2008; Asakawa and Ludwiczuk, 2018). A fungal metabolite altenusin (193), isolated from Alternaria sp. present in the leaves of polygonumse negalense, functioned as an FXR agonist with an EC50 value of 3.4 μM. Additionally, weight and fat mass, along with blood and glucose serum insulin level were reduced after treatment with 193 in HFD-fed mice. It reversed hepatic lipid droplet accumulation and macrovesicular steatosis, which were abolished in FXR-knockout mice (Zheng Z. et al., 2017).
Papaverine (194) is a bioactive constituent present in Papaver somniferum L. and contributes to the pharmacological efficacy of this herb, appearing to be an FXR agonist in a full length FXR transactivation assay (Steri et al., 2012). Another famous natural product berberine (195), beneficial for diarrhea, isolated from the roots of Coptis chinensi, regulated BA metabolism and, thus, exerted a lipid-lowering effect, functioning as an intestine-restricted FXR agonist. It prevented diet-induced obesity and TG accumulation in the liver with a significant decrease in serum and hepatic TG by 19% and 47%, respectively. A further mechanism study discovered that the antiobesity and lipid-lowering effects of 195 are primarily due to the activation of intestinal FXR and thereby result into a reduction in the CD36 expression (Sun et al., 2017; Tian et al., 2019).
Three naturally occurring phenylpropanoids, nelumol A (196) and nelumal A (197), from Ligularia nelumbifolia Hand. Mazz. (Bruyere et al., 2011), and auraptene (198), from Citrus aurantium, exhibited significant agonistic activity of FXR as FXR agonists (Epifano et al., 2012). The activation of FXR via 198 also resulted in hepatoprotective effect against cholestatic liver injury and increasing effect of BA efflux from the liver into the intestine (Gao et al., 2017). Moreover, it showed that 198 significantly attenuated apparent collagen deposition between liver lobules in thioacetamide-induced liver fibrosis mice. Treatment with 198 at 30 mg kg−1 significantly lowered the grade of fibrosis compared with the thioacetamide group. Further gene expression involved in hepatic stellate cell activation and fibrosis also confirmed its efficacious potency. Overall, 198 seemed to be beneficial to hepatic fibrosis as reducing toxic BAs and inhibiting hepatic stellate cell activation and inflammation due to FXR activation (Gao et al., 2018). Another phenylpropanoid present in the rhizomes of the Podophyllum species, podophyllotoxin (199), could transactivate FXR at a concentration of 10 μM in HeLa cells (Hiebl et al., 2018).
“Se-Ji-Mei-Duo,” recognized as having auspicious and beautiful flowers, is a traditional medicine, Herpetospermum pedunculosum (Ser.) C.B. Clarke, for which various biological properties including anti-HBV, anti-inflammatory, and antioxidant effects have been described. Five lignans, herpetotriol (200), spathulatd (201), lariciresinol (202), dehydrodiconiferyl alcohol (203), and herpetrione (204), have emerged with significant FXR agonistic activity in vitro and, thus, were identified as the main bioactive constituents in the seeds of H. pedunculosum (Ser.) C.B. Clarke (Wei et al., 2020). Furthermore, dehydrodiconiferyl alcohol (205) is also an FXR agonist found in the seeds of H. dunculosum (Ser.) C.B. Clarke. To confirm its agonistic activity, knockdown of the expression of FXR in L-02 cells was performed. The mRNA and protein levels of FXR as well as a range of keys downstream has been remarkably upregulated after treatment with 205, which were decreased in Si-FXR cells (Wei et al., 2021).
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Soybean coumestrol (206) with 50 μM stimulated FXR transcriptional activity to 2.0-fold over the control group in HEK293T cells. ORO staining was employed to investigate the effect of 206 on differentiation of 3T3-L1 preadipocytes into mature adipocytes. It was observed that 206 dose-dependently suppressed MDI (mixture of 3-isobutyl-1-methylxanthine, dexamethasone, and insulin)-induced lipid accumulation in a manner, 206 at 20 or 40 µM decreased MDI-induced lipid accumulation by 38.8% and 77.4%, respectively. Together with RT-PCR analysis, 206 could be considered as an agent to prevent adipogenesis (Takahashi et al., 2008; Jang et al., 2016). Yangonin (207), a kavalactone found in Kava Piper methysticum, has been demonstrated to bind with the LBD of FXR and activate FXR to alleviate estrogen-caused cholestasis. Moreover, 207 caused an increase in BA efflux and detoxification as well as a decrease in BA uptake and synthesis via activating FXR, thereby exerting potential hepatoprotective effect. Moreover, in estrogen-induced cholestasis rat model, 17α-ethinylestradiol-induced growth retardation was reduced in a dose-dependent manner by 207, and relative liver weight was significantly decreased after treatment with 207, thereby alleviating estrogen-induced cholestasis (Dong et al., 2019).
4.1.4 Others
Two secondary metabolites collected in Monascus-fermented rice, monascin (208) and ankaflavin (209), have been confirmed to upregulate FXR and PPARα expressions and, thus, result in fatty acid oxidation as food supplements to prevent against diabetes and obesity (Hsu et al., 2014).
4.2 Natural antagonists targeting farnesoid X receptor
4.2.1 terpenes
Atractylenolides II (210) and III (211) are two naturally occurring sesquiterpenoids of Atractylodes macrocephala Koidz. responsible for treating excessive vaginal bleeding and exerting antihyperlipidemic effect. Compounds 210 and 211 at 50 µM exerted approximately 50% antagonistic effect against SHP gene promoter transactivation activity induced by 10 µM CDCA. Intriguingly, 100 µM of 210 and 211 entirely antagonized the transactivation activity of SHP in HepG2 cells at 0.9 and 0.85, respectively, induced by 10 µM of CDCA, which confirmed the function as FXR antagonists (Tsai et al., 2012). Andrographolide (212), a major constituent of “King of Bitte” Andrographis panniculata (Burm.f.) Nees, contributes to the pharmacological efficacy of this herb, owning medicinal potencies including anti-inflammation, antidiabetic, and anticancer (Kandanur et al., 2019; Kumar et al., 2020). In a study using transient transfection and FXR luciferase reporter assay in 293T cells, 212 was proven to be an FXR antagonist with the IC50 value of 9.7 µM (Liu et al., 2014).
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Oleanolic acid (157) not only activates LXRs as a promising treatment for NAFLD but also functions as an antagonist of FXR. It could bind with the LBD of FXR and inhibit the activity of FXR–LBD induced upon an endogenous ligand CDCA (Liu and Wong 2010). It also ameliorated obstructive cholestasis in mice after treatment with bile duct ligation due to FXR antagonism. Further histological and biochemical assessment showed that pretreatment with 20 mg/kg of 157 significantly ameliorated pathological alteration, such as extrahepatic cholestatic liver injury, bile duct hyperplasia, and portal infiltrates along with extensive foci of liver necrosis in bile duct-ligation mice (Chen et al., 2015a). Schisandra glaucescens Diels is both a traditional medicine and a food locally, as a potential candidate for the therapy of spontaneous sweat, night sweat, chronic diarrhea, along with neurasthenia in Hubei and Sichuan provinces of China. Cycloartane triterpenoids 6β-hydroxynigranoic acid (213) and schiglausin N (214), from the stems of S. glaucescens Diels, exhibited significant inhibitory effect on FXR as antagonists. Compound 213 restrained FXR with an IC50 of 1.50 μM, and simultaneously 214 emerged with the inhibitory rate of FXR of more than 20% at 25 μM (Zou et al., 2012a). Other six triterpenoids from S. glaucescens Diels, schiglausins D–G (215–218), kadsuric acid (219), and 3β-hydroxy-lanost-9(11),24-dien-26-oic acid (220), revealed antagonistic activity against FXR together with the inhibitory rate higher than 20% at 25 µM (Zou et al., 2012b). An FXR antagonist, platycodin D (22), from Platycodon grandiflorum (Jacq.) A.DC., is capable of modulating hepatic lipogenesis in high glucose-exposed HepG2 cells and in HFD-fed rats (Hwang et al., 2013). Treatment with 22 exhibited an antagonistic ratio at 40%–50%, compared with the control value of CDCA in a coactivator recruitment assay for FXR as a novel cholesterol-lowering and anti-atherogenic candidate (Zhao et al., 2006).
Marine organisms, such as sponges and tunicates, have received remarkable interests as a valuable source of novel bioactive natural products encompassing diverse chemical structures and pharmacological activities. Suvanine (221), a sesterterpene present in sponge Coscinoder mamathewsi, has been confirmed to be an FXR antagonist, effectively antagonizing FXR transactivation (Di Leva et al., 2013). In addition, 12-O-deacetyl-12-epi-19-deoxy-21-hydroxyscalarin (222), 12-O-deacetyl-12-epi-19-deoxy-22-hydroxyscalarin (223), 12-O-deacetyl- 12-epi-19-O-methylscalarin (224), 12-O-deacetyl-12-epi-scalarin (225), 12-epi-scalarin (226), and 12-O-deacetyl-12-epi-19-deoxyscalarin (227) found in the genus of Spongia also antagonized FXR transactivation. They decreased the affinity of FXR LBD for a coactivator peptide facilitated by CDCA in SPR assay, especially for 224–227, disrupted very strong interaction between FXR and a coactivator peptide (Nam et al., 2006; Nam et al., 2007). An isoprenoid tuberatolide A (228), and five meroterpenoids tuberatolide B (229), 2′-epi-tuberatolide B (230), yezoquinolide (231), R-sargachromenol (232), and S-sargachromenol (233), were isolated from Korean marine tunicate Botryllus tuberatus, and all of them exhibited significant antagonism on FXR with IC50 values as low as 1.5 µM. Compounds 228–233 released the coactivator peptide from the CDCA-bound hFXR LBD in cell-free SPR experiments, indicating the characterization of their potent FXR antagonists (Choi et al., 2011).
4.2.2 Steroids
Guggulsterone, existing in two isomeric forms, namely, E-guggulsterone (234) and Z-guggulsterone (235), is the active agent isolated from the resin of Commiphora mukul (Arn.) Bhandari, responsible for antihyperlipidemic effect. E/Z-guggulsterones 234 and 235 have been identified as FXR antagonists directly, to decrease hepatic cholesterol levels in rodent models. Moreover, Z-guggulsterone (235) exhibited remarkable FXR antagonism with an IC50 of 1–5 μM in HepG2 cells, increased the cholesterol CYP7A1, and further decreased the circulating cholesterol level (Urizar et al., 2002; Urizar and Moore, 2003; Bhutani et al., 2007; Yu et al., 2009; Singh and Sashidhara, 2017). A very well established FXR antagonist from a natural source is stigmasterol acetate (226), a principal phytosterol extracted from soybeans. Compound 236 inhibited the expression of FXR target genes induced by CDCA in a Gal4-responsive luciferase reporter gene assay in HepG2 cells. Intriguingly, except for FXR, 236 also antagonized the LBD of PXR (Carter et al., 2007).
Ergostane-3,4,21,26-tetrol 3,21-bis (hydrogensulfate) (237) is a sulfated polyhydroxy sterol present in the marine invertebrate Ophiolepis superba. It resulted in a potent antagonism of FXR transactivation concentration dependently, and treatment with 237 at 100 μM completely reversed the effect exerted by CDCA on FXR expression. Taken together, 237 might be a potential candidate in regulating BA metabolism (Sepe et al., 2011; Fiorucci et al., 2012b). Some of polyhydroxylated steroids isolated from marine sponge Theonella swinhoei have been identified as FXR antagonists.
Swinhosterol B (238), conicasterols I (239), J (240), and conicasterol (241) are polyhydroxylated steroids identified from Theonella swinhoei. In a luciferase reporter assay transfected with FXR and RXR, 238 at 50 μM showed the most potential antagonism of 10 μM of CDCA-induced FXR, followed by 239–241. Simultaneously, 238–241 were also endowed with a potent PXR agonistic activity (De Marino et al., 2012; Fiorucci et al., 2012a). 4-Methylene-24-ethylsteroid, also called theonellasterol (242), also isolated from T. swinhoei, directly antagonized the activation of FXR at 50 μM and activated PXR as well (Fiorucci et al., 2012a; Renga et al., 2012; Sepe et al., 2014). Other eight polyhydroxylated steroids from T. swinhoei, conicasterols B–D (243–245), theonellasterols B, C, and E–G (246–250), functioned as FXR antagonists in the presence of CDCA with 10 μM, but also behaved as PXR agonists (De Marino et al., 2011, Fiorucci et al., 2012). Moreover, conicasterol E (251), from the same sponge, also has been demonstrated as an SBARM endowed with PXR agonistic activity (Sepe et al., 2012). 3-Oxocholest-1, 22-dien-12β-ol (252) and 3-oxocholest-1, 4-dien-20β-ol (253), two sterols from the soft coral Dendronephthya gigantea, have been verified as FXR antagonists, as assessed by a cotransfection assay in CV-1 cells, which exhibited notable antagonistic activity against FXR with IC50 values of 14 and 15 μM (Shin et al., 2012).
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4.2.3 Others
Three PUFAs FXR antagonists, arachidonic acid (146), docosahexaenoic acid (254) from Crocodylus siamensis, and linolenic acid (255) from Perilla frutesccns, exhibited antagonistic activity of CDCA-activated FXR with IC50 ranging from 0.9 to 4.7 μM (Zhao et al., 2004). Naringin (256), one of the most abundant and common flavonoids in citrus fruits and grapefruits, has been reported to relieve atherosclerosis. In ApoE−/−mice fed with an HFD, 256 ameliorated atherosclerosis, lowered the serum and liver cholesterol levels by 24.04% and 28.37%, increased lipid and BA excretion in feces, and regulated the gut microbiota associated with cholesterol metabolism. Moreover, 256 upregulated CYP7A1 via suppressing FXR/FGF15 pathway, and facilitated BA synthesis, providing insight into the atherosclerosis-amelioration mechanisms (Wang J. et al., 2020). In addition, 256 also could exert hepato- and nephroprotective effect in rats via the role of FXR and renal injury molecule-1 (Adil et al., 2016).
Maninsigins A (257), isolated from Magnolia officinalis as a TCM for the therapy of asthma, dyspepsia, and asthmatic cough, suppressed FXR activation induced by CDCA with an IC50 value of 55.6 μM as an FXR antagonist (Shang et al., 2013). An isoquinoline alkaloid palmatine (258, PAL) from Rhizoma coptidis contributes to the pharmacological efficacy of the herb such as obesity, diabetes mellitus, hyperlipidemia, and hyperglycemia–cardiovascular diseases. PAL-treated rats were characterized by decreased TC, TG, low-density lipoprotein cholesterol levels, serum total bile acid (TBA) levels, and increased fecal TBA and TC levels. It showed that 258 reduced HFD-induced lipid accumulation in the liver. So, it indicated the curative effect of 258 for hyperlipidemia (Ning et al., 2020).
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Halicylindramides F (259), A (260), and C (261) are three naturally occurring depsipeptides from a Petrosia species marine sponge collected in Korean waters. In a cotransfection assay in CV-1 cells, 259–261 possessed potent inhibitory effects of CDCA-induced hFXR transactivation with IC50 values of 6.0, 0.5, and 5.0 μM, respectively. Nevertheless, the function of hFXR antagonists they exerted did not bind directly to hFXR. However, SPR assay showed that 259–261 did not appear to have any significant inhibition of the recruitment of cofactor coactivator peptide to hFXR at concentrations higher than their IC50 values determined in a cell-based cotransfection assay. Thereby, the antagonism between FXR and 259–261 might be achieved by an indirect manner, not by a direct binding to LBD of FXR (Hahn et al., 2016).
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5 MOLECULAR DOCKING ANALYSIS OF LIVER X RECEPTORS AND FARNESOID X RECEPTOR
In silico molecular docking is an important virtual screening method in the drug discovery process, which mainly focuses on structures of targets and ligands. It predicts the binding geometries as well as the binding energy of the ligand–target complex. To better understand the above-reported active natural products targeting LXR/FXR, most of them were performed together with molecular docking analyses, using the same method and parameters, although similar work has been done on some compounds in the literatures. As results, some natural compounds, like 7, 47, 54, 58, 60, 76, 77, 92, 93, 94, 136, 145, 156, 170, 189, 223, 226, 230, 232, 236, 238, 240, 244, 249, 250, 257, and 258, exhibited optimal property for targeting LXRs or FXR in molecular docking evaluation, suggesting that these compounds are even more promising.
5.1 Molecular docking analysis of liver X receptors
Based on the abovementioned LXR ligands, we have then analyzed, by means of molecular docking calculations, the interactions between LXRs ligands and LXRs proteins to understand and shed light on the binding mechanism of LXRs ligands. The crystal structures of the LXRα LBD in a complex with T0901317 (PDB ID: 1UHL) (Svensson et al., 2014) and GW3965 (PDB ID: 3IPQ) (Fradera et al., 2010), along with the LXRβ LBD in a complex with 2 (PDB ID: 1P8D) (Williams et al., 2003), were selected and subjected to an in silico molecular docking analysis, using the induced-fit module in the Schrödinger software suite. Molecular docking results (S values listed in Supplementary Tables S1 and S2) indicated that majority of the compounds fitted comfortably into the binding pocket, and the most potential 2D and 3D binding models of each protein are displayed in Supplementary Figures S1–S3, respectively.
As the docking results shown in Supplementary Figure 1A, the hydroxy in the saccharide moiety of 27 formed hydrogen bonds with the active-site residue SER 228 of 1UHL, the S value of which was −8.779, followed by 130 (−8.770), and 47 (−8.732), comparative with the ligand T0901317 (−8.931). In line with the abovementioned SPR assay of 33, 81, 102, 103, and 141, they could directly combine with LXRα protein 1UHL with S values from −5.763 to −9.187 (Supplementary Figures S1B–F). In the 2D binding models, the hydroxy or carbonyl groups in the hexatomic ring formed hydrogen bonds with the active site residue THR258, HID421, LYS434, THR302, TRP443, SRE264, or ARG305 of LXRα.
The docking model between LXRα 3IPQ and 58 along with 60 (Supplementary Figures S2A,B) exhibited that 58 and 60 formed hydrogen bonds with the active-site residue PHE 257, and the hexatomic ring plays a key role to form a π–π stacking interaction with PHE 315 with the docking score of −10.776 and −10.567 individually. Compounds 33, 81, 102, 103, 141, 142, and 144 also appeared to interact with LXRα protein 3IPQ perfectly with the S values from −5.763 to −9.187 (Supplementary Figures S2C–I), consistent with the corresponding SPR assay. 2D binding models showed that the phenolic hydroxy groups in the hexatomic ring formed hydrogen bonds with the active site residue ARG305, GLU267, MET298, THR302, PHE257, or SER264 of LXRα. Additionally, the aromatic hexatomic ring of 33, 103, and 141 formed a π–π stacking interaction with PHE 315 or PHE 326 of LXRα.
As depicted in Supplementary Figures S3A–D, 94, 76, 27-hydroxycholesterol, and its own ligand 24(S),25-epoxycholesterol all fitted well into LXRβ 1P8D and formed a hydrogen bond with ASN 239. Moreover, 27-hydroxycholesterol contained an additional hydrogen bond with HID 435. In fact, with respect to compounds 76, 77, 92–94, and 125, the S values of which are from −10.056 to −11.457, were better than or comparative to 24(S),25-epoxycholesterol (−9.941). Overall, ASN 239, GLU 281, and HID 435 might be regarded as key residues for the interactions and activity of 1P8D. In accordance with the SPR assay of 33, 81, and 141, they could directly combine with LXRβ protein 1P8D with the S values from −5.578 to −8.715 (Supplementary Figures S3E–G). The phenolic hydroxy groups in the hexatomic ring formed hydrogen bonds with the active site residues ASN239, GLU281, THR316, or MET312 of LXRβ, and there exist the formation of π–π stacking and π cation with PHE239 or PHE 243.
5.2 Molecular docking analysis of farnesoid X receptor
To gain an insight into the molecular interactions between FXR ligands and FXR proteins as well as generate a structure and activity relationship at the atomic level, molecular docking calculations were carried out using the crystal structures of the FXR LBD in a complex with obeticholic acid (PDB ID: 1OSV and 1OT7) (Mi et al., 2003) and DB08220 (PDB ID: 3BEJ) (Soisson et al., 2008) to explore the molecular interactions (S values listed in Supplementary Tables S3, S4). The most potential 2D and 3D binding models of each protein are shown in Supplementary Figures S4–S6, respectively.
As illustrated in Supplementary Figures S4A, B, 239 and 250 occupied the LBD similar to obeticholic acid (the S value −11.769) with similar interaction (Supplementary Figure S4B3), which bound to 1OSV with the S values of −10.917 and −10.415, respectively. The hydroxy groups in the steroidal ring moiety of these molecules formed hydrogen bonds with the active-site residue LEU 284 and SER 329. Overall, the docking models 235 also showed the most potency with a docking score over −10. Compounds 222–233 were a series of steroids isolated from the genus of Spongia. SPR assay indicated that they all decreased the affinity of FXR LBD for a coactivator peptide facilitated by CDCA. In line with SPR, docking indicated that they fitted comfortably into the binding pocket for the agonist obeticholic acid with the similar binding positions, with the S values from −8.941 to −9.179, except for 225 with the S value of −5.849 (Supplementary Figures S4C–N). The ester and phenolic hydroxyl groups formed hydrogen bonds with the active-site residue ARG 328 or TYR358 of FXR. Furthermore, both 226 and 227 formed π–π stacking interaction with TRP451 and TYR328.
Compound 168 interacted with FXR 1OT7 with the highest S value of −10.884, comparative to the ligand obeticholic acid (docking score −11.569) and CDCA (docking score −10.610). The hydroxy groups formed hydrogen bonds with the active-site residue TYR 358, HID 444, LEU 284, and ARG 328 (Supplementary Figure 5A). Meanwhile, 163, 218, and 168 also ideally fitted into the LBD of 1OT7 along with a docking score over −10. 2D binding models of 222–233 with 1OT7 supporting the corresponding SPR results excellently with the S values from −7.906 to −9.352, except for 225 with the S value of −5.899 (Supplementary Figures S5B–M). The ester and phenolic hydroxyl groups of 226, 232, and 236 formed hydrogen bonds with the active-site residue ARG 328 or TYR358 of FXR.
Compound 233 docked into FXR 3BEJ with the highest score of −11.025, though only inferior to DB08220 (the S value of −12.625), both formed hydrogen bonds with the active-site residue THR 288 and ARG 331. Differently, there is a salt bridge between DB08220 and ARG 331 of 3BEJ. The docking models of 233, 204, 244, 252, 228, 230, 253, and 255 predicted the significant role of the active-site residue THR 288 and ARG 331. Interestingly, direct binding of 233, along with 222–232 to the LBD of FXR, was monitored by SPR assay. In molecular docking, they also fitted comfortably into the binding pocket for the agonist obeticholic acid with the similar binding positions as well, with the S values from −8.894 to −10.113, except for 228 with the S value of −5.861 (Supplementary Figures S6A–K). In the 2D binding models, the ester and hydroxyl groups formed hydrogen bonds with the active-site residue THR288, ARG331 or HID447 of FXR.
6 CONCLUSION AND PERSPECTIVE
Concurrent with our increasing knowledge of the roles of LXRs/FXR in cholesterol, lipid, bile acid, and glucose metabolism, selective and potent LXRs/FXR ligands have gained significant ground for shedding light on the functions of LXRs and FXR in metabolic syndrome-related diseases as promising chemical biology tools (Jian et al., 2014; Pu et al., 2019).
In the recent two decades (2000–2020), 261 natural products were discovered from natural resources, such as LXRs/FXR modulators, 109 agonists and 38 antagonists targeting LXRs, while 72 agonists and 55 antagonists are targeting FXR. As shown in Figure 4 and Figure 5, LXR ligands exhibited higher chemical diversity than FXR ligands, terpenes, flavonoids, phenol derivatives, and steroids constituted 29%, 19%, 21%, and 10% of the reported LXR agonists, constituted 21%, 21%, 24%, and 18% of the reported LXR antagonists, respectively, while for FXR ligands, terpenoids accounted for a large proportion, close to half, for 49% and 47% of the reported FXR agonists and antagonists, respectively. Sterols, primary type of FXR antagonists, the reason of which is a series of endogenous BAs that possess distinguishing potency of targeting BA-receptor FXR. It is a remarkable fact that several of the mentioned natural products are food constituents, such as compounds 41, 42, 54, 95, 96, 104, 106, 125, 127, 208, 210–212, and 214–220, thus, potential candidates for dietary interventions for the prevention and treatment of corresponding diseases. Terrestrial plants are a promising source for the discovery of new drug leads, especially for TCMs having a history of more than 2,000 years. In recent years, marine organisms and microorganisms have gradually become a vital source of LXRs/FXR modulators with the development of marine natural product research. For instance, 38% of FXR antagonists originated from marine organisms. Especially for 222–227 and 228–233, a series of steroids isolated from the genus of Spongia have been verified as FXR antagonists via various representative assays, including SPR, indicating the significance of discovering marine natural steroids associated with FXR in the genus of Spongia. Overall, it is believed and prospective that LXR/FXR modulators from marine sources, especially marine microbial sources, will take a greater proportion in the future.
[image: Figure 4]FIGURE 4 | Chemical types (A, B) and resources (C, D) of natural-derived LXRs agonists and antagonists.
[image: Figure 5]FIGURE 5 | Chemical types (A, B) and resources (C, D) of natural-derived FXR agonists and antagonists.
LXRs and FXR are highly expressed in the livers of patients with NAFLD, increasing with the severity of NASH (Zheng Z. et al., 2017, Mi et al., 2019). Some natural compounds especially for 2, 3, 37, 42, 83, 104, 106, 114, 115, 117, 118, 122, 132–134, 141, 157, 164, 167, 178, and 193, proved effective in ameliorating NAFLD and NASH by targeting LXR/FXR or through the LXR/FXR pathway, presenting a promising therapeutic prospect. Risk of cardiovascular diseases has been reported to be associated with cellular cholesterol levels, that is, with excess cellular cholesterol often increasing the risk of cardiovascular diseases (Jun et al., 2013). Our review discovered that 3, 22, 39, 40, 44, 54, 76, 77, 82, 83, 99, 107–109, 152, 210, 211, 256, and 258 played a vital role in hypercholesterolemia, hypertension, or atherosclerosis, indicating the prospect of further exploration in cardiovascular diseases focusing on LXR/FXR ligands. Additionally, 25, 38, 47, 48, 83, 152, 154, 155, 157, 177, and 183–185 have represented tremendous potential for the treatment of various liver diseases including HBV, HCV, hepatic fibrosis, acute lung injury, cholestatic liver injury, liver cancer, and cholestasis. Previous reports have elicited that the ligands targeting the LXR/FXR might be one of the most effective ways to intervene with diabetes and obesity (Pu et al., 2019). It is suggested that 46, 114, 116, 124, 156, 157, 195, 208, and 209 could be developed as prospective candidates to reduce the risk of diabetes and obesity. Intriguingly, 51, 52, 77, and 96 have proved to be beneficial for the treatment of AD; meanwhile, 22, 78, 98, and 99 have contributed to alleviate the development of mastitis and breast cancer. Overall, the abovementioned provides multiple alternative approaches to LXR/FXR-related drug development.
At this point it needs, nevertheless, to be mentioned that most lead compounds failed in preclinical and clinical developments mostly due to toxicological and/or pharmacokinetic issues. For instance, the clinical application of LXRα agonist triptolide (19) is greatly constrained by hepatotoxicity, suggesting the risk of LXRs as toxicity targets. Our recent study revealed that, different from PA (142) directly combined with LXRα as an inhibitor, another anti-RCC drug candidate GPA (143) exists as a prodrug in the liver and exerts a toxic effect due to transformation into PA. Longer survival time of GPA-treated mice indicates that further exploration in anti-RCC drug research should focus on reducing glycosides transformed into PA and concentrating in kidney tumor rather than the liver for lowering hepatotoxicity risk.
Thereby, the therapeutic effects of these on diseases associated with LXRs and FXR expression remain to be further investigated in preclinical or clinical studies. Even if some compounds possessed grand effects on LXRs or FXR at a high concentration without toxicity in cell models, there exists a difference in vivo. Besides, overactivation or repression of LXRs and FXR is likely to cause other diseases, the discovery of the right balance between activating and inhibiting LXRs and/or FXR effects will be crucial for the development of targeting agents.
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GLOSSARY
ABCA1 ATP-binding cassette transporters A1
ABCG1 ATP-binding cassette transporters G1
ABCG5 ATP-binding cassette transporters G5
ABCG8 ATP-binding cassette transporters G8
AD alzheimer’s disease
AF-1 activation function-1
AF-2 activation function-2
ALT alanine aminotransferase
AMPK adenosine 5′-monophosphate-activated protein kinase
ANIT α-naphthylisothiocyanate
APOAI apolipoprotein AI
APOC1 apolipoproteins C1
APOC2 apolipoproteins C2
APOC4 apolipoproteins C3
APOE apolipoproteins E
AST aspartate aminotransferase
BA bile acid
CDCA chenodeoxycholic acid
CYP7A1 cholesterol 7α-hydroxylase
DBD DNA-binding domain
DCA deoxycholic acid
EC50 half maximal effective concentration
FGF19 fibroblast growth factor 19
FXR farnesoid X receptor
GLUT4 glucose transporter type 4
G6P glucose-6-phosphatase
GPA glucopiericidin A
HBV hepatitis B virus
HCV hepatitis C virus
HDL high-density lipoprotein
HFD high-fat diet
HPLC-ESI-MS high-performance liquid chromatography-electrospray ionization mass spectrometry
IBD inflammatory bowel disease
IC50 half maximal inhibitory concentration
IRS-1 insulin substrate receptor 1
KD dissociation equilibrium constant
LBD ligand-binding domain
LCA lithocholic acid
LCAT cholesterol acyltransferase enzyme
LDL-C low-density lipoprotein-cholesterol
LDLR low-density lipoprotein receptor
LPS lipopolysaccharide
LXRs liver X receptors
LXREs LXRs response elements
MDI mixture of 3-isobutyl-1-methylxanthine, dexamethasone and insulin
NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
NLRP3 nucleotide-binding oligomerization domain, leucine-rich repeat and pyrin domain-containing 3
NMR nuclear magnetic resonance
NPC1 Niemann–Pick C1
NPC2 Niemann-Pick C2
NPC1L1 Niemann-Pick C1-like 1
NRs nuclear receptors
NR0 miscellaneous
NR1 thyroid hormone receptor-like
NR2 retinoid X receptor-like
NR3 estrogen receptor-like
NR4 nerve growth factor IB-like
NR5 steroidogenic factor-like
NR6 germ cell nuclear factor-like
NF-κB nuclear factor kappa-B
PA piericidin A
PEPCK phosphoenolpyruvate carboxy kinase
PPAR peroxisome proliferator-activated receptor
PUFAs polyunsaturated fatty acids
qPCR quantitative polymerase chain reaction
RCC renal cell carcinoma
RCT reverse cholesterol transport
RT-qPCR real-time quantitative polymerase chain reaction
RT-PCR real-time polymerase chain reaction
RXR retinoid X receptor
S value negative-binding free energy value
SBARM A selective bile acid receptor modulator
SHP small heterodimer partner
SPR surface plasmon resonance
SREBPs sterol-regulatory element-binding proteins
TBA total bile acid
TC total cholesterol
TCMs traditional Chinese medicines
T2D type 2 diabetes
TG triglyceride
TFA total flavonoids of Astmgali Radix
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Diabetes mellitus is a fast-growing disease with a major influence on people’s quality of life. Oral hypoglycemic drugs and insulin are currently the main effective drugs in the treatment of diabetes, but chronic consumption of these drugs has certain side effects. Polysaccharides, saponins, flavonoids, and phenolics are the primary secondary metabolites isolated from the rhizomes of Polygonatum sibiricum Redouté [Asparagaceae], Polygonatum kingianum Collett & Hemsl [Asparagaceae], or Polygonatum cyrtonema Hua [Asparagaceae], which have attracted much more attention owing to their unique therapeutic role in the treatment and prevention of diabetes. However, the research on the mechanism of these three Polygonatum spp. in diabetes has not been reviewed. This review provides a summary of the research progress of three Polygonatum spp. on diabetes and its complications, reveals the potential antidiabetic mechanism of three Polygonatum spp., and discusses the effect of different processed products of three Polygonatum spp. in treating diabetes, for the sake of a thorough understanding of its effects on the prevention and treatment of diabetes and diabetes complications.
Keywords: Polygonatum, antidiabetic mechanism, hypoglycemic, hypolipidemic, diabetes
INTRODUCTION
Diabetes mellitus (DM) is a comprehensive endocrine and metabolic disease characterized by glucose metabolism disorders, mainly resulting from insulin resistance or insufficient insulin secretion (Xiao et al., 2019). According to the American Diabetes Association, it is divided into four major types: type 1 diabetes (T1DM), type 2 diabetes (T2DM), gestational diabetes (GDM), and diabetes from other causes. T2DM has the highest incidence among these diseases (Skyler and Oddo, 2010). The key factors that cause T2DM are pancreas β-cell failure, insulin resistance, and its complex interrelationships (Thorens, 2011). More importantly, long-term hyperglycemia may cause malfunction and long-term damage in a variety of tissues and organs, particularly the eyes, nerves, kidneys, heart, and blood vessels (Pham et al., 2019; Sloan, 2019).
In recent years, DM has become one of the primary diseases endangering modern people, and the number of patients has been increasing year by year. Almost all patients require oral hypoglycemic agents or injecting insulin. Diabetes is difficult to control in a maintainable long-term lifestyle (Tahrani et al., 2011; Herman et al., 2018). Current oral hypoglycemic agents include the earlier developed metformin and sulfonamides, as well as some novel hypoglycemic agents targeting the pancreas or liver, such as sodium-dependent glucose transporter 2 (SGLT2) inhibitors, dipeptidyl peptidase-4 (DPP-4) inhibitors, and glucagon-like peptide 1 (GLP-1) receptor agonists, which can enhance insulin activity, exert insulin-like effects, or alleviate glucose metabolism disorders (Tahrani et al., 2016). However, the clinical application of insulin often causes hypoglycemia, insulin resistance, lipoatrophy, and other side effects. Although the newly developed drugs have had a lower risk of hypoglycemia in recent years, they are more expensive than other early-developed drugs such as sulfonylureas, and long-term safety has yet to be determined. Therefore, it is essential to screen the natural products with antidiabetic activity and investigate their material basis, pharmacodynamics, and mechanism of action to provide new ideas for developing high efficiency and low toxicity antidiabetic drugs.
Traditional Chinese medicines (TCMs) are gaining popularity as a result of their success in the treatment and prevention of diabetes, such as Panax ginseng C. A. Mey. [Araliaceae], Lycium barbarum L. [Solanaceae], Coptis chinensis Franch. [Ranunculaceae], Abelmoschus esculentus (L.) Moench [Malvaceae], Angelica sinensis (Oliv.) Diels [Apiaceae], and Andrographis paniculata (Burm.f.) Nees [Acanthaceae] (Xu et al., 2012; Sun et al., 2014; Zhao et al., 2014; Wang et al., 2016a; Cui et al., 2016; Liao et al., 2019). Polygonatum is a common genus from the Asparagaceae family widely distributed in China and has been used as medicine or food for more than 2,000 years because it invigorates the spleen, moisturizes the lungs, and invigorates qi. The plant part used is the dry rhizome of Polygonatum sibiricum Redouté (P.sibiricum), Polygonatum kingianum Collett & Hemsl (P. kingianum), or Polygonatum cyrtonema Hua (P. cyrtonema), introduced in the 2020 edition of the Pharmacopoeia of the People’s Republic of China (Commission, 2020). The underlying pharmacological applications of Polygonatum are gaining popularity in clinical diseases, such as fatty liver disease, Alzheimer’s disease, diabetes mellitus, and cancer (Yu et al., 2021). Such biological activities are closely related to the secondary metabolites of Polygonatum, including polysaccharides, saponins, flavonoids, phenolics, alkaloids, anthraquinones, lignans, and a variety of beneficial amino acids (Jiang et al., 2017). Recently, Polygonatum spp. have become widely used TCMs in improving diabetes.
In this work, we comprehensively analyzed the antidiabetic-related research work on three Polygonatum spp. The purpose of this work is to review the secondary metabolites of Polygonatum and their antidiabetic mechanism, investigate the effects of different processed products of Polygonatum on treatment, and lay the foundation for the clinical application and product development of Polygonatum.
DATA COLLECTION
According to published reports from 2011 to 2021, “Polygonatum” or “Rhizoma polygonti” combined with “diabetes” or “anti-diabetic,” “secondary metabolites,” and “processed products” were used as search keywords. The data were collected by various online databases, including PUBMED, Web of Science, Science Direct, SpringerLink, Wiley Online Library, Wanfang, and China Knowledge Network. About 189 papers were found by reading abstracts to exclude repetitive and irrelevant papers. The data were further extracted from the above studies: P. sibiricum, P. kingianum, and P. cyrtonema were used according to the 2020 edition of the Pharmacopoeia of the People’s Republic of China; test design with the control group and functional verification; and dose use strictly in line with the standard (rat dose = human dose g * 0.018/0.02 kg). Eventually, we found that 47 articles met the screening standard and brought into this paper by critically reviewing and analyzing the data, aiming to identify secondary metabolites and processed products of Polygonatum involved in the antidiabetic mechanism.
SECONDARY METABOLITES OF POLYGONATUM
Currently, the secondary metabolites of Polygonatum have been reported to include polysaccharides, saponins (steroidal saponins and triterpenoids), flavonoids, phenols, alkaloids, lignans, phytosterols, and volatile oils, of which the first four ones are the major ingredients and have been studied most frequently. Additionally, polysaccharides and saponins were the highest in P. cyrtonema, and flavonoids and other phenolics were the highest in P. sibiricum (Table 1).
TABLE 1 | Comparison of the major chemical constituents of three Polygonatum spp.
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Polysaccharide is not only an active important component of Polygonatum but also an important evaluation index of its quality. It has been reported that polysaccharide is composed of many monosaccharides including fructose (Fru), glucose (Glc), mannose (Man), galactose (Gal), arabinose (Ara), and rhamnose (Rha), as well as a handful of glucuronic acid (GlcA) and xylose (Xyl). The molecular weights of polysaccharides from Polygonatum plants are estimated to be approximately 2,734∼3.6 × 105 Da (Zhao et al., 2018). Two new polysaccharides (PSP50-2-1 and PSP50-2-2) were isolated and purified from the rhizome of P. sibiricum, both of which were homogeneous polysaccharides by the analysis of the specific optical rotation. Meanwhile, the result of monosaccharide composition indicated that PSP50-2-1 and PSP50-2-2 were made up of Glc, Gal, and Fru (Liu et al., 2021), with the molecular weight of 7.7 and 7.0 kDa, respectively. More importantly, Wang et al. found that four polysaccharides isolated from P. sibiricum (PSP1, PSP2, PSP3, and PSP4) were made up of Gal, Rha, Man, Glu, and Xyl in different proportions, and the immune activity of polysaccharides was closely related to that of Rha residues, with the molecular weight of 4.415, 2.236, 7.743, and 6.467 kDa, respectively (Wang et al., 2020). Zhao et al. found that polysaccharides isolated from P. sibiricum, P. kingianum, and P. cyrtonema were mainly made up of Fru and pectins, with a molecular weight of more than 4.1 × 105 Da (Zhao et al., 2020).
Saponins
Although saponins are another main active component of Polygonatum, their content is relatively low. According to the different structures of saponins in Polygonatum, saponins were divided into steroidal saponins and triterpenoid saponins. Zhao et al. summarized 162 saponins from 18 species of Polygonatum genus, among which 70 steroidal saponins and 12 triterpenoid saponins were isolated from P. sibiricum, P. kingianum, and P. cyrtonema (Zhao et al., 2018). Subsequently, some studies provided novel findings of five novel steroidal saponins isolated from P. sibiricum, 3-O-β-d-glucopyranosyl(1→2)-β-d-glucopyranosyl(1→4)-β-d-fucopyranosyl-(25R)-spirost-5-en-3β,17α-diol, 3-O-β-d-glucopyranosyl(1→4)-β-d-fucopyranosyl-(25R/S)-spirost-5-en-3β,12β-diol, 3-O-β-d-glucopyranosyl(1→4)-β-d-fucopyranosyl-(25R)-spirost-5-en-3β,17α-diol, 3-O-β-d-glucopyranosyl(1→4)-β-d-fucopyranosyl-(25S)-spirost-5-en-3β,17α-diol, and kingianoside Z (Zhang et al., 2017; Tang et al., 2019). Two new steroidal saponins were isolated from P. kingianum, named polygokingiaside A and polygokingiaside B, respectively (Ha et al., 2021). A novel steroidal saponin was isolated from P. cyrtonema, named Huangjingsterol B (Huang et al., 2020). On the other hand, no new triterpenoid saponins were found in Polygonatum plants because triterpenoid saponins are found principally in the Magnoliopsida class, and steroidal saponins are distributed widely in the Liliopsida class (Faizal and Geelen, 2013).
Phenolics
Phenolics include flavonoids, phenolics, and lignins. Flavonoids are ubiquitous in natural plants and have a broad spectrum of biological activities. Until now, 34 flavonoids have been isolated from P. sibiricum, P. kingianum, and P. cyrtonema, which can be divided into six types in accordance with the structure of the parent nucleus: homoisoflavones, isoflavones, flavones, chalcones, dihydroflavones, and rosandalanes (Table 2). Among them, homoisoflavones are the most abundant in Polygonatum, such as 4′,5,7-trihydroxy-6-methyl-8-methoxy-homoisoflavanon, disporopsin, and polygonatone H.
TABLE 2 | Flavonoids isolated from three Polygonatum spp.
[image: Table 2]Phenolics in plants are secondary metabolites synthesized during the normal development of plants. Relatively rare studies have been conducted on the structural properties of the phenolics and lignans from Polygonatum. Wang et al. identified two known compounds (narcissoside and nicotiflorin) from P. sibiricum by 1D/2D NMR and MS data (Wang et al., 2016b). Zhai and Wang isolated syringaresinol-di-O-β-d-glucoside from P. sibiricum (Zhai and Wang, 2018). Chen et al. isolated a benzofuran-type lignan (polygonneolignanoside A) from P. sibiricum (Chen et al., 2020).
Other Secondary Metabolites
The contents of alkaloids, phytosterols, and volatile compounds in Polygonatum were extremely low, and their structures were less studied. Polygonatine A and Polygonatine B isolated from P. sibiricum were identified as alkaloids (Sun et al., 2005). Four phytosterol compounds have already been identified in P. sibiricum and P. kingianum, including β-sitosterol, carotenoside, palmitate-3β sitosterol, ester and (22S)-cholest-5-ene-1β,3β,16β,22-tetrol 1-O-α-l-rhamnopyranosyl 16-O-β-d-glucopyranoside (Li et al., 2008; Ahn et al., 2011). Volatile compounds were found in the rhizomes of P. cyrtonema, which accounted for 95.97% of the total volatile oils (Yu et al., 2008).
POTENTIAL ANTIDIABETIC MECHANISM OF POLYGONATUM ON DIABETES
Studies have shown that certain active ingredients of traditional Chinese herbal medicines have apparent effects of lowering blood sugar and blood lipids, such as polysaccharides, saponins, flavonoids, phenols, and alkaloids (Xu et al., 2018; Xu et al., 2019; Deng et al., 2020; Hou et al., 2020; Zhuang et al., 2020). Polygonatum is rich in these substances and hence is a Chinese herbal medicine with great medicinal value. The number of research papers on secondary metabolites and biological activities of Polygonatum is increasing in recent decades.
To date, there are three models to study the antidiabetic mechanism of secondary metabolites from Polygonatum: cells, diabetic animal models, and humans (Figure 1). For example, in in vitro studies, in which the IR-3T3-L1 adipocytes and IR-HepG2 cells were cultured, it was found that Polygonatum could increase glucose intake by alleviating oxidative stress and inflammation (Cai et al., 2019; Luo et al., 2020). In animal models of diabetes, for the sake of identifying the metabolic impact of the Polygonatum rhizome extract, high-fat diet (HFD)-, streptozotocin (STZ)-, or alloxan-induced rats were administered Polygonatum orally at a certain dose for a period. It is suggested that Polygonatum could decrease high blood glucose by analyzing various factors related to metabolic syndrome (Pang et al., 2018; Gu et al., 2020; Li et al., 2020). In addition, Polygonatum also improves homeostasis model assessment of insulin sensitivity (HOMA-IS) and homeostasis model assessment of insulin resistance (HOMA-IR) of patients with diabetes in clinical studies (Ping, 2021).
[image: Figure 1]FIGURE 1 | Experimental workflow in the study of Polygonatum spp. in the treatment of diabetes.
In Vitro Models
The nuclear factor erythroid 2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) signaling pathway is closely related to pancreatic β-cell injury, obesity, glucose metabolism disorders, and insulin resistance. Polysaccharides of P. sibiricum (PSP) (50, 100, and 250 μg/ml) can alleviate IR and proliferation of IR-3T3-L1 adipocytes by activating Nrf2/HO-1 signaling pathway in IR-3T3-L1 adipocytes, they promoted the expression of Nrf2 and HO-1 and lessened the expression levels of inflammatory cytokines [interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α)], and subsequently enhanced glucose intake by stimulating the expression of transporter subtype-4 (GLUT4). When the Nrf2 gene was silenced, the expressions of inflammatory cytokines, HO-1, GLUT4, and glucose intake were elevated, thereby reversing the therapeutic effect of PSP in IR-3T3-L1 adipocytes (Cai et al., 2019).
In IR-HepG2 cells, polysaccharides from P. kingianum (PKP) enhanced the levels of glucose utilization efficiency at doses of 6.25, 12.5, and 25 mg/L (Li et al., 2020); saponins from P. sibiricum (PSS) could significantly inhibit insulin resistance in a dose-dependent manner in HepG2 cells, but it was noteworthy that when the concentration of PSS was above 500 μg/ml, it affected cell viability. Moreover, PSS also could markedly attenuated the activities of α-glucosidase and α-amylase in vitro (Luo et al., 2020).
Animal Models
Polysaccharides of P. cyrtonema (PCP) (450–900 mg/kg) significantly improved the survival rate of STZ-induced T1DM female rats by inhibiting weight loss, suppressing inflammatory cytokine expression in the liver, and increasing insulin receptor substrate (IRS) expression, thereby improving the hepatic immune response (Wang et al., 2019b). More importantly, both low (120 mg/kg) and high (480 mg/kg) doses of PKP improved diabetic symptoms by increasing short-chain fatty acid (SCFA) levels, modulating gut microbiota composition, and reducing inflammation in HFD rats (Gu et al., 2020).
Saponins from P. kingianum (TSPK) also have antidiabetic effects. STZ-induced diabetic rats were given TSPK for 8 weeks at 0.025 and 0.1 g/kg, TSPK could alleviate hyperlipidemia and hyperglycemia in diabetic rats, and the genome-wide expression indicated that expression of GLUT4 was significantly upregulated. In contrast, the expression of G6P was downregulated in the insulin signal pathway (Lu et al., 2016). The structure and number of gut microbiota of rats treated with TSPK were significantly changed, so TSPK may prevent T2DM by regulating gut microbiota and the secretion of SCFAs (Yan et al., 2017). Furthermore, PSS can activate hexokinase and then converts glucose to glucose-6-phosphatase (G6P), which promotes glycogen synthesis and ultimately reduces insulin resistance. Interestingly, the number of bacteria changed in the dung of the T2DM rats treated with PSS (1, 1.5, and 2 g/kg), with the result that the number of probiotics increased and the number of harmful bacteria decreased (Luo et al., 2020).
Shu et al. found that total flavonoids of P. sibiricum (TFP) have significant hypoglycemic effects on both T1DM and T2DM. Compared to those of the control group, the hypoglycemic effects of 100 and 200 mg/kg of TFP were similar to those of 20 mg/kg of acarbose in STZ-induced T1DM rats. In HFD- and alloxan-induced T2DM rats, 200 mg/kg of TFP had a similar hypoglycemic effect to 15 mg/kg of gliclazide. After 9 days of treatment with 100 and 200 mg/kg of TFP, the fasting blood glucose (FBG) of rats decreased in a dose-dependent manner. Besides, TFP significantly inhibited α-amylase activity in a dose-dependent manner in vitro (Shu et al., 2012). Overall, TFP may have multiple beneficial effects on lessening hyperglycemia induced by alloxan, STZ, and HFD in diabetic rats, respectively.
However, there is another class of phenolic compound (syringaresinol-di-O-β-d-glucoside (SOG)) isolated from P. sibiricum that exerts an antidiabetic effect. Treatment with SOG (25, 50, and 75 mg/kg) facilitated insulin secretion and reduced the levels of lipid metabolism and oxidative stress in the STZ-induced diabetic rats, as well as downregulated the expression of nitrotyrosine (NT) and TGF-β1 in kidneys (Zhai and Wang, 2018). Thus, SOG showed a significant antidiabetic effect by suppressing oxidative stress.
In summary, polysaccharides, saponins, flavonoids, and other phenolics of Polygonatum have a prominent role in lowering blood sugar and blood lipids in DM (Table 3). The minimum dose of Polygonatum secondary metabolites is 25 mg/kg, and the maximum dose is 2 g/kg.
TABLE 3 | Antidiabetic properties of three Polygonatum spp. in cells and animal models.
[image: Table 3]Clinical Application
To date, clinical studies verified that a few Chinese patent medicines containing Polygonatum have a beneficial effect on diabetes, such as Tangwei capsules, Jinlida granules, Tangmaikang granules, Jiangtangjia tablets, and Qizhi Jiangtang capsules (Tables 4, 5). Jinlida granules could significantly decrease the level of hemoglobin A1c (HbA1c) and fasting plasma glucose (FPG) in the 2-h postprandial blood glucose (2hPG) in the individuals who received Jinlida granules (9 g) compared to the control groups (Lian et al., 2019). Jiangtang Tongmai capsules (1.05 g) combined with glibenclamide can reduce the blood glucose level, improve HOMA-IS and HOMA-IR of patients with T2DM, and reduce the severity of clinical symptoms of T2DM (Ping, 2021). HbA1c and HOMA-IR were significantly decreased after treatment with Jiangtangshu tablets (1.5 g) combined with repaglinide, while GLP-1 and fasting serum insulin (FINS) levels were significantly increased (Li and Li, 2019). After treatment with Qizhi Jiangtang capsules (2.5 g), NO serum content was increased, and endothelin-1 (ET-1), thromboxane B2 (TXB2), blood urea nitrogen (BUN), serum creatinine (SCr) contents were lower than those in the control group, which eventually improved renal microcirculation and dysfunction (Si and Xue, 2021). In conclusion, these Chinese patent medicines could effectively control blood glucose and inhibit insulin resistance without significant adverse effects and could be used as an adjuvant drug for the treatment of T2DM and its complications.
TABLE 4 | Chinese patent medicines containing Polygonatum with hypoglycemic effect in human studies.
[image: Table 4]TABLE 5 | Chinese patent medicine prescription containing Polygonatum with hypoglycemic effect (data from db.yaozh.com).
[image: Table 5]POTENTIAL ANTIDIABETIC MECHANISM OF POLYGONATUM ON DIABETES COMPLICATIONS
Diabetes can also lead to complications of other diseases, such as acute kidney injury (AKI), diabetic retinopathy (DR), and diabetic nephropathy (DN). The p38 MAPK is the most critical and common signaling pathway in protecting against inflammatory kidney injury (Ahmed and Mohamed, 2018). Gentamicin (GM) can stimulate the secretion of inflammatory cytokines via activation of p38 mitogen-activated protein kinase (MAPK)/activation transcription factor 2 (p38 MAPK/ATF2) pathway, triggering a set of inflammatory cascade reactions that result in kidney injury. However, PSP could markedly decrease the expression levels of neutrophil gelatinase-associated lipocalin (NGAL) and kidney injury molecule-1 (KIM-1), preventing the p38 MAPK/ATF2 pathway to suppress the secretion of inflammatory cytokines in the kidney (Han et al., 2020). As a result, PSP has a potential pharmacotherapy on GM-induced AKI rats.
VEGF is a crucial angiogenic growth factor that facilitates the migration, proliferation, and angiogenesis of vascular endothelial cells (Hu et al., 2015). Moreover, some growth factors can promote retinal cell proliferation, such as transforming growth factor-β (TGF-β), which can contribute to cell proliferation and differentiation and suppress DNA synthesis of vascular endothelial cells (Sharma et al., 2015). Epidermal growth factor (EGF) works on the proliferation of retinal capillary endothelial (Sugimoto et al., 2013). However, the treatment of PSP notably reduced the expression of VEGF, TGF-β, and EGF in the DR retina (Wang et al., 2019c). In STZ-induced DR rats, the expression of apoptotic protein B-cell lymphoma-2 factor (Bcl-2) was enhanced, while the expression of Bcl2-associated X protein (Bax) and p38 was reduced in PSP-treated rats. p38 MAPK is pivotal in the regulation of apoptosis. In addition, PSP can also reduce the activity of the superoxide dismutase (SOD) enzyme and increase the content of malondialdehyde (MDA), thus reducing oxidative stress of DM rats (Wang et al., 2017).
Wnt/β-catenin pathway (Wnt) signaling is involved in pancreas development and islet function (Liu and Habener, 2008; Wang et al., 2015; Palsgaard et al., 2016) and plays a vital role in modulating GLP-1 through regulating the transcription of the proglucagon gene in T2DM (Welzel et al., 2009). Zou et al. proved that Shen’an granules could regulate urinary protein, renal function, and dyslipidemia in DN rats, and such effects are achieved by suppressing the activation of the Wnt/β-catenin signaling pathway (Zou et al., 2016). Furthermore, the hypoglycemic effect of PSS on T2DM was also related to the Wnt/β-catenin signaling pathway. There is evidence that the expression of Wnt4 and β-catenin in the DN model group has been notably enhanced compared with that of the control group. In contrast, the expression of Wnt4 and β-catenin in the high-dose and low-dose PSS groups notably decreased (Jing, 2019). Therefore, PSS can suppress the process of tubulointerstitial fibrosis by blocking the activation of the Wnt/β-catenin signaling pathway and finally plays a vital role in kidney protection.
In brief, the studies of molecular mechanisms suggest that Polygonatum influences the development of diabetic complications by regulating MAPK, adenosine monophosphate-activated protein kinase (AMPK), and Wnt/β-catenin signaling pathway (Figure 2).
[image: Figure 2]FIGURE 2 | Insulin signaling pathways of three Polygonatum spp. Note. mTOR, mammalian target of rapamycin; PDK1/2, 3-phosphoinositide-dependent protein kinase-1/2; GSK3, glycogen synthase kinase 3β.
EFFECTS OF DIFFERENT PROCESSED PRODUCTS OF POLYGONATUM ON DIABETES
TCMs need to be processed to have a better therapeutic effect, unlike Western medicine. Processed TCMs have an apparent therapeutic effect, low toxicity, and convenience for storability. Moreover, different processing methods of the same drug show different efficacy.
An effort was made to compare the effect of hypoglycemic and hypolipidemic among ninefold-processed P. kingianum and four products of P. kingianum processed with different auxiliary materials (wine, black beans, Rehmannia glutinosa (Gaertn.) DC [Orobanchaceae] and L. barbarum L. [Solanaceae]). All five processed P. kingianum products were administered in high-glucose rats and high-fat rats at doses of 1.95 and 1.35 mg/g, respectively. The results confirmed that the hypoglycemic effect of ninefold-processed P. kingianum and P. kingianum processed with R. glutinosa (Gaertn.) DC. had markedly enhanced effects, while L. barbarum L. processed P. kingianum shows no significant effect. Additionally, ninefold-processed P. kingianum has the best hypolipidemic effect, and L. barbarum L. processed P. kingianum has the lowest effect through detecting the content of four factors related to lipid metabolism [total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C)] (Zhang, 2019). Other studies revealed that water extracts from each processed product of P. sibiricum (10 g/kg) were given by intragastric administration for 6 weeks; fourfold processing of P. sibiricum can better improve Qi and Yin deficiency syndrome by increasing the body weight and tail diameter of rats and regulating the glucose and lipid metabolism, compared to ninefold-processed P. sibiricum (Ma et al., 2019).
Li et al. found that fermented P. sibiricum (FPS) could lower insulin, FBG, and lipid metabolism than P. sibiricum. FPS showed greater efficacy than P. sibiricum in decreasing insulin resistance by increasing the p-AKT/AKT ratio, and FPS had a hypolipidemic effect on liver and fat in STZ-induced diabetic rats by improving lipolysis and inhibiting adipogenesis (Li et al., 2021).
FUTURE PROSPECTS
The beneficial effects of antidiabetes may be related to the metabolites of natural products in the human body. For instance, conjugated (glucuronidated and sulfated) metabolites of hydroxytyrosol and oleuropein are detected in plasma and urine following oleuropein consumption at a single dose of 76.6 mg per person. The concentration of oleuropein metabolites was significantly increased compared with oleuropein (149 vs. 3.55 ng/ml) in plasma (Bock et al., 2013). However, there are no studies on the beneficial effects of chemical components of Polygonatum against diabetes, and this may be related to metabolites in humans, and the specific mechanism needs to be further studied. Beyond that, it also is worth further exploring whether different active components of Polygonatum work alone or in a particular proportion with better curative effect against diabetes.
CONCLUSION
Diabetes mellitus, known as thirst dissipation in ancient China, was characterized by polydipsia, polyuria, polyphagia, emaciation, fatigue, and frequent urination. Now, it is common knowledge that DM is a group of metabolic diseases characterized by hyperglycemia, which is a chronic disease that cannot be cured by pharmaceutical means, but treatments can alleviate the development and symptoms of diabetes. With the increasing number of diabetic patients, natural products of Polygonatum (polysaccharides, saponins, flavonoids, and phenols) have attracted wide attention on account of their efficacy in lowering blood sugar and blood lipids. However, there are more studies on the hypoglycemic effect of polysaccharides and saponins than that of flavonoids and phenols. However, flavonoids and other phenolics are worthy of being studied. In addition, this review also summarizes the three insulin signaling pathways—p38MAPK, AMPK, and Wnt/β-catenin signaling pathways—that might be involved in the treatment of diabetes with Polygonatum, whereas these signaling pathways could result in a variety of biological activities to change, such as glucose uptake and glycogen synthesis, cell survival, oxidative stress, inflammation, and lipid metabolism. Consequently, the mechanism of action and targets of Polygonatum have been studied from the perspective of its unique chemical components, which is crucial to lay the foundation for clinical research.
Preclinical and clinical studies have shown that Polygonum has a positive therapeutic effect on diabetes. However, there is still a lack of research on Polygonum intake in humans. It is worth noting that the minimum effective dose of Polygonum must be determined in clinical studies due to individual differences.
Overall, the antidiabetic efficacy of Polygonum is well-known, and the antidiabetic benefits of bioactive components, especially polysaccharides and saponins, have widely been reported. Meanwhile, the combination use of Polygonatum and other clinical hypoglycemic drugs could enhance the therapeutic effect of hypoglycemic drugs, giving Polygonatum a broader application prospect in the treatment of diabetes and its complications.
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Ethnopharmacological Relevance: The management of diabetes over the years has involved the use of herbal plants, which are now attracting interest. We assessed the antidiabetic properties of aqueous extract of C. purpureus shoots (AECPS) and the mechanism of action on pancreatic ß-cell dysfunction.
Methods: This study was conducted using Thirty-six 36) male Wistar rats. The animals were divided into six equal groups (n = 6) and treatment was performed over 14 days. To induce diabetes in the rats, a single dose of 65 mg/kg body weight of alloxan was administered intraperitoneal along with 5% glucose. HPLC analysis was carried out to identified potential compounds in the extract. In vitro tests α-amylase, and α-glucosidase were analyzed. Body weight and fasting blood glucose (FBG) were measured. Biochemical parameters, such as serum insulin, liver glycogen, hexokinase, glucose-6-phosphate (G6P), fructose-1,6-bisphosphatase (F-1,6-BP), interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and nuclear factor kappa B (NF-ĸB), were analyzed. Additionally, mRNA expressions of phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT), B-cell lymphoma 2 (Bcl-2), and proliferating cell nuclear antigen (PCNA) were each evaluated.
Results: This in vitro study showed inhibitory potency of Cenchrus purpureus extract (AECPS) as compared with the positive controls. AECPS showed a gradual decrease in alloxan-induced increases in FBG, total cholesterol (TC), triglycerides (TG), low density lipoprotein (LDL-c), G6P, F-1,6-BP, malondialdehyde (MDA), IL-6, TNF-α, and NF-ĸB and increased alloxan-induced decreases in liver glycogen, hexokinase, and high density lipoprotein (HDL-c). The diabetic control group exhibited pancreatic dysfunction as evidenced by the reduction in serum insulin, homeostasis model assessment of ß-cell function (HOMA-β), expressions of PI3K/AKT, Bcl-2, and PCNA combined with an elevation in homeostatic model assessment of insulin resistance (HOMA-IR). High performance liquid chromatography (HPLC) revealed 3-O-rutinoside, ellagic acid, catechin, rutin, and kaempferol in AECPS.
Conclusion: AECPS showed efficient ameliorative actions against alloxan-induced pancreatic dysfunction, oxidative stress suppression as well as, inflammation, and apoptosis via the activation of PI3K/AKT signaling pathways.
Keywords: diabetes, inflammation, apoptosis, PI3K/akt signalling pathway, aqueous extract of Cenchrus purpureus
1 INTRODUCTION
Pancreatic beta cells are groups of endocrine cells responsible for the synthesis, storage, and release of insulin. Insulin is a hormone that counteracts antagonizes hyperglycemic hormones, like glucagon, glucocorticosteroids, and epinephrine, to keep circulating glucose concentrations within a narrow physiologic range (Marchetti et al., 2017). Damage to beta cells can lead to hyperglycemia (diabetes mellitus) a common metabolic disorder of carbohydrates, fats, and proteins that is quickly becoming an epidemic (Hudish et al., 2019). Statistics indicate that 9.3% of the world’s population in 2019 is presently living with diabetes; this figure is expected to increase to about 10.9% by 2045 (Saeedi et al., 2019). The disease’s high prevalence, progressive nature, diverse pathogenesis, and complications necessitate rapid treatment options (Osadebe et al., 2014). A variety of treatments, such as insulin therapy, pharmacotherapy, and diet therapy, are currently available for controlling this disease.
Glucose-lowering drugs have anti-diabetic effects through a variety of ways (Bathaie et al., 2012). Despite major advancement in diabetes treatment over the past 3 decades, the treatment outcome of treatment is far from perfect. Drug resistance, debilitating side effects, severe toxicity, and drug contraindications due to in vitro interactions are all problems that these treatments face (Kooti et al., 2016). Medicinal plant treatment regimens have been proposed by a number of researchers (Kooti et al., 2015). Hundreds of plants have been documented to have positive anti-diabetic effects, including Acacia Arabica (Hegazy et al., 2013), Allium sativum (Kazi, 2014), Azadirachta indica (Hashmat et al., 2012), Blighia sapida (Ojo et al., 2017), and Caesalpinia bonducella (Nazeerullah et al., 2012).
Cenchrus purpureus (Schumach.) Morrone (family: Poaceae) is a major multipurpose high yielding tropical grass also known as elephant grass, Napier grass, Uganda grass, among other names. It is a highly adaptable species that can thrive in a variety of environments and agricultural systems, and it is found all over the tropics (FAO, 2015). Because of its high productivity, elephant grass is a very important forage plant in the tropics. It is high in fiber, essential nutrients, and trace minerals, with a protein content that’s typical of forage plants (Evitayani et al., 2004). Soups and stews can be made with the young shoots (Akah and Onweluzo, 2014). Elephant grass, as implied by its name, is an important source of food for elephants in Africa (Francis, 2004) and is suited to feed cattle and buffaloes. C. purpureus is a fast-growing and high biomass-producing cellulosic source and has been a choice candidate for biofuel feedstock (Rocha et al., 2017) and weed control where it is used as a trap plant in push-pull management strategies to fight against stem borers in maize crops (Khan et al., 2007). Although there is less research and documentation on its efficacy as a medicinal plant in the treatment of various ailments, there are reports that the shoot and culm infusions have diuretic properties (Duke, 1983). Its phytochemical composition also revealed a higher proportion of terpenoids, alkaloids, calcium (Prinsen et al., 2012), and riboflavin than many vegetables including onion, cabbage, carrot, cauliflower, cucumber, chili pepper, and spinach (Burkill, 1985). C. purpureus was reported by Okaraonye and Ikewuchi, 2009 to contain alkaloids, cyanogenic glycosides, flavonoids, saponins, and tannins. C. purpureus has been reported as a traditional treatment for diabetes mellitus (Akuru et al., 2015). C. purpureus has been discovered to be a powerful antioxidant and hypoglycemic agent (Tsai et al., 2008; Okaraonye and Ikewuchi, 2009; Olorunsanya et al., 2011; Akuru et al., 2015; Tjeck et al., 2017). Although previous research has shown that C. purpureus shoot extract (CPSE) has anti-diabetic properties, its mechanism has yet to be investigated. As a result, this study used a diabetic rat model to assess the effects of AECPS on pancreatic-cell dysfunction and apoptosis, as well as to investigate the mechanism of action of C. purpureus in alloxan-induced diabetic rats.
2 MATERIALS AND METHODS
2.1 Chemicals
Alloxan, α-amylase, diphenylamine, acarbose, and α-glucosidase were products of Sigma-Aldrich (Steinheim, Germany). Enzymes assay kits were products of Randox Laboratories Ltd., Antrim, United Kingdom. Methanol and Folin-Ciocalteu reagent were purchased from Merck (Darmstadt, Germany). All chemical agents and standards were of analytical quality unless otherwise specified.
2.2 Plant Material
Shoots of Cenchrus purpureus (Schumach.) Morrone were obtained from an agricultural establishment in Ado-Ekiti, Ekiti State, and identified at the Forestry Research Institute of Nigeria (FRIN) by Mr. Odewo with FHI 113161 given as the herbarium number.
The http://mpns.kew.org/mpns-portal/?_ga=1.111763972.1427522246.1459077346 link was used to check and confirm the accepted name of the plant.
2.3 Preparation of Aqueous Extract of Cenchrus Purpureus Shoots
The shoots were chopped into small pieces and dried to constant weight, for 4 weeks at ambient temperature (approximately 25°C), after which it was ground into powder with an electric blender (Kenwood, Model BL490, China). 100 g of dried shoots was soaked in distilled water for 48 h to obtain an aqueous extract (Ojo et al., 2017). We lyophilized the resulting aqueous extract (Modulyo Freeze Dryer, Edward, England) to yield 15.5 g.
2.4 High-Performance Liquid Chromatography Analysis of AECPS
HPLC analysis of AECPS was determined by the chromatographic system (N2000) comprising Autosampler (YL 9150) with a 100 μl fixed loop and a YL9120 UV-visible detector. We did the separation on an SGE Protocol PC18GP120 (250 mm × 4.6 mm, 5 μm) column at 25°C. The mobile phase was methanol to water (70:30 v/v), and we achieved the separation utilizing the isocratic mode. The elution flow rate was 1 ml/min. Samples were run for 15 min, and we achieved detection at 254 and 366 nm. Stock solutions of standards references were prepared in the HPLC mobile phase at a concentration range of 0.030–0.500 mg/ml. Chromatography peaks were confirmed by comparing its retention time with those of reference standards.
2.5 α-Amylase and α-Glucosidase Inhibitory Activities
The protocol described by Shai et al., 2010 and Nguelefack, et al., 2020 was used to estimate the inhibitory activities of AECPS against the α-amylase and α-glucosidase enzymes at different concentrations ranging from 15–240 μg/ml. The standard employed for this study was acarbose. The result was calculated and expressed as a percentage.
2.6 Experimental Animals and Dosage Determination
Thirty-six (36) male experimental Wistar rats (252.50 ± 10.52 g) were bought from the Animal Holding Unit of the Department of Biochemistry, University of Ilorin, in Ilorin, Kwara State. Male rats were selected because they have more stable hormonal status in comparism to female rats. Also, male rats tend to develop more pronounced insulin resistance whilst females show a greater loss of insulin release and beta cell mass. The experimental animals were kept in cages at a temperature of 22–30°C, a photoperiod of 12 h natural light and 12 h darkness, and a relative humidity between 40–45%. They were fed animal feed (Top Feeds, Beside First Bank Plc, Adebayo, Ado-Ekiti, Nigeria) and freely available tap water. The animals were acclimatized for 2 weeks before the start of the experiment. An ethnobotanical survey and personal communications with traditional medicine practitioners revealed that about 200 ml of the juice extract should be administered two times a day for effective treatment of diabetes by a patient weighing about 70 kg (Yakubu et al., 2016; Ajiboye et al., 2021). However, 2.92 g of AECPS extract was derived after freeze-drying 200 ml of the juice. And from this extrapolation, 8.4 mg/kg body wt. was adopted as a dosage to test the anti-hyperglycemic potential of the extract.
2.7 DM Induction
The protocol previously employed by Ojo et al., 2017, induced DM in experimental rats. Male Wistar rats 36) fasted without food but with water available for 12 h. The fasting blood sugar level of the rats was checked before the injection of alloxan. Then, 30 male Wistar rats were given a 65 mg/kg of body weight single injection (I.P) of alloxan (2 g) dissolved in normal saline (NaCl) and a 5% glucose solution to induce insulin resistance. The fasting blood sugar (FBS) level for each induced animal was checked after 72 h to confirm the induction of DM (Murat and Serfaty, 1974). Animals having an FBS level >250 mg/dl were diabetic.
2.8 Animal Groups and Treatment With Extract
Thirty-six male Wistar rats were chosen and divided into six groups of six rats each. The groupings were:
Group 1: Normal rats + distilled water.
Group 2: Diabetic control rats + distilled water.
Group 3: Diabetic rats +30 mg/kg b. wt of metformin.
Group 4: Diabetic rats +4.2 mg/kg b. wt of AECPS.
Group 5: Diabetic rats +8.4 mg/kg b. wt of AECPS.
Group 6: Diabetic rats +16.8 mg/kg b. wt of AECPS.
2.8.1 Ethical Approval
All experimental rats that were used for this study were handled in line with the rules and regulations for animal management used in the research as contained in ARRIVE guidelines prepared for the care and use of animals in a laboratory. In addition, the Landmark University Ethical Committee approved this research and gave this approval number: LUAC/2021/006A.
2.9 Collection and Analysis of Samples
This research experiment lasted 2 weeks, after which the rats were euthanized using halothane anesthesia and sacrificed through cervical dislocation; the liver and pancreas were harvested and homogenized in cold phosphate buffer (0.01M, pH 7.4, 1:5 w/v) before being kept at a temperature of −4°C following the protocol by Ojo et al., 2017. Blood was drawn from the jugular veins, placed in a clean dry centrifuge tube, allowed to clot at room temperature before being centrifuged at 5,000 rpm for 15 min, and sera were preserved for further analysis. The tissues were centrifuged for 15 min at 5,000 rpm, and the supernatant were separated with Pasteur pipettes, transferred into specimen bottles and frozen at −80°C for further biochemical analysis.
2.10 Biochemical Parameters
Serum insulin concentration determination was achieved based on the method described by Ibrahim and Islam, 2014, which used an ELISA kit from Sweden in a multiple plate ELISA reader (Winooski, Vermont, United States). The other biochemical parameters were determined using the method described for liver glycogen (Murat and Serfaty, 1974), serum total cholesterol, triglyceride, HDL-cholesterol (Fredrickson et al., 1967), LDL and VLDL cholesterol (Friedwald et al., 1972) respectively. The atherogenic index (AI) and coronary artery index (CRI) were calculated by using the expression in Liu et al., 1999 and Boers et al., 2003. The homeostasis model assessment of insulin resistance (HOMA-IR) and homeostasis model assessment of the ß-cell score (HOMA-β) were determined using the expression (1) and (2) described by Ibrahim and Islam, 2014.
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Converting factors for units: insulin (1 U/L = 7.174 pmol/L) and blood glucose (1 mmol/L = 18 mg/dl).
2.11 Determination of Biomarkers of Oxidative Stress
The supernatants of both the liver and pancreas were used to assay for reduced glutathione (GSH) level (Livingstone and Davis, 2007), catalase, superoxide dismutase activities (Zelko et al., 2002), and malondialdehyde MDA) level (Varshney and Kale, 1990).
2.12 Determination of Liver Glycogen and the Activities of Glycolytic Enzymes
Liver glycogen was determined following the protocol described by Morales et al., 1973. The liver supernatant was used to analyze the activities of glycolytic enzyme activities which include: hexokinase, glucose-6-phosphatase (G6P) (Erukainure et al., 2017), and fructose 1,6-bisphosphatease (F-1,6-BPase) (Gancedo and Gancedo., 1971).
2.13 Determination of Inflammatory Biomarkers
TNF-α, IL-6, as well as NF-κB, were determined in the serum using the protocol outlined in ELISA kits (Biosource, United States).
2.14 Quantitative RT PCR (RT-PCR) Analysis
2.14.1 Total RNA Isolation
We removed the total RNA from the entire organs following a technique described by Omotuyi et al., 2018.
2.14.2 cDNA Transformation
Before cDNA transformation, the absolute RNA amount (concentration (µg/ml) = 40 * A260) and quality (≥1.8) were evaluated using the proportion of A260/A280 (A = absorbance) read via a spectrophotometer (Jen-way UV-VIS spectrophotometer model 6,305, United Kingdom).
2.14.3 PCR Amplification and Agarose Gel Electrophoresis
PCR amplification for the assessment of genes whose primers (Primer3 software) are recorded below was performed using the procedure described by Omotuyi et al., 2018.
PI3K mRNA Sequence (5′->3′)
Forward primer GGT​GCT​AAG​GAG​GAG​CAC​TG.
Reverse primer CCA​TGT​GGT​ACA​GGC​CAG​AG.
AKT mRNA Sequence (5′->3′)
Forward primer AAG​GAC​CCT​ACA​CAG​AGG​CT.
Reverse primer AAG​GTG​GGC​TCA​GCT​TCT​TC.
GAPDH mRNA Sequence (5′->3′)
Forward primer GCA​TCT​TCT​TGT​GCA​GTG​CC.
Reverse primer GAG​AAG​GCA​GCC​CTG​GTA​AC.
Bcl-2 mRNA Sequence (5′->3′)
Forward primer GCG​TCA​ACA​GGG​AGA​TGT​CA.
Reverse primer TTC​CAC​AAA​GGC​ATC​CCA​GC.
PCNA mRNA Sequence (5′->3′)
Forward primer AGC​AAC​TTG​GAA​TCC​CAG​AAC​A.
Reverse primer CAC​AGG​AGA​TCA​CCA​CAG​CA.
Cyclophilin A mRNA Sequence (5′->3′)
Forward primer TGG​AGA​GCA​CCA​AGA​CAG​ACA.
Reverse primer TGC​CGG​AGT​CGA​CAA​TGA​T.
2.14.4 Amplicon Image Processing
Photographs of the in-gel amplicon bands were treated on a Keynote platform, as revealed by Omotuyi, et al., 2018, and evaluated via ImageJ software.
2.15 Data Analysis
We conducted the in vitro studies in triplicates. For the in vivo analysis, the data were all interpreted as mean ± standard deviation (SD) for six readings across the groups. We then subjected the data from this study to analysis using one-way analyses of variance. Tukey’s post hoc comparison test was done with GraphPad Prism nine version at a significance level of p < 0.05.
3 RESULTS
3.1 HPLC-UV Analysis of Aqueous Extract of C. purpureus Shoots
The HPLC analysis of AECPS (Supplementary Figure S1) revealed the presence of five constituents with different retention times. Table 1 shows that five active compounds, 3-O-rutinoside, ellagic acid, catechin, rutin and kaempferol were identified in AECPS; these may have resulted in some of the therapeutic effects observed from AECPS in this study.
TABLE 1 | Bioactive compounds identified in AECPS.
[image: Table 1]3.2 α-Glucosidase and α-Amylase Inhibitory Activities of AECPS
Figure 1 shows that acarbose had a superior inhibitory activity for α-glucosidase compared with that of AECPS. AECPS exhibited its maximal αglucosidase inhibitory activity at 60% (IC50 = 3.70 μg/ml) and acarbose at 68% (IC50 = 3.45 μg/ml). In addition, the α-amylase inhibitory property exhibited by AECPS was 63% compared to 65% for acarbose with IC50 values of 3.42 μg/ml and 3.50 μg/ml respectively. This suggest the antidiabetic activity of AECPS.
[image: Figure 1]FIGURE 1 | α-glucosidase and α-amylase inhibitory activities of aqueous extract of C. purpureus shoots Data are expressed as mean ± SD of triplicates determinations Legend: AECPS: aqueous extract of Cenchrus purpureus shoots.
3.3 Fasting Blood Glucose Level of Diabetic Rats Administered AECPS
Before we administered alloxan, all the animals in all the experimental groups had normal blood glucose levels (Table 2). Blood glucose levels in all groups increased 48 h after alloxan administration, exceeding those in the normal control group that did not receive alloxan. After days 7 and 14, all treatment groups had lower blood glucose levels when compared to the diabetic control group. Administration of AECPS at 4.2,8.4 and 16.8 mg/kg body weight significantly (p < 0.05) and progressively reduced the blood glucose levels by 63%, 69% and 77% respectively as against 80% by metformin. After 14 days, the reduction in blood sugar levels in the AECPS (16.8 mg/kg)-treated group were comparable to those in the metformin-treated group. The diabetic control group’s blood glucose levels continued to rise over the course of the 14 days experiment, whereas the normal control group’s blood glucose levels remained within normal limits.
TABLE 2 | Fasting blood glucose (mg/dl) levels of alloxan-induced diabetic rats before and after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 2]3.4 Body Weight of Diabetic Rats Administered AECPS
The results in Table 3 show the bodyweight of animals before and after oral administration of AECPS. Over 8% weight loss was observed in the diabetic control group, while over 10% weight loss was also observed in the metformin-treated group. The normal control group showed a significant increase (6.85%) in animal body weight after 14 days as did the 16.8 mg/kg AECPS treated group, which showed a percentage weight gain of 4.84%. We observed no significant difference in the organ-body weight for the liver and pancreas of any of the control and treated groups, as shown in Table 4.
TABLE 3 | Body weight of alloxan-induced diabetic rats before and after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 3]TABLE 4 | Body weight, organ weight and organ-body weight ratios of alloxan-induced male Wistar rats administered orally with aqueous extract of C. purpureus shoots.
[image: Table 4]3.5 Serum Insulin Levels, HOMA-IR and HOMA- ß Levels of Diabetic Rats Administered AECPS
Table 5 shows the serum insulin, HOMA-IR, and HOMA-β scores in the diabetic rats. Induction of diabetes significantly reduced the levels of serum insulin, whereas metformin and AECPS administration increased it, with AECPS (16.8 mg/kg) comparing well with the normal controls. AECPS increased serum insulin in a dose-dependent manner. HOMA-IR increased after the induction of diabetes but treatment with metformin and AECPS reduced it as all the treatment groups to a level which compared well with the control group. In contrast, the HOMA-β score was reduced in diabetic rats whereas AECPS and metformin increased the scores in the treated groups, which all compared favourably to the normal control group.
TABLE 5 | Serum insulin levels, HOMA-IR and HOMA-β scores of alloxan-induced diabetic rats after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 5]3.6 Antioxidant Markers in Experimental DM
When compared to the normal control group, alloxan significantly increased hepatic MDA levels in diabetic control rats, but all treatment groups (including metformin) significantly reduced hepatic MDA to a level comparable to the normal control group (Table 6). MDA levels in the AECPS-treated groups decreased in a dose-dependent manner. In contrast, alloxan induction significantly decreased the activities of the CAT, SOD, GPX, and GST enzymes as well as the levels of GSH, however, metformin increased these antioxidant parameters in the metformin-treated group but not to levels comparable with the normal controls. The antioxidant parameters were also increased in the AECPS-treated group in a dose-dependent manner, with AECPS (16.8 mg/kg) providing the best result, which also compared favorably to the normal control.
TABLE 6 | Hepatic antioxidant markers of alloxan-induced diabetic rats after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 6]Alloxan also significantly increased pancreatic MDA levels in the diabetic control rats, but all treatments significantly reduced it, with metformin and AECPS at 8.4 mg/kg and 16.8 mg/kg, respectively, comparing favorably with the normal control group (Table 7). The reduction in the extract-treated group was in a dose-dependent manner. Alloxan also significantly reduced the pancreatic antioxidant enzyme activities and GSH levels in the diabetic control group, but the treatment groups (including metformin) increased it. The group treated with AECPS (16.8 mg/kg) and metformin compared well with the normal control.
TABLE 7 | Pancreatic antioxidant markers of alloxan-induced diabetic rats after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 7]3.7 Serum Lipid Parameters in Experimental DM Administered AECPS
As seen in Table 8, total cholesterol was significantly increased in the diabetic control group as compared with the normal control. The different treatment groups reduced total cholesterol with the AECPS treated groups comparing well with those of the normal control. Alloxan significantly decreased HDL-c levels in the diabetic control group, but the different treatment groups increased it. The increase in groups treated with AECPS was in a dose-dependent manner with the AECPS (16.8 mg/kg) treated group comparing well to the normal control. Alloxan administration increased TG, VLDL-c, LDL-c, AI, and CRI, separately, but the administration of metformin and AECPS reduced them. The AECPS treated groups (16.8 mg/kg and 8.4 mg/kg) compared well to the normal controls. All the treatment groups also compared well to the normal control in reducing AI and CRI levels.
TABLE 8 | Lipid profile of alloxan-induced diabetic rats after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 8]3.8 Hepatic Glycogen and Carbohydrate Metabolizing Enzymes in Diabetic Rats Administered AECPS
The level of hepatic glycogen and the glycolytic enzyme, hexokinase, were significantly reduced in the diabetic rats, but we observed a notable increase in the treatment groups after administration of metformin and AECPS (Table 9). The activities of the gluconeogenesis enzymes G6P and F-1,6-BP were observed to increase in the diabetic control group, but administration of AECPS and metformin yielded a notable decrease in the treatment groups (Table 9).
TABLE 9 | Hepatic glycogen and carbohydrate metabolizing enzyme levels after oral administration of aqueous extract of C. purpureus shoots.
[image: Table 9]3.9 Pro- and Anti-Inflammatory Markers of Diabetic Rats Administered AECPS
Administration of alloxan significantly increased the levels of IL-6, TNF- α, and NF-κB (Figure 2) in the rat serum (p < 0.05) compared with those of the control rats. AECPS significantly reduced the levels of IL-6, TNF-α, and NF-κB (p < 0.05) compared with those in the diabetic rats to levels that were similar to rats treated with metformin. AECPS with 16.8 mg/kg body weight showed the clearest reversal of the alloxan treatment-related rises in the concentrations of IL6, TNF-α, and NF-κB (Figure 2).
[image: Figure 2]FIGURE 2 | Interleukin-6, Tumor necrosis factor-α, and Nuclear factor-kappa B of alloxan-induced diabetic rats orally administered AECPS. Legend: Data are expressed as mean ± SD (n = 6); AECPS: aqueous extract of Cenchrus purpureus shoots; IL-6: Interleukin-6; TNF-α: Tumor necrosis factor-alpha; NF-κB: Nuclear factor-kappa B; #: significantly different from normal control (p < 0.05); * is significant at p < 0.05 and ** is significant at p < 0.01, *** is significant at p < 0.001 versus diabetic control.
3.10 Gene Expressions of PI3K, AKT and Apoptotic Markers of Diabetic Rats Administered AECPS
The PI3K, AKT, Bcl-2, and PCNA mRNA levels in the liver, and pancreas are shown in Figure 3. The mRNA expression levels of PI3K in the liver and the pancreas were down-regulated in the diabetic rats (Figure 3). In addition, the mRNA levels of AKT, Bcl-2, and PCNA were downregulated in the liver and pancreas of the diabetic rats. Treatment with AECPS and metformin raised the mRNA levels of these compounds in the liver and pancreas.
[image: Figure 3]FIGURE 3 | Effect of AECPS on PI3K, AKT, Bcl2 and PCNA in liver and pancreas of diabetic rats in different groups. Data were presented as the mean ± SEM, n = 6 for each group (A). mRNA expression of PI3K, AKT, BCL2, and PCNA in liver cells. GAPDH served as control (B). mRNA expression of PI3K, AKT, BCL2, and PCNA in pancreatic cells. Cyclophilin served as control (C). Liver PI3K mRNA expression, *: significantly different from normal control (p < 0.05); *p < 0.05 versus control; **p < 0.01 versus DC; ***p < 0.001 versus DC. (D) Liver AKT mRNA expression *p < 0.05 versus control; **p < 0.01 versus DC; ***p < 0.001 versus DC. (E) Liver Bcl2 mRNA expression, *p < 0.05 versus control; **p < 0.01 versus DC; ***p < 0.001 versus DC. (F) Liver PCNA, *p < 0.05 versus control; **p < 0.01 versus Dc; ***p < 0.001 versus DC. (G) Pancreas PI3K mRNA expression *p < 0.05 versus control; **p < 0.01 versus DC; ***p < 0.001 versus DC. (H) Pancreas AKT mRNA expression, *p < 0.05 versus control; **p < 0.01 versus DC. (I) Pancreas Bcl2 mRNA expression, *p < 0.05 versus control; **p < 0.01 versus DC; (J) Pancreas PCNA. Legends: AECPS: aqueous extract of C. purpureus shoots; PCNA: proliferating cell nuclear antigen; CT: control group; DC: diabetic control; DM: diabetic + metformin group; CP-1: C. purpureus treated group (4.2 mg/kg); CP-2: C. purpureus treated group (8.4 mg/kg) CP-3: C. purpureus treated group (16.8 mg/kg).
4 DISCUSSION
The phytochemicals in AECPS were identified through HPLC analysis. AECPS contained the flavonoids 3-O-rutinoside, ellagic acid, catechin, rutin and kaempferol were present in AECPS. 3-O-rutinoside has been shown to be an effective inhibitor of α-glucosidase enzyme (Habtemariam, 2011). Ellagic acid works as an anti-diabetic agent by stimulating insulin secretion and decreasing glucose intolerance in pancreatic ß-cells (Fatima et al., 2015). Catechin works as an antidiabetic agent by boosting the antioxidant defenses (Samarghandian et al., 2017). Rutin exhibited significant antidiabetic activity, possibly by inhibiting inflammatory cytokines, enhancing antioxidant capacity in a diabetic model and may be useful as a diabetic modulator (Niture et al., 2014), whereas kaempferol may enhance glucose metabolism and inhibit gluconeogenesis (Alkhalidy et al., 2018). As a result, the therapeutic activities of AECPS, as demonstrated by our findings, could be attributed to these compounds identified.
Plants produce phenolic compounds through a series of activities that involve several biosynthetic pathways, including glycolysis, hexose monophosphate shunt, and shikimate pathways in the cytosol (Paucar-Menacho et al., 2017; Ajiboye et al., 2018). They play a significant role in health by regulating weight, metabolism, chronic disease, and cell proliferation (Rodríguez-García et al., 2019). In addition, they possess anti-inflammatory and antioxidant properties that may have preventive and/or curative effects for diseases and disorders, like diabetes mellitus (Adelek et al., 2018a; Rodríguez-García et al., 2019).
Diabetes is an enfeebling chronic metabolic disease with global relevance (Ojo et al., 2017). Diabetes treatment varies depending on the underlying cause of the disease. Insulin can be used to treat type I diabetes, whereas medications that inhibit specific enzymes, such as α-amylase, α-glucosidase, dipeptidyl peptidase IV, and protein tyrosine phosphatase, can be used to treat type II diabetes (Tundis et al., 2010). The primary aim of diabetic treatment is to maintain glycemic control in diabetic patients during both fasting and post-prandial states. Complications from side effects associated with the use of conventional drugs to treat diabetes have prompted a search for alternative anti-diabetic drugs derived from plant (Ojo et al., 2018b). It has been studied to use natural products to either inhibit the production of glucose from carbohydrates in the intestine or the absorption of glucose from the intestine (Ojo et al., 2018b). The α-amylase enzyme can be found in high concentrations in the pancreatic juice and saliva. Salivary a-amylase hydrolyzes the α-(1,4)-glycosidic bonds of large insoluble carbohydrates, the primary sources of glucose, into smaller molecules. In contrast, α-glucosidase is localized in the walls of the small intestine and acts by mediating the catabolism of starch and disaccharides into simpler sugars, such as glucose, which are absorbed in the intestine. Alpha-glucosidase regulates postprandial hyperglycemia and is considered to be a potential therapeutic target for diabetes treatment. Inhibiting the activities of these enzymes (α-amylase and α-glucosidase) in the gastrointestinal tract (GIT) of humans is known to be an effective diabetic control by lowering postprandial blood glucose (Tundis et al., 2010). The strong inhibitory activity of AECPS against a-amylase and a-glucosidase found in this study backs up previous reports from other plants (Ojo et al., 2018b). Because the AECPS inhibited the activity of α-glucosidase and α-amylase in a concentration-dependent manner, this inhibition could serve as an indicator of the potential antidiabetic role of the plant.
To reduce the global burden of diabetes mellitus (DM), researchers are searching for newer therapies, especially the use of natural plants, which are readily available and pose fewer or no side effects (Balogun and Ashafa 2017). Some drugs used in treating diabetes are known to have limited efficacy over time (Ojo O. A. et al., 2020). Modern drugs have been reported to losing efficacy over time and attention towards plant materials as s solution to this problem has be of utmost concern. Metformin was used as a standard drug because it has been the preferred and most significant drug for diabetes treatment for over a decade (Balogun and Ashafa 2017). In the current study, we investigated the hypoglycemic potential of AECPS in vivo to discover its antidiabetic potency via blood glucose levels.
A significant hallmark of a diabetic state is a reduction in body weight, which can sometimes be ascribed to abnormalities in the catabolism of macronutrients such as fat and protein leading to extreme tissue protein loss and muscle wastage (Balogun and Ashafa 2017). This is clear from our rat diabetic control group, which had a weight loss of more than 8%. AECPS treatment reduced the weight loss even more than the group treated with the standard drug (metformin). The improvement in body weight in the diabetic rats treated with AECPS suggests restoration of tissue and muscle protein as a result of the extract, substantiating the report by Balogun and Ashafa, 2017. The rats treated with AECPS (16.8 mg/kg) showed the highest percentage weight gain, which was higher than that of the normal control. The results from this study did not show any significant change in the organ-body weight ratio (for liver and pancreas) caused by DM even though there was a reduction in overall body weight caused by DM.
DM is a common result of a defect in the secretion or action of insulin and sometimes both Ojo et al., 2017; Ojo O. A. et al., 2020). The administration of the extract not only reduced the blood glucose concentration but also elevated the levels of insulin in the serum. The stimulation of insulin secretion by the extract apparently achieved the reduction in blood glucose level, as other researchers have reported that several plants produce their hypoglycaemic effect in this manner (Balogun and Ashafa 2017). The use of alloxan at a low dose causes partial destruction of the hepatic beta cells. Thus, the plant extract may have led to a regeneration of the surviving beta cells (Ojo O. A. et al., 2020). Higher HOMA-IR and lower HOMA-β scores in the diabetic control group indicate the induction of partial pancreatic beta-cell dysfunction and insulin resistance, which confirms the diabetic condition as previously noted elsewhere (Ojo et al., 2017). The reversal of the HOMA-IR and HOMA-β scores following treatment with the extract may, therefore, indicate decreased insulin resistance and restoration or regeneration of the hepatic beta cells.
Oxidative stress is linked to DM through free radicals. Free radical generation accompanied by antioxidant defense impairment could lead to the oxidation of glucose, glycation of protein, and oxidative degradation of protein glycation (Balogun and Ashafa 2017; Yusuf et al., 2021). DM induction by alloxan is said to be through the generation of ROS, leading to rapid destruction of the beta cells of the pancreas, causing hyperglycemia (Yusuf et al., 2021). Elevated pancreatic and hepatic MDA levels after alloxan administration indicate that oxidative stress has occurred because of a compromised antioxidant system in the diabetic condition (Ojo OA. et al., 2020). The reversal of this oxidative damage-prone condition with a reduction of the MDA level with administration of either metformin or AECPS may imply an improved antioxidant status. Thus, our findings may affirm the antioxidant and antidiabetic potential of the extract. Also, decreases in pancreatic and hepatic antioxidant (CAT, SOD, GPX, GSH, and GST) activities in the diabetic-induced rats reveal that oxidative stress resulted from alloxan administration. An increase in enzyme activity in diabetic rats treated with metformin and AECPS revealed an improved antioxidant status (Balogun and Ashafa 2017).
Cardiovascular complications are a common cause of death in diabetics, and postprandial glucose elevation is a risk factor for cardiovascular disease. One manifestation of cardiovascular disease is alteration of the lipid profile. Studies have associated diabetes with hypertriglyceridemia, which may be caused by insulin deficiency. In the current study, we found an abnormal lipid profile in rats after DM induction. In a normal state, it was reported that insulin activates lipoprotein lipase, which hydrolyzes triglycerides, however, in a diabetic state, the enzyme’s inactivation may result in hypertriglyceridemia (Yusuf et al., 2021). Insulin inhibits HMG-CoA reductase, an enzyme that catalyzes the rate-limiting step in cholesterol synthesis, resulting in hypercholesterolemia (Ojo O. A. et al., 2020). In this current study, diabetes induced by alloxan may have inhibited lipid metabolism, as evidenced by elevated TC, TG, VLDL-c, LDL-c, AI, and CRI levels and by decreased HDL-c levels. Another possible explanation for the observed hyperlipidemia is excessive fat mobilization from adipose tissue as a result of glucose underutilization (Ojo et al., 2017). The high levels of CRI in the diabetic control group indicate a proclivity for coronary disease (Ojo et al., 2017). The administration of metformin or the extract to the diabetic rats could have reduced the levels of these lipids with the extract performing better than the standard drug in reducing TG, VLDL-c, and LDL-c, lending credence to the antidiabetic activity of the AECPS. AECPS at 16.8 mg/kg performed better overall than the lower doses of extract administered.
Hexokinase, a vital enzyme for the regulatory step in glycolysis was reduced in the diabetic rat’s relative to the treatment groups. This finding correlates with results reported by Balogun and Ashafa, 2017 that showed a reduced activity of hexokinase attributable in part to declining insulin levels and a decreased mRNA expression of hexokinase in a diabetic state. The improved hexokinase activity by AECPS may facilitate glucose utilization for ATP production (Balogun and Ashafa, 2017).
Glucose-6-phosphatase (G-6-Pase) is a crucial enzyme in maintaining blood glucose homeostasis and is vital during hypoglycemia as it replenishes the blood glucose level. A depletion in the activity of G-6-Pase results in a metabolic disruption identified by hypoglycemic activity activated by cAMP and inhibited by insulin. Insufficient insulin activity in DM elevates G-6-Pase activity leading to elevated blood glucose levels. The result obtained in this study showed that either AECPS or metformin administration diminished G-6-Pase activity in alloxan-induced diabetic rats. The decline in G-6-Pase activity may indicate a decrease in gluconeogenesis and glucose production (Murali et al., 2013).
Fructose-1,6-bisphosphatase (F-1,6-BPase), a gluconeogenic enzyme, is essential in aiding glucose release for circulation in a diabetic state. We showed that its activity increased in diabetic rats because of insufficient insulin. Both AECPS and metformin treatment facilitated a reduction in the levels of F-1,6-BPase in diabetic rats. The activities of F-1,6-BPase enzyme as altered by AECPS or metformin could either occur because of suppression of gluconeogenic and glycolytic activities or modulation by activating metabolism (Balogun and Ashafa 2017; Yusuf et al., 2021).
PI3K and AKT are major players in the insulin signaling pathway in DM (Deng et al., 2018). The activation of the PI3K/AKT pathway inhibits increased blood glucose-induced apoptosis in cells (Cheng et al., 2013). The action of insulin is facilitated by the activation of PI3K and its effectors, the protein kinase B (PKB/AKT) kinases. The AMPK signaling pathway increases the impact of the insulin-independent response for glucose uptake. This study revealed that AECPS upregulates the mRNA expression of PI3K and AKT, lowering the FBG level, enhancing insulin levels, and protecting the liver and pancreas. AECPS may protect against alloxan-induced damage through an anti-apoptotic effect via raising the expression of phosphorylation of AKT (Cheng et al., 2013). AECPS upturned the reduced mRNA expression of PI3K and AKT levels in diabetic rats (Figure 4).
[image: Figure 4]FIGURE 4 | Proposed mechanism of action of Cenchrus purpureus shoots in diabetic rats on improving insulin binding and increase glucose metabolism. C. purpureus, increase the PI3K/Akt, Bcl2, and PCNA expression in the insulin signaling pathways. This leads to increase in the insulin sensitivity and reduce the blood glucose.
The anti-apoptotic Bcl-2 is a major molecule implicated in apoptosis and related to liver and pancreatic damage (Yao et al., 2017). The alloxan-induced diabetic rats had reduced Bcl-2 expression in the liver and pancreas tissues while treatment with AECPS altered the balance of the anti-apoptotic (Bcl-2) molecules and prevented cell death of the hepatic and pancreatic cells at 6.76 and 13.53 mg/kg. We observed a similar effect for the metformin treatment group. The apoptotic pathway, in this case, requires additional examination to determine whether caspase(s) and cytochrome c are involved as documented in other research experiments (Yao et al., 2017).
As a valuable proliferation marker, proliferating cell nuclear antigen (PCNA) expression performs exclusive functions at the onset of cell propagation by facilitating DNA polymerase. PCNA also performs key functions in the eukaryotic cell cycle and facilitates the formation of antibodies to foreign compounds (Omotuyi et al., 2018). In this study, the mRNA expression of PCNA was up-regulated in hepatocytes and pancreatic tissues of the normal rats and downregulated in the diabetic rats, and AECPS improved PCNA expression in the liver and pancreatic tissues of diabetic rats.
In summary, this study shows that AECPS could provide relief from diabetic indications in rats via regulating PI3K/AKT signaling and fatty acid metabolism. The findings from this study showed that AECPS could promote the breakdown of fatty acids, lower the blood glucose level, improve diabetic indications, and protect the liver and pancreas by avoiding apoptosis. Hence, this study implies that AECPS could be a promising candidate for developing an efficient hypoglycemic remedy to offer respite from diabetic indications.
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Background: Morus alba L. (Sangzhi) alkaloids (SZ-A), extracted from the Chinese herb Morus alba L. (mulberry twig), have been shown to ameliorate hyperglycemia in type 2 diabetes and have been approved for diabetes treatment in the clinic. However, their versatile pharmacologic effects and regulatory mechanisms are not yet completely understood.
Purpose: This study explored the protective effects of SZ-A on islet β cells and the underlying mechanism.
Methods: Type 2 diabetic KKAy mice were orally administered SZ-A (100 or 200 mg/kg, once daily) for 11 weeks, and oral glucose tolerance, insulin tolerance, intraperitoneal glucose tolerance and hyperglycemia clamp tests were carried out to evaluate the potency of SZ-A in vivo. The morphology and β-cell dedifferentiation marker of KKAy mouse islets were detected via immunofluorescence. The effect of SZ-A on glucose-stimulated insulin secretion was investigated in both the islet β-cell line MIN6 and mouse primary islets. Potential regulatory signals and pathways in insulin secretion were explored, and cell proliferation assays and apoptosis TUNEL staining were performed on SZ-A-treated MIN6 cells.
Results: SZ-A alleviated hyperglycemia and glucose intolerance in type 2 diabetic KKAy mice and improved the function and morphology of diabetic islets. In both MIN6 cells and primary islets, SZ-A promoted insulin secretion. At a normal glucose level, SZ-A decreased AMPKα phosphorylation, and at high glucose, SZ-A augmented the cytosolic calcium concentration. Additionally, SZ-A downregulated the β-cell dedifferentiation marker ALDH1A3 and upregulated β-cell identifying genes, such as Ins1, Ins2, Nkx2.2 and Pax4 in KKAy mice islets. At the same time, SZ-A attenuated glucolipotoxicity-induced apoptosis in MIN6 cells, and inhibited Erk1/2 phosphorylation and caspase 3 activity. The major active fractions of SZ-A, namely DNJ, FAG and DAB, participated in the above regulatory effects.
Conclusion: Our findings suggest that SZ-A promotes insulin secretion in islet β cells and ameliorates β-cell dysfunction and mass reduction under diabetic conditions both in vivo and in vitro, providing additional supportive evidence for the clinical application of SZ-A.
Keywords: morus alba L. (Sangzhi) alkaloids, type 2 diabetes, islet β cells, insulin secretion, apoptosis, dedifferentiation
INTRODUCTION
Type 2 diabetes is a great threat to human health worldwide. In diabetic patients, because of hyperglycemia, many chronic complications, such as angiocardiopathy, retinopathy, nephropathy, and neuropathy, often occur. Progressive reductions in β-cell function and mass comprise the central pathogenic mechanism of type 2 diabetes. Although many therapeutics have been deployed to combat hyperglycemia, few of them directly target β-cell pathogenesis besides of GLP-1 analogs, such as liraglutide (Santilli et al., 2017), and dipeptidyl peptidase-4 (DPP-4) inhibitors, such as sitagliptin (Xu et al., 2008).
The progression of β-cell dysfunction includes not only defective insulin secretion but also β-cell mass reduction, which results from β-cell apoptosis, the failure of existing β cells to proliferate, and β-cell dedifferentiation under metabolic stress such as hyperglycemia, hyperlipidemia and chronic inflammation (Sun and Han, 2020; Ying et al., 2020; Amo-Shiinoki et al., 2021). However, given the reversibility of β cells, the reduction in β-cell mass should not be completely ascribed to apoptosis (Marselli et al., 2014). Recently, increasing evidence has suggested that β-cell failure may be mainly due to increased dedifferentiation (Cinti et al., 2016; Ishida et al., 2017; Sun et al., 2019). Therefore, preventing dedifferentiation or promoting β-cell redifferentiation after the occurrence of dedifferentiation may be another method for type 2 diabetes therapy.
The traditional Chinese medicine Morus alba L. (Sangzhi) alkaloids (SZ-A) tablets have been approved by the China National Medical Products Administration for type 2 diabetes mellitus (T2DM) treatment in China. Qu et al. (Qu et al., 2021) demonstrated that SZ-A tablets possess effective hypoglycemic effects with few adverse events, suggesting good safety in clinical trials. SZ-A contains three major effective fractions, namely, 1-deoxynojirimycin (DNJ), 1,4-dideoxy-1,4-imino-D-arabinitol (DAB) and fagomine (FAG) (Yang et al., 2015; Yang et al., 2017), which are extracts from the Chinese herb Morus alba L. (mulberry twig), the dried young branch of Morus alba L. SZ-A not only inhibits the activity of α-glucosidases, especially sucrase and maltase, in vitro (Liu et al., 2019) but also ameliorates intestinal flora imbalance and hyperglycemia in diabetic KKAy mice (Liu et al., 2015; Liu et al., 2021; Yuling). However, the protective effect and mechanism of SZ-A on β-cell function in the progression of diabetes remain to be further identified.
Our observations support a novel role for SZ-A in β-cell function and mass. We show that SZ-A may act on more targets than glucosidase. It not only promotes β-cell insulin secretion but also ameliorates β-cell loss by preventing β-cell dedifferentiation and apoptosis.
MATERIAL AND METHODS
Drug and Reagents
1-Deoxynojirimycin (DNJ) and fagomine (FAG) were purchased from MedChem Express (HY-14860 and HY-13005, USA). 1,4-Dideoxy-1,4-imino-D-arabinitol (DAB) was purchased from Sigma (D1542, USA). Morus alba L. (Sangzhi) alkaloid (SZ-A) powder (Lot number: 201708008; the total polyhydroxy alkaloids content in SZ-A powder is approximately 63%, which includes 39% DNJ, 10.5% FAG, and 7% DAB, as shown in Supplementary Figure S1) was synthesized and provided by Beijing Wehand-bio Pharmaceutical Co. Ltd. (Beijing, China).
Animal Experimental Design
C57BL/6J mice (male, 14 weeks) were fed a normal diet and comprised the normal group (Nor group). KKAy mice (male, 14 weeks) were fed high-fat diets (45% of kcal from fat; D12451; Research Diets, USA). After 4 weeks, the KKAy mice were randomly divided into three groups (Con group and two doses of SZ-A-treated groups, 10 mice per group) according to the levels of fasting blood glucose, triglycerides, total cholesterol, body weight and the percentage of increasing blood glucose level at 30 min after glucose (2.0 g/kg) overloading (Diagram of animal experiment was shown as Figure 1A). The SZ-A groups were orally administered SZ-A (100 mg/kg, SZ-A_100; 200 mg/kg, SZ-A_200) once per day. The Nor group and Con group were treated with vehicle. All animals were housed in communal cages at 23 ± 1°C on a 12-h light-dark cycle with free access to food and water. Blood glucose was tested in the 2nd week. The oral glucose tolerance test (OGTT), insulin tolerance test (ITT) and intraperitoneal glucose-stimulated insulin secretion test (IPGSIST) were carried out consecutively on the 5th, 6th, and 8th weeks. The hyperglycemia clamp test was conducted in the 11th week. Then, the mice were sacrificed via cervical dislocation, and the pancreas was separated and subsequently fixed with formalin. The experiments were conducted following the “3R” principles and the standards for laboratory animals (GB14925-2001 and MOST 2006a) established by the People’s Republic of China. The animal protocol was approved by the Institutional Animal Care and Use Committee of the Institute of Materia Medica, Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China).
[image: Figure 1]FIGURE 1 | SZ-A alleviated hyperglycemia and glucose intolerance in type 2 diabetic KKAy mice. KKAy mice were treated with 100 or 200 mg/kg SZ-A or vehicle orally once per day (n = 10 mice per group). (A) Timeline of the animal experiment. (B) Body weight. (C) Non-fasting blood glucose levels. (D) Fasting blood glucose. (E) Oral glucose tolerance test (OGTT) and (F) area under the curve (AUC) of the OGTT. (G) Insulin tolerance test (ITT) and (H) area under the curve (AUC) of the ITT. All data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. the Con group.
OGTT, ITT and IPGSIST
The mice were fasted for 6 h, and blood was obtained from the tail for the fasting blood glucose test. For the OGTT, blood samples were acquired at 0, 30, 60 and 120 min after oral glucose overload (2.0 g/kg) for the blood glucose test. For the ITT, mice were hypodermically injected with insulin (0.4 IU/kg), and subsequently, blood was taken from the tail at 40 and 90 min. For the IPGSIST, blood samples were acquired at 0 and 30 min after intraperitoneal injection of glucose (2.0 g/kg) for blood glucose and insulin tests.
The Hyperglycemic Clamp Test
The mice were anesthetized with amobarbital sodium after fasting overnight, and then 5% (w/v) glucose was perfused into the jugular vein through a peristaltic pump. During the first 1 min, a glucose bolus (100 mg/kg) was given. Blood was obtained from the tail at 0, 2, 5, 10, and 15 min after glucose loading for the phase I insulin secretion test. Subsequently, glucose was microperfused persistently until the blood glucose level remained steady at 14.0 ± 0.5 mM. The whole testing process took approximately 2.0–2.5 h, during which blood was obtained at 60, 100, and 120 min for the phase II insulin secretion test.
Morphology and Immunohistochemistry of Islets From KKAy Mice Treated With SZ-A
The fixed pancreases of KKAy mice were embedded in paraffin. Tissues were sliced to 5 μm for morphology analyses. Some sections were stained with hematoxylin-eosin to observe the morphology of islets under a microscope. Others were immunostained with rabbit anti-glucagon antibody (1:200, ab92517, Abcam, USA), rabbit anti-ALDH1A3 antibody (1:100, NBP2-15339, NOVUS, USA), and rat anti-insulin antibody (1:200, MAB1417, R&D Systems, USA). The secondary antibodies were Alexa Fluor 488 donkey anti-rabbit IgG (1:200, A-21206, Invitrogen, USA) and Alexa Fluor 594 donkey anti-rat IgG (1:200, A-11007, Invitrogen, USA). Then, the tissues were mounted utilizing mounting medium with DAPI (ZLI-9557, ZSGB-BIO, China). Finally, the tissues were visualized by confocal laser scanning microscopy (CLSM) (Leica Microsystems, Germany). ImageJ software was used to analyze the picture. The area percentage of β-cell/islet and α-cell/islet were calculated via the insulin-positive or glucagon-positive area in one islet divided by the islet area. The ratio of ALDH1A3-positive β cells/β cells were calculated via the both ALDH1A3 and insulin-positive area divided by insulin-positive area in the islet.
Cells and Primary Islet Preparation
The mouse β-cell line MIN6 was a gift from Professor Xiao Han at Nanjing Medical University, and the cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 25 mM glucose) supplemented with 15% fetal bovine serum (FBS) (Chen et al., 2016). Mouse islets were isolated from C57BL/6J mice (male, 24 ± 2 g) and diabetic KKAy mouse model (male, 38 ± 2 g) using the collagenase V (C9263, Sigma, Germany) perfusion method and were cultured in RPMI-1640 medium supplemented with 10% FBS as reported previously (Lei et al., 2015).
Glucose-Stimulated Insulin Secretion Assay
MIN6 cells and mouse islets were prepared to test insulin secretion in response to low and high concentrations of glucose. MIN6 cells were plated in 96-well plates (5 × 104/well) and starved for 1 h in Krebs buffer (2.8 mM glucose) with or without different concentrations of SZ-A, DNJ, FAG or DAB. Then, the cells were cultured for another 1 h in new Krebs buffer containing 2.8 mM or 16.8 mM glucose combined with SZ-A, DNJ, FAG, DAB or vehicle. Ten islets were transferred to new Krebs buffer containing 2.8 or 16.8 mM glucose and were cultured for 1 h after fasting for 1 h in Krebs buffer with 2.8 mM glucose, which was combined with SZ-A, DNJ, FAG, DAB or vehicle. The supernatant was collected for the insulin test using the Mouse Ultrasensitive Insulin ELISA Kit (80-INSMSU-E10, ALPCO, USA). MIN6 cells and mouse islets were used for quantitative protein determination with BCA reagents (P1511, APPLYGEN, China).
Estimation of the Free Cytosolic Ca2+ Concentration
MIN6 cells in 96-well plates were cultured with 25, 50, and 100 μg/ml SZ-A; 10 μg/ml FAG; 10 μg/ml DAB; or vehicle for 1 h. The cells were then loaded with the Ca2+-sensing fluorescent probe Fluo-4 AM (F14201, Invitrogen, USA) for 30 min at 37°C. The internal calcium concentration ([Ca2+]i) was measured using a Multimode Microplate Reader (Synergy 2, BIO-TEK, USA) through time-series recording of the fluorescent signal. A 5-min basal recording was acquired when the cells were in Krebs buffer containing 2.8 mM glucose. For stimulation, the cells were perfused with Krebs buffer containing elevated glucose concentration (16.8 mM) combined with SZ-A or vehicle. The changes in the MIN6 cell [Ca2+]i were recorded for 20 min after stimulation.
Measurement of cAMP Produced in MIN6 Cells
Intracellular cAMP ([cAMP]i)was measured with a LANCE cAMP Detection Kit (AD0262, PerkinElmer, USA) through time-resolved fluorescence resonance energy transfer (TR-FRET) technology. MIN6 cells were preincubated for 1 h in Krebs buffer containing 2.8 mM glucose and different concentrations of SZ-A or vehicle. Then, both Alexa Fluor 647-cAMP antibody solution and stimulation solution containing 25 μM isobutyl methylxanthine (312460, J&K, China) and different concentrations of SZ-A or vehicle were added to each well and cultured for 30 min. The europium chelate of the Eu-SA/b-cAMP tracer was subsequently added to test the cAMP production of MIN6 cells through a multilabel reader (Envision 2104, PerkinElmer, USA).
High Glucose and Palmitic Acid Treatment
For high glucose (Glc) and palmitic acid (PA) treatment, MIN6 cells were incubated in DMEM with 15% FBS, 33 mM glucose and 0.25 mM palmitic acid. The blank control cells were incubated in DMEM with 15% FBS, 25 mM glucose and 8 mM mannitol (63559, Sigma, USA).
Cell Proliferation Assay
MIN6 cells were seeded at 3 × 104/100 μl per well in 96-well plates and incubated under normal conditions. The next day, they were treated with 25, 50, or 100 μg/ml SZ-A or vehicle for 24 h. At the same time, high glucose- and palmitic acid-treated MIN6 cells were co-incubated with different concentrations of SZ-A, DNJ, FAG, DAB or vehicle for 24 h. Cell proliferation was detected by EdU labeling according to the recommended protocol of the assay kit (C0071, Beyotime, China). The cells were fixed with 4% paraformaldehyde, and the nuclei were labeled with Hoechst 33342. The fluorescence signal was detected at 530/25 nm (EdU signal) and 460/40 nm (Hoechst 33342 signal) with a multifunctional microplate reader (Synergy 2, BioTek, USA) and calculated as the ratio of Edu to Hoechst 33342.
TUNEL Assay
High glucose- and palmitic acid-treated MIN6 cells were coincubated with different concentrations of SZ-A, DNJ, FAG, DAB or vehicle for 72 h and fixed with 4% paraformaldehyde. The TUNEL assay was performed according to the recommended procedure of the TransDetect® In Situ Fluorescein TUNEL Cell Apoptosis Detection Kit (FA201-01, TransGen Biotech, China). Finally, the cells were mounted utilizing mounting medium with DAPI (ZLI-9557, ZSGB-BIO, China). The images were visualized by inverted fluorescence microscopy (Olympus, Japan). The data are presented as the ratio of TUNEL/DAPI.
Caspase 3 Activity Assay
High glucose- and palmitic acid-treated MIN6 cells were coincubated with different concentrations of SZ-A, DNJ or vehicle for 24 h. Then, the activity of caspase 3 was tested using Caspase-Glo®3/7 Assays (G8981, Promega, USA). The signal was detected with a multifunctional microplate reader (Synergy 2, BioTek, USA).
Western Blot Analysis
The islets of KKAy mice were incubated in RPMI-1640 medium containing vehicle or 100 μg/ml SZ-A for 24 h. MIN6 cells were fasted for 1 h in Krebs buffer (2.8 mM glucose) with or without different concentrations of SZ-A, FAG, or DAB. Then, they were cultured for another 1 h in new Krebs buffer containing 2.8 mM or 16.8 mM glucose combined with SZ-A, FAG, DAB or vehicle. High glucose- and palmitic acid-treated MIN6 cells were coincubated with different concentrations of SZ-A, DNJ or vehicle for 24 h.
Islets or MIN6 cells were homogenized in RIPA lysis buffer (C1053; APPLYGEN, China) containing protease inhibitors (P1265; APPLYGEN, China) and phosphatase inhibitors (P1260; APPLYGEN, China). Protein (10 μg) from each sample was resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes for immunoblotting. Rabbit anti-phospho-AMPKα (1:1000, 2535s), rabbit anti-AMPKα (1:1000, 2532s), rabbit-phospho-Erk (1:1000, 9101s), rabbit anti-Erk (1:1000, 9102s), and rabbit anti-HSP90 (1:1000, 4877s) were purchased from Cell Signaling Technology (USA). Goat anti-rabbit IgG/HRP (1:5000, ZDR-5306) was purchased from ZSGB-BIO (China).
Quantitative PCR
The islets of KKAy mice were incubated in RPMI-1640 medium containing vehicle or 100 μg/ml SZ-A for 24 h. RNA was isolated using TRIzol Reagent (15596018, Life Technology, USA), and cDNA was synthesized using TransScript® One-Step gDNA Removal and cDNA Synthesis SuperMix (AT311, TransGen Biotech, China) for gene expression analysis. Quantitative PCR (qPCR) was performed with TransStart Tip Green qPCR SuperMix (AQ141–04, TransGen Biotech, China) using the primers shown in Table 1.
TABLE 1 | The primer list of genes for qPCR.
[image: Table 1]Statistical Analysis
GraphPad Prism 8 was used for all statistical analyses. Two experimental groups were analyzed by Student’s t test. Multiple groups were compared by one-way analysis of variance (ANOVA) followed by Dunnett’s t test or two-way ANOVA with Tukey’s test depending on the experiments. Differences were considered statistically significant at p < 0.05.
RESULTS
SZ-A Alleviates Hyperglycemia and Glucose Intolerance in Type 2 Diabetic KKAy Mice
The type 2 diabetic KKAy mice have a similar metabolic syndrome phenotype as humans and exhibit hyperglycemia, hyperinsulinemia, hyperlipidemia and obesity. We have reported that SZ-A ameliorates glucose and lipid metabolism in KKAy mice (Liu et al., 2021). In this study, we again identified that non-fasting and fasting blood glucose was reduced significantly with SZ-A treatment (Figures 1C,D), which may be ascribed to the increased insulin secretion and sensitivity. In order to identify these further, OGTT, ITT and IPGSIST were carried out sequentially. The OGTT and ITT showed that SZ-A alleviated hyperglycemia after oral glucose load (Figures 1E,F) and IP injection of insulin (Figures 1G,H) in a dose-dependent manner. Notably, 200 mg/kg SZ-A could ameliorate glucose tolerance significantly. At the same time, body weight in the two SZ-A treatment groups decreased significantly (Figure 1B).
SZ-A Amends Islet β-Cell Dysfunction in Type 2 Diabetic KKAy Mice
IPGSIST was carried out in KKAy mice. We observed that at either 0 min or 30 min after IP injection of glucose (2.0 g/kg), SZ-A significantly decreased blood glucose (Figures 2A,B). In addition, blood insulin at 0 min was significantly reduced by SZ-A, but insulin secretion after glucose overload was promoted significantly in the SZ-A group (Figures 2A,B). Subsequently, the hyperglycemic clamp test showed that SZ-A could raise the first-phase insulin secretory response to glucose by 86.17% (AUC0–15 min) compared with that of the Con group (Supplementary Figures S2B,C).
[image: Figure 2]FIGURE 2 | SZ-A amended β-cell dysfunction in type 2 diabetic KKAy mice. (A,B) An intraperitoneal glucose-stimulated insulin secretion test (IPGSIST) was executed in KKAy mice after treating with SZ-A (200 mg/kg) for 8 weeks (n = 5 mice per group). (A) Blood glucose and insulin levels at 0 min before injection of glucose. (B) Blood glucose and the percentage of increased blood insulin at 30 min after glucose (2.0 g/kg) load. (C–G) Immunohistochemistry of the pancreas of KKAy mice in the Con group and SZ-A (200 mg/kg) group (n = 5 mice per group). β Cells were labeled with insulin antibody (red), α cells were labeled with glucagon antibody (green), dedifferentiated cells were labeled with ALDH1A3 antibody (green). (D) The percentage of β-cell/islet area; (E) the percentage of α-cell/islet area; and (G) the ratio of ALDH1A3-positive β cells/β cells. All data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. the Con group.
The morphology of islets was depicted by staining glucagon (green) in α cells and insulin (red) in β cells. The islet architecture of the Con group was damaged, as evidenced by the slightly diminished β cells as well as by the augmented and diffusely distributed α cells. Despite all of these changes, in the SZ-A treated islets, more β cells were interspersed among the islets, and α cells tended to be located toward the edge of the islets (Figure 2C), which were associated with significantly increased β-cell area and decreased α-cell area (Figures 2D,E). At the same time, the ALDH1A3+ cells were significantly diminished in the SZ-A group (Figures 2F,G). Moreover, some cells in the central area of the islets displayed vacuolar degeneration and necrosis in mice of the Con group, but the islet morphology in the SZ-A group was normal (Supplementary Figure S2A).
SZ-A Stimulates Insulin Secretion in the Mouse β-Cell Line MIN6 and Mouse Primary Islets
To investigate the possible role of SZ-A in the β-cells insulin secretion, both the mouse β-cell line MIN6 and mouse primary islets were treated with SZ-A. In both MIN6 cells (Figure 3A) and KKAy mouse islets (Figure 3C), SZ-A at 100 μg/ml promoted insulin secretion regardless of the glucose concentration (2.8 mM or 16.8 mM). In C57BL/6J mouse islets, SZ-A mainly enhanced insulin secretion at 16.8 mM glucose (Figure 3B). In addition, three major effective fractions, namely, DNJ, FAG and DAB, showed different efficacies on insulin secretion in β cells. Among them, DAB and FAG promoted insulin secretion in MIN6 cells, but DNJ did not (Supplementary Figure S3A). In addition, DAB and FAG facilitated insulin secretion in C57BL/6J mouse islets and KKAy mouse islets, respectively (Supplementary Figures S3B,C). However, SZ-A has a greater ability to stimulate insulin secretion in β cells than any of its constituents.
[image: Figure 3]FIGURE 3 | SZ-A promoted insulin secretion in MIN6 cells and mouse primary islets, and advanced glucose-dependent [Ca2+]i changes and inhibited AMPKα phosphorylation in MIN6 cells. (A–C) MIN6 cells or islets were preincubated with 25, 50, or 100 μg/ml SZ-A or vehicle for 1 h. Glucose-stimulated insulin secretion assay in MIN6 cells (A), islets of normal C57BL/6J mice (B) and islets of type 2 diabetic KKAy mice (C) at glucose concentrations of 2.8 and 16.8 mM (n = 3 or 4 replicates per group). (D) The changes in [Ca2+]i of MIN6 cells were labeled by Fluo4-AM when MIN6 cells were treated with 25, 50, or 100 μg/ml SZ-A or vehicle while elevating the glucose concentration from 2.8 to 16.8 mM (n = 5 replicates in each condition). (E,F) AMPKα expression level and AMPKα phosphorylation level in MIN6 cells incubated with 25, 50, or 100 μg/ml SZ-A or vehicle at glucose concentrations of 2.8 and 16.8 mM for 1 h (n = 3 replicates in each group). All data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, vs. the vehicle group.
Increased [Ca2+]i and Decreased AMPKα Phosphorylation Are Involved in Insulinotropic Effect of SZ-A in MIN6 Cells
Glucose facilitates insulin secretion through changes in the free [Ca2+]i and [cAMP]i, so we examined the actions of SZ-A on [Ca2+]i and [cAMP]i in MIN6 cells. In MIN6 cells, elevating the glucose concentration from 2.8 to 16.8 mM initiated a marked rise in [Ca2+]i and [cAMP]i. However, in the presence of 2.8 mM glucose, SZ-A had no effect on [Ca2+]i. At a glucose concentration of 16.8 mM, changes in [Ca2+]i were observed after SZ-A treatment (Figure 3D). At the same time, 100 μg/ml SZ-A significantly decreased AMPK phosphorylation levels (Figures 3E,F) at 2.8 mM glucose. However, in the presence of 2.8 mM or 16.8 mM glucose, SZ-A did not cause an increase in [cAMP]i (Supplementary Figure S4A). In addition, two of the major effective fractions, that is, FAG and DAB, modulated the glucose-dependent increases in [Ca2+]i (Supplementary Figure S4B) and inhibited AMPK phosphorylation at 2.8 mM glucose (Supplementary Figure S4C).
SZ-A Ameliorates β-Cell Dedifferentiation in Type 2 Diabetic KKAy Mouse Islets
Islet β-cell dedifferentiation has been suggested to participate to the β-cell failure (Zhang and Liu, 2020), and Aldh1a3 was reported as a marker of β-cell dedifferentiation (Kim-Muller et al., 2016). In KKAy mice, the Aldh1a3 expression level was significantly increased in islet β cells compared with normal mice (Supplementary Figure S5). The expression level of Aldh1a3 was inhibited significantly in KKAy mouse islets treated with SZ-A (Figures 4A–C). Moreover, in islet cells, SZ-A increased β-cell identifying genes such as Ins1, Ins2, Nkx2.2 and Pax4 and decreased β-cell excluding genes such as Gcg and MafB (Figure 4D).
[image: Figure 4]FIGURE 4 | SZ-A prevented β-cell dedifferentiation in type 2 diabetic KKAy mouse islets, and apoptosis in high glucose- and PA-treated MIN6 cells. (A,B) ALDH1A3 expression levels, (C) Aldh1a3 mRNA levels and (D) β-cell and α-cell relative gene expression levels in KKAy mouse islets treated with 100 μg/ml SZ-A or vehicle for 24 h (n = 3 replicates in each group). All data are expressed as the mean ± SEM. *p < 0.05, **p < 0.01, vs. the vehicle group. (E) MIN6 cells were treated with high glucose and PA and 25, 50, or 100 μg/ml SZ-A or vehicle for 24 h. The EdU assay was performed in MIN6 cells (n = 6 replicates per group). (F,G) MIN6 cells were treated under the same conditions for 72 h. (F) Nuclei were labeled with DAPI (blue), and apoptotic bodies were marked by TUNEL (green). (G) The ratio of TUNEL-positive cells/cell nucleus. All data are expressed as the mean ± SEM (n = 5–6 replicates per group). *p < 0.05, ***p < 0.001, vs. the Glc + PA group.
SZ-A Attenuates Apoptosis, Accompanied With Downregulated Erk1/2 Phosphorylation and Caspase 3 Activity in High Glucose- and Palmitic Acid-Treated MIN6 Cells
In addition to dedifferentiation, apoptosis was another cause to β-cell mass reduction. High glucose and palmitic acid treatment (24 h) inhibited proliferation, and if treatment was prolonged to 72 h, apoptosis were recognized by increased TUNEL-positive cells. SZ-A did not influence cell proliferation in basic culture medium (25 mM glucose) but significantly reversed the growth inhibition of MIN6 cells induced by high glucose and palmitic acid (Figure 4E). Furthermore, SZ-A at concentrations of 50 and 100 μg/ml significantly decreased the number of TUNEL-positive cells after 72 h of high glucose and palmitic acid treatment (Figures 4F,G). Interestingly, among the three major fractions of SZ-A, DNJ but not FAG and DAB showed a similar effect (Supplementary Figure S6).
Furthermore, SZ-A significantly attenuated the elevated Erk1/2 phosphorylation level and caspase 3 activity under high glucose- and palmitic acid-induced stress conditions (Figures 5A–C). Similarly, DNJ, one of the major fractions of SZ-A, decreased both Erk1/2 phosphorylation and caspase 3 activity (Supplementary Figure S7).
[image: Figure 5]FIGURE 5 | SZ-A decreased Erk1/2 phosphorylation and caspase 3 activity in high glucose- and PA-treated MIN6 cells. MIN6 cells were treated with high glucose and PA and 25, 50, or 100 μg/ml SZ-A or vehicle for 24 h. (A,B) Erk1/2 expression levels and Erk1/2 phosphorylation levels in MIN6 cells (n = 4 replicates in each condition). (C) Caspase 3 activity ratio in MIN6 cells (n = 4–5 replicates in each condition). *p < 0.05, **p < 0.01, ***p < 0.001, vs. the Glc + PA group.
DISCUSSION
SZ-A, as a natural medicine with effective components (no less than 50% alkaloids), was approved as a clinical therapeutic for type 2 diabetic patients in 2020 in China. As reported in a phase IIIa clinical study, SZ-A can ameliorate hyperglycemia and reduce HbA1c in type 2 diabetic patients (Qu et al., 2021). In addition, in our previous study, we showed that SZ-A maintains the intestinal flora balance and promotes GLP-1 secretion (Liu et al., 2021). Given that β-cell failure is related to the transition from prediabetes to diabetes, improved β-cell function has a major role in preventing type 2 diabetes. Our previous research pointed out that SZ-A may ameliorate β-cell dysfunction (Liu et al., 2021). However, the substantial effects and underlying mechanism of SZ-A on islet β-cell function need to be identified further. Herein, we demonstrate that SZ-A not only promotes insulin secretion in β cells but also preserves β cells mass by preventing β-cell dedifferentiation and apoptosis.
Many studies have provided evidence that changes in the cytoplasmic concentrations of calcium and/or cAMP influence insulin secretion by β cells (Lei et al., 2015; Tengholm and Gylfe, 2017). Similarly, we found that SZ-A could augment the glucose-dependent changes in the [Ca2+]i of β cells but had no effect on the [cAMP]i, which suggests that SZ-A-induced increases in [Ca2+]i and that improvements in Ca2+-dependent exocytosis may be the possible mechanism by which it promotes glucose-stimulated insulin secretion. Recently, the biological role of AMPK in β cells has garnered considerable interest. Indeed, as blood glucose concentrations rise from fasting levels to feeding levels, the AMPK phosphorylation level in the islets falls (Fu et al., 2009; Swisa et al., 2015), which coincides with our results wherein the phosphorylation of AMPK was downregulated when glucose concentrations rose from 2.8 to 16.8 mM. In our research, we show that SZ-A decreases AMPK phosphorylation levels at 2.8 mM glucose but has no obvious influence at 16.8 mM glucose, which may be because the phosphorylation of AMPK has been almost completely inhibited by high glucose concentrations. The effect of SZ-A on AMPK activity may partially explain its promotion of glucose secretion at 2.8 mM glucose. However, the real mechanism by which SZ-A regulates changes in [Ca2+]i and AMPK activity still needs to be studied further.
Hyperglycemia is an important characteristic of type 2 diabetes. In addition, hyperlipidemia is often a concomitant symptom. The concurrence of elevated glucose and fatty acid levels will cause synergistic glucolipotoxicity on islet β cells, which leads to β-cells dysfunction, including inhibition of β-cell proliferation, impaired insulin gene expression, decreased insulin secretion, dedifferentiation and apoptosis (Pascoe et al., 2012; Pan et al., 2016; Lytrivi et al., 2020).
In both animal models and patients, dedifferentiated β cells exist, and aldehyde dehydrogenase 1a3 (ALDH1A3) can be used as a dedifferentiation marker (Cinti et al., 2016; Kim-Muller et al., 2016; Sun et al., 2019; Amo-Shiinoki et al., 2021). Therefore, inducing dedifferentiated β cells to return to mature and functional β cells is a very important area of research. Some research has confirmed that dedifferentiated β cells could redifferentiate back into normal β cells, which is a drug-targetable process. Calorie restriction could prevent and reverse β-cell dedifferentiation in db/db mice (Ishida et al., 2017). Insulin supplementation during the early stage of type 2 diabetes was an effective therapy (Wang et al., 2014). Inhibition of TGF-β signaling reversed β-cell dedifferentiation in Sel1LIns1 mice (Shrestha et al., 2020). However, the therapies to reverse β-cell dedifferentiation in the clinic are still at the initial stage. Fortunately, our study showed that SZ-A dampens β-cell dedifferentiation and restores insulin-positive β cells. In addition, a subset of dedifferentiated β cells could undergo conversion into other endocrine cell types, such as Gcg+ cells (Talchai et al., 2012). SZ-A increases the suppression of β-cell-specific genes (Ins1, Ins2, Nkx2.2, and Pax4) but decreases the upregulation of α-cell-specific genes (Gcg and MafB) in islets of type 2 diabetic KKAy mice. This demonstrates that the conversion of dedifferentiated cells to mature β cells may exist after SZ-A treatment, which possibly explains the restoration of islet β-cell function and morphology in KKAy mice. However, its effect on patient islets still needs to be identified in the clinic.
In addition, β-Cell apoptosis contributes significantly to the loss of β cells in type 2 diabetes (Mandrup-Poulsen, 2001; Mathis et al., 2001). In our glucolipotoxic MIN6 cell model, SZ-A attenuated apoptosis, which may partially be explained by the increased Erk1/2 phosphorylation and caspase 3 activity induced by high glucose and palmitic acid. Erk elicits apoptosis by activating caspase 3 (Zhuang et al., 2007). Li (Li et al., 2022) also reported that mulberry leaf alkaloids and one of its active components (DNJ) could inhibit the increased apoptotic protease activity of caspase 3 in GLUTag cells. However, the ability of SZ-A to prevent β-cell apoptosis was first presented by us, and it is probably the main factor responsible for the restoration of β-cell mass and function in type 2 diabetes.
Apart from this, we also found that three major alkaloids, namely, DNJ, FAG and DAB, show different effects on the protective action of β cells. DNJ is inclined to ameliorate glucolipotoxic β-cell dysfunction, while FAG and DAB preferentially promote insulin secretion. However, the potency of each of these alkaloids is less than that of SZ-A.
CONCLUSION
Our findings indicate that SZ-A, as a new type 2 diabetes therapy, promotes insulin secretion and provides more protection of β cells by preventing dedifferentiation in vivo and in vitro, and also prevents apoptosis in high glucose and palmitic acid treated insulinoma cell line. These observations offer supportive evidence and widen the clinical application of SZ-A.
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Hypericum lanceolatum Lam. (H. lanceolatum) is a traditional medicinal plant from Reunion Island used for its pleiotropic effects mainly related to its antioxidant activity. The present work aimed to 1) determine the potential toxicity of the plant aqueous extract in vivo and 2) investigate its putative biological properties using several zebrafish models of oxidative stress, regeneration, estrogenicity, neurogenesis and metabolic disorders. First, we characterized the polyphenolic composition by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and identified chlorogenic acid isomers, quercetin and kaempferol derivatives as the major compounds. We then evaluated for the first time the toxicity of an aqueous extract of H. lanceolatum and determined a maximum non-toxic concentration (MNTC) in zebrafish eleutheroembryos from 0 to 96 hpf following OECD (Organization for Economic Cooperation and Development) guidelines. This MNTC test was also determined on hatched eleutheroembryos after 2 days of treatment (from 3 to 5 dpf). In our study, the anti-estrogenic effects of H. lanceolatum are supported by the data from the EASZY assay. In a tail amputation model, we showed that H. lanceolatum at its MNTC displays antioxidant properties, favors immune cell recruitment and tissue regeneration. Our results also highlighted its beneficial effects in metabolic disorders. Indeed, H. lanceolatum efficiently reduces lipid accumulation and body mass index in overfed larva- and adult-models, respectively. In addition, we show that H. lanceolatum did not improve fasting blood glucose levels in a hyperglycemic zebrafish model but surprisingly inhibited neurogenesis impairment observed in diabetic conditions. In conclusion, our study highlights the antioxidant, pro-regenerative, anti-lipid accumulation and pro-neurogenic effects of H. lanceolatum in vivo and supports the use of this traditional medicinal plant as a potential alternative in the prevention and/or treatment of metabolic disorders.
Keywords: diabetes, LC MS/MS, neurogenesis, obesity, regeneration, Toxicity, Zebrafish
INTRODUCTION
For decades, traditional herbal medicine has been used worldwide against a multitude of disorders and diseases. In the Mascarene Islands (Reunion, Mauritius, and Rodrigues), some plants are still used by local people as beverages or external treatments to treat minor infections of skin, gastrointestinal or urinary tracts, ulcers, infertility, epilepsy as well as chronic diseases including obesity and diabetes (Gurib-Fakim and Brendler, 2004). Among these territories of the Indian Ocean, Reunion Island is known for the richness and diversity of its plant biodiversity which offers a large number of bioactive molecules contributing to the health benefits of many plants. As well, the International Union for Conservation of Nature (IUCN, 2013) classified the island biodiversity among the 34 global biodiversity hotspots. More than 1700 species have been identified with about 237 listed endemic plants (Reunion’s Regional Tourism Committee, 2008). Among these plants, 27 have recently been registered in the French Pharmacopeia because of their antioxidant, hypolipidemic, anti-inflammatory or healing properties in traditional medicine particularly alleged in traditional medicine (Aplamedom Reunion, 2021; Lavergne, 2001; Agence Nationale De Sécurité Du Médicament Et Des Produits De Santé, 2021).
Among these medicinal plants, Hypericum lanceolatum Lam. (H. lanceolatum) that belongs to Hypericaceae family, is an indigenous plant that is mainly recommended by local herbal tea makers as a good anti-inflammatory treatment in case of gastrointestinal disorders. It has also been suggested that the plant could be used against diabetes or could promote blood detoxification and act against fatigue associated with chronic diseases (Lavergne, 2001; Smadja and Marodon, 2016). Despite these traditional uses, scientific data about the toxicity of H. lanceolatum and evidence regarding its real health benefits are very scarce. An in vivo study showed that a H. lanceolatum hydroalcoholic extract, orally administrated for 14 days, was non-toxic in rats at a concentration of 2 g/kg (Brillant et al., 2006). In addition, some studies, performed in vitro, demonstrated the therapeutic potential of H. lanceolatum against diverse infectious diseases including malaria or leishmaniasis (Zofou et al., 2011; Kowa et al., 2019) as well as in a model of oxidative stress-induced erythrocyte hemolysis or preadipocytes necrosis (Checkouri et al., 2020).
According to their traditional uses, the leaves and stems are usually boiled in water for the preparation of herbal teas. This allows the extraction of many molecules including polyphenols and polycyclic polyprenylated acylphloroglucinols (PPAPS), which are thought to be associated with the potential beneficial effects of the plant (Checkouri et al., 2020). Previous phytochemical reports on H. lanceolatum revealed the presence of several polyphenolic species (flavonoids, xanthones, benzophenones, xanthonolignoids) in the leaves and stem barks but also the presence of terpenoids, anthraquinones and PPAPS derivatives (Wabo et al., 2012; Fobofou et al., 2016; Checkouri et al., 2020). Therefore, considering its traditional uses and composition, H. lanceolatum appears to have therapeutic virtues to counteract some adverse effects induced by metabolic disorders. It is then very important to perform rigorous studies to determine potential toxicity and provide evidence of the putative therapeutic effects of this medicinal plant.
To this end, we used the zebrafish (Danio rerio) model allowing to study inflammation, oxidative stress and regeneration (MacRae and Peterson, 2015; Lam and Peterson, 2019). Zebrafish share a strong genomic homology with humans (>70%) and display many physiological similarities with mammals, notably during embryonic development (Howe et al., 2013; MacRae and Peterson, 2015). For these reasons, specific tests have been established and approved by the Organization for Economic Co-operation and Development (OECD) for assessing toxicity during zebrafish development (OCDE, 2013). In addition, zebrafish exhibit common pathophysiological processes with mammalian metabolic disorders (Williams and Hong, 2011; Howe et al., 2013) and many zebrafish models have been developed in larvae and adults to study diabetes and obesity (Zang et al., 2018).
Thus, the present study was designed to determine the composition of the aqueous extract of H. lanceolatum, its in vivo potential acute toxicity in zebrafish and to screen its biological properties. To this end, we first analyzed the polyphenolic composition of the plant aqueous extract by liquid chromatography-tandem mass spectrometry (LC-MS/MS) and characterized its maximum non-toxic concentration during zebrafish development (embryo and eleutheroembryo) by evaluating morphological and behavioral parameters and toxicity biomarkers. Next, using reliable zebrafish models, we investigated the effects of the aqueous extract of H. lanceolatum on oxidative stress, inflammation, tissue regeneration and also on metabolic complications including lipid accumulation, weight gain, hyperglycemia and its impact on neurogenesis.
MATERIALS AND METHODS
Plant Material and Infusion Preparation (Aqueous Extract)
Dried leaves of Hypericum lanceolatum subsp. lanceolatum (H. lanceolatum) (Grand Coude, Saint-Joseph, Reunion Island - Reference: FJBMCA160825AA) were purchased from the agricultural cooperative CAHEB (Coopérative Agricole des Huiles Essentielles de Bourbon, Le Tampon, Reunion Island). Next, the dried plants were crushed with a laboratory grinder (Retsch) and stored at –20°C until use. To obtain the infusion, crushed leaves (1 g) were incubated with 50 ml of boiling zebrafish water or E3 embryo medium (300 mM NaCl, 10 mM KCl, 20 mM CaCl2, 50 mM MgCl2, pH 7.2) for 10 min under stirring, at room temperature (RT) as previously described (Ghaddar et al., 2020). The aqueous extract was then filtered and processed for further dilutions.
Total Polyphenol Content
The total polyphenol content of the aqueous extract was determined by the Folin-Ciocalteu assay adapted from Septembre-Malaterre et al. (2016). In a 96-well microplate, 25 µL of the aqueous extract were incubated with 125 µL of diluted Folin-Ciocalteu’s reagent and 100 µL of sodium carbonate (0.7 M) followed by incubation at 50°C for 5 min. Then, the microplate was cooled at 4°C for 5 min and the absorbance was measured at 760 nm (FLUOstar Omega, Bmg Labtech). Gallic acid solution was used for the standard calibration curve and results are expressed as mg gallic acid equivalent (GAE) per g of dried plant.
In vitro DPPH Radical Scavenging Activity
The chemical antioxidant capacity of the extract was assessed according to the DPPH (2,2-diphenyl-1-picrylhydrazyl) method described by Delveaux et al. (2020), with minor modifications. In a 96-well microplate, 40 µL of the aqueous extract or water (Blank) were incubated with 200 µL of a DPPH solution (0.25 mM in methanol) at 30°C for 25 min. The absorbance was measured at 517 nm (FLUOstar Omega, Bmg Labtech). Ascorbic acid was used as positive control. The antioxidant capacity was calculated as: % antioxidant capacity = [(AbsBlank—AbsSample)/AbsBlank] x100. Results are indicated in “IC50-like” values (concentration leading to 50% reduction in chemical antioxidant capacity and calculated using a non-linear regression analysis), in g/L. Note that this chemical test was done to check for potential antioxidant compounds but is of no pharmacological relevance.
Polyphenol Identification and Quantification (LC-MS/MS)
Polyphenols were identified by ultra-high-performance liquid chromatography, coupled with diode array detection and HESI-Orbitrap mass spectrometer (Q-Exactive™ Plus, Thermo Scientific) as previously described (Veeren et al., 2020). Briefly, 10 µL of the sample were injected using an UHPLC system equipped with a Thermo Fisher Ultimate 3,000 series WPS-3000 RS autosampler and then separated on a PFP column (2.6 μm, 100 mm × 2.1 mm, Phenomenex, Torrance, CA, United States). The column was eluted with a gradient mixture of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at the flow rate of 0.450 ml/min, with 5% B at 0.00–0.1 min, 35% B at 0.1–7.1 min, 95% B at 7.2–7.9 min, and 5% B at 8.0–10 min. The column temperature was held at 30°C and the detection wavelength was set to 280 nm, allowing the identification of polyphenols.
For the mass spectrometer conditions, a Heated Electrospray Ionization source II (HESI II) was used. Nitrogen was used as the drying gas. The mass spectrometer conditions were optimized as follows: spray voltage 2.8 kV, capillary temperature 350°C, sheath gas flow rate 60 units, aux gas flow rate 20 units, and S lens RF level 50. Mass spectra were registered in full scan mode from m/z 100 to 1,500 in negative ion mode at a resolving power of 70,000 FWHM at m/z 400. The automatic gain control (AGC) was set at 1e6. The MS/MS spectra were obtained by applying a relative higher energy collisional dissociation (HCD) energy of 25%. The identification of the compounds of interest was based on their retention time, accurate mass, elemental composition, MS fragmentation pattern, and comparisons with available standards and the advanced mass spectral database, m/z Cloud, https://www.mzcloud.org. Data were acquired with the XCalibur 4.2 software (Thermo Fisher Scientific Inc.) and processed with the compound discoverer 2.1 and the Skyline 20.1 software (MacCoss Lab.).
For quantification, standard stock solutions of caffeic acid, caffeoylquinic acid, kaempferol, quercetin, protocatechuic acid and gallic acid (Sigma Aldrich, St. Louis, MO, United States) were dissolved in methanol at a concentration of 1 mg/mL. A mixed stock solution containing 10 μg/ml of each polyphenol standard was prepared in methanol and then diluted in 0.1% formic acid to obtain the desired calibration curves ranging from 10 to 4,000 ng/ml. After linear regression calculation, the analyte concentrations were determined and expressed in mg/g of dried plant (calibration curves of each standard polyphenol had a correlation coefficient (R2) of 0.99).
Animals and Ethics
Zebrafish (Danio rerio) were housed in the zebrafish facility at CYROI/DéTROI, La Réunion (A974001). Adult wild-type (WT) and transgenic tg(GFAP::GFP) zebrafish (AB strain), aged 3–6 months, were maintained under standard conditions of temperature (28.5°C for adult fish and 26.5°C for embryos/eleutheroembryos/larvae), photoperiod (14 h dark and 10 h light), pH (7.4) and conductivity (400 µS). Fish were fed every day (3 times a day) with commercial dry food (Gemma Micro 300, Skretting, France). All animal experiments were conducted in accordance with the French and European Community Guidelines for the Use of Animals in Research (86/609/EEC and 2010/63/EU) and approved by the local Ethics Committee for animal experimentation of CYROI and the French Government (APAFIS#29570-2020092910327075 v3; APAFIS#2021072814123963 v4; APAFIS#2021080209405969_v8).
Note that in this manuscript, the term “eleutheroembryo” refers to a developmental stage from 0 to 120 h post-fertilization (hpf). The term “larva” is used when the animal begins to feed autonomously, from approximately 5-6-dpf.
Fish Embryo Acute Toxicity and Eleutheroembryo Toxicity Tests
The FET test was performed using the OECD guideline 236 (OCDE, 2013). After breeding, fertilized eggs were selected (<3-hpf) and transferred in a 24-well plate containing freshly prepared H. lanceolatum infusion at different concentrations (5, 2.5, 1.25, 0.625, 0.3125, and 0.156 g/L) or E3 embryo medium as control condition. A total of 20 embryos were used for each condition (5 embryos in 1 ml/well) and every solution was changed each day up to 96-hpf. The embryos were daily analyzed, under a microscope, for evaluation of coagulation, somite formation, tail detachment and heartbeats as indicators of lethality and/or abnormal development. In addition, some morphological malformations (spinal curvature, pericardial edema, pigmentation, delayed development) and hatching were also considered until the end of the experiments.
Since morphogenesis is nearly complete at 3-dpf, toxicity was assessed on eleutheroembryos from 3- to 5-dpf, according to the same OECD procedure. Briefly, fertilized eggs were allowed to grow normally at 26.5°C, in fish water. At 3-dpf, eleutheroembryos were incubated with the different solutions (H. lanceolatum extract at the same concentrations or E3 medium) in a 24-well plate. A total of 20 eleutheroembryos were used for each concentration (5 eleutheroembryos in 1 ml/well) and each solution was changed daily until 5-dpf. The eleutheroembryos were evaluated daily for mortality and morphological malformations. In both embryo and eleutheroembryo experiments, the Maximum Non-Toxic Concentration (MNTC) corresponds to the highest concentration that did not cause death.
RNA Extraction, Reverse Transcription, qPCR and tg(GFAP::GFP) Fluorescence Analysis
Transgenic tg(GFAP::GFP) eleutheroembryos were treated from 3- to 5-dpf with E3 medium or aqueous extract of H. lanceolatum at the Maximum Non-Toxic Concentration (MNTC, 0.3125 g/L) and analyzed for the expression of genes recognized as biomarkers of kidney (ctgf), liver (fabp10a, gclc) and heart (erg) damage and the fkbp5 gene modulated by glucocorticoids. After a 48 h-incubation period, eleutheroembryos were pooled and immediately frozen at −20°C for at least 2 h, prior to RNA extraction.
For RNA extraction, pooled eleutheroembryos (n = 40) were homogenized using a Tissue Lyser II (Qiagen). Total RNA was extracted using the RNeasy® mini kit (Qiagen), following the manufacturer’s instructions. Extracted RNA was then quantified with a UVS-99 (ACTGene) and all samples were stored at −80°C. For reverse transcription, 2 µg of RNA were reverse transcribed to cDNA using random hexamers (Jena Bioscience) and NxGen® MMLV reverse transcriptase (Lucigen). Next, qPCR experiment was performed using the CFX Connect™ Real-Time System (Bio-Rad) and BrightGreen Express 2X qPCR MasterMix-ROX (Abm). Specific zebrafish primers were used (Table 1) and the relative gene expression was normalized to the expression of ef1α reference gene. Changes in gene expression were calculated using the 2−ΔΔCt method.
TABLE 1 | qPCR primer sequences.
[image: Table 1]In parallel, transgenic eleutheroembryos were used to determine a potential neurotoxic effect of the plant extract by measuring the GFAP::GFP protein fluorescence. Briefly, 3-dpf eleutheroembryos were similarly treated with E3 medium or the aqueous extract at the MNTC (0.3125 g/L), for 2 days. Then, eleutheroembryos were fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS), overnight at 4°C, and examined under fluorescence microscope.
Detection of Endocrine Active Substances, Acting Through Estrogen Receptors, Using Transgenic tg(cyp19a1b:GFP) Zebrafish EmbrYos (EASZY Test)
For evaluating the potential estrogenic activity of H. lanceolatum, the EASZY assay was conducted according to the OECD TG 250 (OCDE, 2021). Newly fertilized cyp19a1b-GFP eleutheroembryos were transferred to glass crystallizers and exposed from 0- to 4-dpf in an incubator (28 ± 1°C) under semi-static conditions with a total renewal of the medium each day. Each condition consisted in a triplicate of crystallizers containing 7 embryos and 15 ml of water. Eleutheroembryos were exposed to a range of non-lethal concentrations of H. lanceolatum extract (from 0.3125 to 0.0195 g/L) and compared to negative control (breeding water) and positive control (17α ethinylestradiol EE2 0.05 nM). At the end of exposure, transgenic zebrafish eleutheroembryos were collected for fluorescence imaging. The analysis was done on a total of 26–38 eleutheroembryos per test condition in two independent experiments. In a third assay, eleutheroembryos were exposed to E2 (2 and 10 nM) alone or in co-exposure with H. lanceolatum at a concentration of 0.156 g/L. To validate each test, the compliance with the validity criteria have been checked.
Behavioral Analysis
The locomotor activity of larvae was performed on 6-dpf animals, given that a previous study recommended the use of 6- and 7-dpf larvae for better assessment of locomotion (Colwill and Creton, 2011). Consequently, 3-dpf larvae were incubated in 1 ml of E3 medium (Control) or aqueous extract of H. lanceolatum at the MNTC (0.3125 g/L), in a 24-well plate (1 larva/well), for 3 days at 26.5°C. The treatment was renewed every day. At 6-dpf, locomotion was monitored using the Viewpoint Zebrabox system (Viewpoint Behavior Technology), after an adaptation period of 10 min. Then, inactivity (<3 mm/s), small activity (3–6 mm/s) and large activity (>6 mm/s) were recorded for 10 min, in the dark. The analysis was done on a total of 12 larvae.
Caudal Fin Amputation
Adult zebrafish (3–6 months old) and 3-dpf eleutheroembryos were anesthetized with 0.02% tricaine (MS-222). Then, caudal fin amputations were performed using a scalpel. For adult fish, we performed the amputation at 50% of total caudal fin. Concerning eleutheroembryos, transection was done near the notochord (without injuring the notochord), under a stereomicroscope.
Caudal fin amputations were performed for oxidative stress, immune cell recruitment and regeneration analyses, as described below.
Oxidative Stress, Immune Cell Recruitment and Tissue Regeneration Studies
Oxidative stress experiments were performed on adult WT zebrafish (3–6 months old). Prior to amputation, fish were treated with the aqueous extract of H. lanceolatum at the MNTC (0.3125 g/L) or fish water, for 4 h. Immediately after caudal fin amputation, fish were incubated with DCFH-DA (2ʹ,7ʹ-Dichlorofluorescein Diacetate, Sigma) (10 µM) and DHE (Dihydroethidium, Sigma) (10 µM) probes, in fish water, for 30 min in the dark. After incubation with the probes, the fish were rinsed and imaged with a stereomicroscope. The experiments were repeated thrice on a total of 9 animals.
For immune cell recruitment experiments, 3-dpf WT eleutheroembryos were used. After injury, eleutheroembryos were incubated in E3 medium or H. lanceolatum extract at the MNTC (0.3125 g/L), for 6 h at 26.5°C. At the end of the incubation period, eleutheroembryos were fixed in 4% PFA, overnight at 4°C, and processed for immunohistochemistry analysis using anti-myeloperoxidase (Mpo, see below) and anti-L-Plastin (Lcp1, see below) antibodies. Three independent experiments were performed on a total of 34 eleutheroembryos.
The regeneration procedure was achieved on WT adult fish and eleutheroembryos. After amputation, fish were treated with H. lanceolatum aqueous extract at the MNTC (0.3125 g/L) or fish water, for 14 days. Every solution was changed each day. Images were taken using a stereomicroscope, under anesthesia, at 0-, 7- and 14-days post-lesion (dpl). The experiment was done on a total of 7 animals/condition. In a similar way, 3-dpf amputated eleutheroembryos were treated with H. lanceolatum aqueous extract at the MNTC (0.3125 g/L) or E3 medium (Control), for 7 days. For dexamethasone exposure, 3-dpf amputated eleutheroembryos were incubated with 0.4% ethanol in E3 medium (Vehicle), 500 µM of dexamethasone (DEX) or dexamethasone and H. lanceolatum aqueous extract treatment at 0.3125 g/L (DEX + HL), for 3 days. Every solution was changed each day and images were taken, under anesthesia, at 0 and 3 dpl. Three independent experiments were performed on 20–39 eleutheroembryos/condition. The area of regenerated fins was semi-quantified by using Image J software.
Chronic Hyperglycemic Model
To induce a hyperglycemic state, adult zebrafish (3–6 months old) were immersed in 111 mM D-Glucose for 14 days, as previously reported (Capiotti et al., 2014; Dorsemans et al., 2017a; Dorsemans et al., 2017b). Briefly, in a 3.5 L-tank, fish were incubated with fish water (Control) or 111 mM of D-Glucose (Chronic hyperglycemia, CHG), for 7 days. At day 7, CHG fish were divided into two groups: an untreated group (CHG) and a H. lanceolatum treated group (CHG + HL). CHG + HL fish were treated with H. lanceolatum aqueous extract at the MNTC (0.3125 g/L). Solutions were changed twice a day. On day 14, fish were sacrificed and fasting blood glucose levels (12 h-fasting period) were measured using a glucometer (OneTouch® Verio Flex). Then, fish were fixed in 4% PFA, overnight at 4°C, prior to brain dissections and storage at −20°C in 100% methanol (MeOH) for PCNA immunohistochemistry.
Diet-Induced Overweight/Obesity and High-Fat Diet Models
The induction of overweight/obesity in adult zebrafish (3–6 months old) was carried out according to a previously described protocol (Ghaddar et al., 2020). Adult WT zebrafish were randomly divided into 3 dietary groups, for 2 weeks (with 10 fish/3.5-L tank): normally fed (Control), overfed (DIO) and overfed supplemented with H. lanceolatum aqueous extract (DIO + HL). The control group was fed daily with commercial dry food in the morning (15 mg/fish/day) and freshly hatched Artemia in the afternoon (6 mg/fish/day). The overfed groups were fed 6 times a day with commercial dry food (52.5 mg/fish/day) and 3 times a day with Artemia (60 mg/fish/day). Treatment with H. lanceolatum started at day 7, for 1 week: fish were placed overnight in H. lanceolatum aqueous extract at the MNTC (0.3125 g/L).
Because larvae begin feeding at approximately 5-dpf and exhibit a fully functional gastrointestinal tract from 7-dpf (Holmberg et al., 2003; Flores and Nguyen, 2020), a HFD model was also developed in larvae. In brief, 7-dpf larvae were divided to 3 groups: normally fed (Control), overfed (HFD) and overfed supplemented with H. lanceolatum aqueous extract at the MNTC (HFD + HL). From 7- to 11-dpf, larvae were maintained with the corresponding diet and the solutions were renewed every day. For the control group, larvae were incubated with 0.1% of commercial dry food (Gemma Micro 75, Skretting) diluted in E3 medium. Overfed larvae were placed in 0.1% of egg yolk (Sigma) diluted in E3 medium (HFD) or in H. lanceolatum aqueous extract (HFD + HL). At 11-dpf, larvae were anesthetized on ice, fixed in 4% PFA overnight at 4°C, prior to Oil red O (ORO) staining.
Body Weight, Body Mass Index and Fasting Blood Glucose Measurements
Body weight and length of adult zebrafish (3–6 months old) were assessed at the beginning of the study and every week. Length was measured from the tip of the mouth to the end of the tail. The body mass index (BMI) was calculated by dividing the body weight (kg) with the square of the total length (m2). For glycemia measurement, fish were fasted overnight, sacrificed on ice water in order to avoid blood glucose variation due to anesthesia and glycemia was determined using a glucometer.
Immunohistochemistry
Myeloperoxidase (Mpo), L-Plastin (Lcp1) and Proliferating cell nuclear antigen (PCNA) immunostainings were performed on whole 3-dpf eleutheroembryos (for Mpo and Lcp1) and brain sections (for PCNA).
For Mpo immunostaining, fixed eleutheroembryos were dehydrated in 100% MeOH and stored overnight at −20°C until use. For Lcp1 immunostaining, fixed eleutheroembryos were directly permeabilized with PTw (1X PBS containing 0.1% Tween-20) and treated with cold acetone (−20°C) for 10 min. Then, eleutheroembryos were rehydrated, washed with PTw and blocked with PTw containing 2% BSA and 1% DMSO, for 1 h at RT. Next, eleutheroembryos were incubated with a rabbit anti-zebrafish Mpo antibody (1:200 dilution, Abcam, Reference: ab210563) or a rabbit anti-zebrafish Lcp1 antibody (1:500 dilution, GeneTex, Reference: GTX124420), overnight at 4°C. Next day, eleutheroembryos were rinsed with PTw and incubated with Alexa Fluor® 594 donkey anti-rabbit antibody (1:500 dilution, Abcam, Reference: ab150064) and DAPI (4′,6-diamidino-2-phenylindole, Dihydrochloride) (1 ng/ml, ThermoFisher, Reference: D1306) for 2 h at RT. Then, eleutheroembryos were washed 3 times with PTw for imaging. Pictures were made and analyzed by two different users. Three independent experiments were done on a total of 34 eleutheroembryos/condition.
Brain cell proliferation analysis was realized according to previous protocols (März et al., 2011; Dorsemans et al., 2017a). For that, adult zebrafish brains were rehydrated, permeabilized with PTw and embedded in 2% agarose before performing 50 µm-thick sections using a vibratome (VT1000S, Leica). After 1 h of blocking with PTw containing 0.2% BSA and 1% DMSO, sections were incubated with a mouse anti-PCNA antibody (1:500 dilution, Dako, Reference: M0879) overnight at 4°C. The next day, the sections were washed 3 times with PTw and incubated with Alexa Fluor® 594 goat anti-mouse antibody (1:500 dilution, ThermoFisher, Reference: A11005) and DAPI for 2 h at RT. Finally, the sections were washed with PTw and mounted on slides with Aqua-Poly/Mount (Polysciences).
Oil Red O Staining
Fixed larvae were rinsed with 1X PBS, dehydrated in 100% MeOH and stained with freshly prepared 0.15% ORO (Sigma) (in 60% isopropanol/1X PBS), overnight at RT. Next, larvae were rehydrated and washed with 1X PBS before imaging.
Microscopy
Pictures were acquired using a Nikon eclipse 80i equipped with a Hamamatsu camera, a Nikon SMZ18 stereomicroscope equipped with a Nikon DS-Fi3 Camera and the respective NIS elements software.
Images were analyzed using the ImageJ software (https://imagej.nih.gov/ij/). Quantification of regenerated fin area, fluorescence intensity and cell numbers were performed by two different users blinded to the treatment, and then the results were averaged.
Statistical Analysis
Data were presented as means ± SEM (Standard error of the mean). All statistical analyses were performed using GraphPad Prism 8 software. Comparisons between groups were performed using Student t-test and one-way ANOVA. Values were considered as significantly different when p-values < 0.05.
RESULTS
Total Polyphenol Content, Phytochemical Composition and Antioxidant Capacity of the Aqueous Extract of H. lanceolatum
H. lanceolatum herbal tea is widely used in traditional medicine in Reunion Island to reduce inflammation and diabetes, and is described as a source of bioactive molecules including polyphenols (Wabo et al., 2012; Checkouri et al., 2020). For these reasons, an aqueous extract of H. lanceolatum was prepared and evaluated for polyphenol quantification using the colorimetric Folin-Ciocalteu method. A total of 103.2 ± 6.1 mg GAE (gallic acid equivalent)/g of dried plant was reported for this infusion (Table 2). Given that polyphenols are well documented to be correlated with antioxidant properties, the free radical scavenging capacity of the H. lanceolatum aqueous extract was evaluated in vitro by performing the DPPH assay. Although this chemical antioxidant assay is of no pharmacological relevance, it provided an “IC50-like” antioxidant capacity estimated to 0.86 ± 0.1 g/L, which is ∼10 times less than the positive control ascorbic acid (Table 2).
TABLE 2 | Total polyphenol content and chemical antioxidant capacity of Hypericum lanceolatum aqueous extract (results are expressed as means ± SEM of 3 independent experiments). Note that the DPPH chemical test was done to check for potential antioxidant compounds but is of no pharmacological relevance.
[image: Table 2]In a second step, the H. lanceolatum aqueous extract was analyzed for its polyphenolic composition by LC-MS/MS analysis. The results revealed that H. lanceolatum is indeed rich in a wide variety of polyphenols, including phenolic acids and flavonols. LC-MS/MS allowed the identification of 23 polyphenolic compounds, in comparison with standards and databases (Figure 1). Among the main polyphenols identified, we observed the presence of 5-caffeoylquinic acid (chlorogenic acid), quercetin glycosides and kaempferol glycosides (see Table 3). Quantification showed a high content in caffeoylquinic acid isomers (83.4 mg/g dried plant), representing almost 65% of the total compounds identified.
[image: Figure 1]FIGURE 1 | Spectra obtained after characterization of H. lanceolatum aqueous extract by LC-MS/MS. (A) Representative total ion chromatogram (TIC) obtained in negative mode (B) HPLC-UV chromatogram obtained at 280 nm.
TABLE 3 | Identification and quantification (mg/g of dried plant) of compounds in H. lanceolatum aqueous extract by LC-MS/MS. Results are expressed as mean in mg/g. RT, retention time. Nq, not quantified.
[image: Table 3]In vivo Acute Toxicity Assay of the Aqueous Extract of H. lanceolatum in Zebrafish Eleutheroembryo
To investigate the toxicity of H. lanceolatum aqueous extract, the Fish Embryo Acute Toxicity (FET) test was performed on newly fertilized embryos incubated with different concentrations of H. lanceolatum aqueous extract from 0 to 96-hpf (Figure 2A, Top scheme). Every 24 h, the eggs were carefully checked for coagulation, somite formation, tail detachment and heartbeat as indicators of abnormal development and lethality. As shown in Figure 2A, at 5 g/L, all eleutheroembryos were coagulated (mortality rate = 100%). At 2.5 and 1.25 g/L, eleutheroembryos showed some malformations such as pericardiac edema (3.75 ± 2.5%, not shown). At lower concentrations (≤0.625 g/L), no developmental alterations were observed. Interestingly, from 0.625 to 2.5 g/L, we noticed a significant proportion of unhatched eleutheroembryos. However, this parameter was not considered as a toxicity criterion according to the OECD guidelines. Furthermore, the concentration of H. lanceolatum aqueous extract leading to 50% of zebrafish embryo lethality (LC50) was 1.60 ± 0.54 g/L.
[image: Figure 2]FIGURE 2 | In vivo acute toxicity assays in zebrafish embryos and eleutheroembryos. Toxicity curves, estimated median lethal concentrations (LC50) and representative pictures of (A) 96-hpf embryos and (B) 5-dpf eleutheroembryos exposed to different concentrations of H. lanceolatum aqueous extract or E3 medium (Control). Curve values are expressed as means ± SEM (n = 60 animals/group from 3 independent experiments). ***p < 0.001 (Student t-test). Bar = 350 µm. Note that in (A), at 5 g/L all the embryos are dead at 24-hpf. For 2.5 and 1.25 g/L around 26 and 63% of eleutheroembryos were alive at 96-hpf, respectively. The shaded area represents the MNTC.
We also decided to develop another toxicity test on 3- to 5-dpf zebrafish to exclude embryonic toxicity. Indeed, morphogenesis and organogenesis are almost complete at these developmental stages and eleutheroembryos are able to metabolize, detoxify or excrete some toxins and other exogenous substances (Field et al., 2003; Drummond and Davidson, 2016). We consequently treated 3-dpf eleutheroembryos for 2 consecutive days and analyzed their survival and morphological defects. Briefly, from 0.156 to 1.25 g/L, treated eleutheroembryos have the same morphology as the controls. A significant mortality was observed for the highest concentrations (5–0.625 g/L) and the toxicity assay provided us a LC50 of 0.95 ± 0.23 g/L (Figure 2B) that was not significantly different from the OECD test.
In both tests, no morphological malformations (i.e., spinal curvature, pericardial edema, pigmentation, and delayed/altered development including hatching) were observed in both embryos and eleutheroembryos at a concentration of 0.3125 g/L. Based on these results, this concentration was defined as the maximum non-toxic concentration (MNTC) and was subsequently used for the rest of our study.
In order to reinforce the non-toxic effect of H. lanceolatum at the MNTC, we decided to further analyze its effects on key genes of hepatotoxicity (fabp10a, gclc), cardiotoxicity (erg) and nephrotoxicity (ctgf) (Liu et al., 2018; Bauer et al., 2021) as well as fkbp5, a gene known to be up-regulated by glucocorticoids (Binder, 2009). To this aim, zebrafish eleutheroembryos were incubated from 3- to 5-dpf and processed for RT-qPCR analyses. Our results showed that the treatment for 2 days with the MNTC did not result in significant induction of markers for hepatotoxicity, cardiotoxicity, fibrosis and endocrine disruption (Figure 3A). In parallel, the H. lanceolatum extract was also studied on transgenic tg(GFAP::GFP) eleutheroembryos, in which the GFP is expressed in neural stem cells (Lam et al., 2009). As shown, we did not observe any change in GFP fluorescence quantification at the spinal cord level, after the incubation with H. lanceolatum extract (Figure 3B).
[image: Figure 3]FIGURE 3 | H. lanceolatum did not impact the expression of toxicity and endocrine disruption biomarkers. (A) qPCR analysis of recognized biomarkers for hepatotoxicity (fabp10a, gclc), cardiotoxicity (erg), nephrotoxicity (ctgf) and glucocorticoid signaling (fkpb5) of eleutheroembryos treated with H. lanceolatum aqueous extract at the MNTC (0.3125 g/L) or E3 medium (Control) for 2 days (n = 7–8 pools of 20 eleutheroembryos/group). (B) Fluorescence quantification of spinal cord in tg (GFAP::GFP) eleutheroembryos (dotted rectangle) and representative pictures of 48 h-treated eleutheroembryos (n = 35/group from 3 independent experiments). Results are expressed as means ± SEM. Bar = 200 µm.
As a last proof of concept for the lack of toxicity for the defined MNTC, we monitored a potential effect of the aqueous extract on the locomotor behavior. Because up to 6-dpf, larvae are less active (Colwill and Creton, 2011), we incubated 3-dpf eleutheroembryos for 3 days with the aqueous extract and examined the locomotor activity at 6-dpf. No changes in the inactivity, small activity, large activity and total distances traveled by control and treated larvae were observed (Figure 4). This result suggested the lack of neurobehavioral impact of the MNTC.
[image: Figure 4]FIGURE 4 | H. lanceolatum aqueous extract did not impact the behavioral activity in larvae. (A) Graphs showed the inactivity, small activity, large activity and total distances of 6-dpf larvae after 3 days of incubation with the H. lanceolatum aqueous extract at the MNTC (HL) or E3 medium (Control) (B) Total distance of control and treated larvae. Individual values were represented with means ± SEM (n = 11–12 animals/group). Bar = 2.3 mm.
Taken together, these results showed that at 0.3125 g/L, the aqueous extract of H. lanceolatum has no obvious toxic effects on viability, expression of recognized toxicity markers and locomotion. Consequently, we decided to use this concentration for assessing its biological activities on the different models developed in this study.
The Aqueous Extract of H. lanceolatum Down-Regulates GFP Expression in tg(cyp19a1b:GFP) Eleutheroembryos
Considering the phenolic composition of H. lanceolatum and knowing that many polyphenolic compounds (i.e., flavonoids, stilbenes, lignans) could be considered as phytoestrogens (Cos et al., 2003), we evaluated whether H. lanceolatum extract could interfere with estrogen signaling. For that, we used the recently developed EASZY test under the OECD guidelines (OCDE, 2021) in which transgenic tg(cyp19a1b:GFP) zebrafish embryos are used. Expression of the cyp19a1b gene is well known to be up-regulated by (xeno)-estrogens through a nuclear estrogen receptor (ER)-dependent mechanisms (Menuet et al., 2005; Mouriec et al., 2009; Brion et al., 2012). Our results show that H. lanceolatum aqueous extract down-regulated the basal GFP expression, in a concentration-dependent manner while a strong up-regulation was observed in the positive control (EE2 0.05 nM, data not shown) demonstrating the validity of the test (Figure 5A). To further explore the negative interference of the aqueous extract of H. lanceolatum on cyp19a1b expression, a co-exposure experiment was performed with estradiol, the natural ER ligand. As expected, the embryonic estrogenic stimulation with estradiol (E2, at 2 and 10 nM) induced a strong expression of GFP as compared to the solvent control (22 to 29-fold induction respectively). The co-exposure with H. lanceolatum and E2 (2 and 10 nM) significantly reduced the E2-induced GFP expression (Figure 5C) thereby confirming the capacity of H. lanceolatum aqueous extract to negatively interfere with the ER-dependent expression of the cyp19a1b gene. The precise mechanism of this anti-estrogenic effect is not currently known (i.e., binding of phenolic compounds to ER as antagonists and/or activation of signaling pathway(s) leading to a negative crosstalk with the ER signaling).
[image: Figure 5]FIGURE 5 | H. lanceolatum aqueous extract possesses an anti-estrogenic activity. (A) Quantification of GFP fluorescence and (B) representative pictures of embryos exposed to water (Control) and different concentrations of H. lanceolatum aqueous extract (g/L) for 96 h (n = 26–38/group from 2 independent experiments). * denotes significant differences as compared to the control group (Dunn’s multiple comparison test, *p = 0.0438 and ****p < 0.0001). (C) Fluorescence quantification of GFP in embryos treated with control solvent (DMSO) and E2 at two different concentrations (2 and 10 nM) alone or co-exposed with H. lanceolatum aqueous extract 0.156 g/L (n = 19–21/group). * denotes significant differences between groups (Dunnett’s multiple comparison test, **p = 0.0011 and ***p = 0.0002). All the results are expressed as fold induction above control (means ± SEM).
The Aqueous Extract of H. lanceolatum Modulates Oxidative Stress and Inflammation in vivo
To the best of our knowledge, there are no data documenting the antioxidant and anti-inflammatory effects of H. lanceolatum in vivo. In order to ascertain these properties in physiological conditions, we tested the impact of H. lanceolatum treatment on a tail injury model in zebrafish.
First, in order to test the effects of H. lanceolatum aqueous extract on oxidative stress, we performed a caudal fin amputation in adult zebrafish and used the oxidative stress probes DCFH-DA and DHE that become fluorescent after their oxidation by hydrogen peroxide and superoxide anion, respectively. In contrast to uninjured fish, the amputated tail was strongly stained with the fluorescent oxidized probes (data not shown). The therapeutic treatment (immediately after the amputation), did not modulate oxidative stress (data not shown). We consequently examined the preventive antioxidant properties of H. lanceolatum extract by pretreating the fish for 4 h before tail injury. As clearly evidenced, our results showed a consistent decrease in the fluorescence of oxidized DHE and DCFH-DA probes reflecting the antioxidant properties of the H. lanceolatum extract (Figure 6).
[image: Figure 6]FIGURE 6 | H. lanceolatum aqueous extract exhibits preventive antioxidant effect after caudal fin amputation. Fluorescence quantification and representative pictures of oxidized (A) DCFH-DA and (B) DHE probes after caudal fin amputation of adult zebrafish pre-incubated in water (Control) or H. lanceolatum aqueous extract at the MNTC (0.3125 g/L H. lanceolatum). Results are expressed as means ± SEM (n = 9/group from 3 independent experiments). **p < 0.01 (Student t-test). Bar = 200 µm.
In a similar way, we investigated the therapeutic effects of H. lanceolatum extract on immune cell recruitment, which occurs at the early phase of inflammatory response. Unfortunately, due to technical issues, we were unable to label immune cells in adult tail following injury. Consequently, to achieve this aim, we reproduced a tail injury model in 3-dpf eleutheroembryos (Miskolci and Squirrell, 2019). After tail amputation, eleutheroembryos were treated with H. lanceolatum infusion for 6 h and monitored for the recruitment of neutrophils and macrophages at the damaged site by performing Mpo and Lcp1 immunodetection, respectively (Morley, 2012; Aratani, 2018). We demonstrated that H. lanceolatum significantly increased the number of both Mpo- and Lcp1-positive cells at the injury site (Figure 7).
[image: Figure 7]FIGURE 7 | H. lanceolatum aqueous extract improves the recruitment of neutrophils and macrophages after tail injury. Number of (A) Lcp1-positive (macrophage) and (B) Mpo-positive (neutrophils) cells (arrows) at the injury site (white box) and representative pictures of tail amputations of 3-dpf eleutheroembryos, incubated with E3 medium (Control) or H. lanceolatum aqueous extract at 0.3125 g/L (H. lanceolatum) for 6 h. Dotted lines represent the tail amputation level. Results are expressed as means ± SEM (n = 34/group from 3 independent experiments). **p < 0.01, ***p < 0.001 (Student t-test). Bar = 40 µm.
Overall, our results show that the aqueous extract of H. lanceolatum improves the antioxidant response and immune cell infiltration at the injury site. These data consequently highlight on the preventive antioxidant effects of the aqueous extract of H. lanceolatum and its capacity to modulate inflammatory response.
The Aqueous Extract of H. lanceolatum Promotes Tail Regeneration
Oxidative stress and inflammation are well known to be key factors initiating regenerative processes in mammals and zebrafish (Schäfer and Werner, 2008; Koh and DiPietro, 2011; Dunnill et al., 2017; Nguyen-Chi et al., 2017; Paredes et al., 2021). Since caudal fin amputation in zebrafish has become a valuable model for better understanding tissue regenerative processes (Lebedeva et al., 2020), we decided to use this model to monitor the potential regenerative properties of H. lanceolatum.
As a first step, we investigated the effects of H. lanceolatum on 3-dpf eleutheroembryos after tail amputation and monitored the regeneration at 3-days post-amputation. As shown in Figure 8A, the plant infusion exhibits pro-regenerative properties at day 3 post-amputation. In parallel, we focused on the role of inflammation in regenerative mechanisms by incubating amputated 3-dpf eleutheroembryos with the anti-inflammatory drug dexamethasone (500 µM), in the presence or not of H. lanceolatum. Dexamethasone inhibited the tail regeneration (Figure 8B), demonstrating the importance of inflammation in regenerative processes. In the presence of H. lanceolatum (H. lanceolatum + DEX), tail regeneration was improved compared to dexamethasone alone, strongly suggesting that H. lanceolatum is a modulator of inflammatory processes.
[image: Figure 8]FIGURE 8 | H. lanceolatum aqueous extract improves tail regeneration in zebrafish eleutheroembryos. (A) Measurement of tail regeneration area (in arbitrary units) and representative pictures of eleutheroembryos incubated in E3 medium (Control) or H. lanceolatum aqueous extract at 0.3125 g/L (H. lanceolatum), 0- and 3-days post-amputation (dotted) of 3-dpf eleutheroembryos. (B) Measurement of tail regeneration area and representative pictures of eleutheroembryos treated with the vehicle (0.4% ethanol), dexamethasone (500µM, DEX) or H. lanceolatum aqueous extract + dexamethasone (H. lanceolatum + DEX), 0- and 3-days post-amputation. Results are expressed as means ± SEM (n = 20–39/group from 3 independent experiments). **p < 0.01, ***p < 0.001 (Student t-test). Bar = 25 µm.
Similar pro-regenerative effects were also observed in adults after caudal fin amputation at 7- and 14-days after injury (Figure 9). Overall, we observed that H. lanceolatum infusion significantly improved caudal fin regeneration compared to control amputated fish from day 7 onwards.
[image: Figure 9]FIGURE 9 | H. lanceolatum aqueous extract displays pro-regenerative properties in the tail of adult fish. (A) Measurement of tail regeneration area of adult fish after a 14-days incubation period with fish water (Control) or H. lanceolatum aqueous extract at 0.3125 g/L (H. lanceolatum). (B) Representative pictures of caudal fin regeneration 3-, 7-, and 14-days post-amputation. Dotted lines represent the tail amputation level. Results are expressed as means ± SEM (n = 4–7 animals/group). *p < 0.05, ***p < 0.001 (Student t-test). Bar = 625 µm.
In summary, our results revealed that the aqueous extract of H. lanceolatum exerts beneficial effects on tissue regeneration, promoting an antioxidant effect and stimulating inflammatory responses, leading to accelerated tail regeneration.
H. lanceolatum Displays Beneficial Effects on Pathological Disorders Related to Metabolic Diseases
In a next step, we investigated H. lanceolatum potential effects on zebrafish models of metabolic disorders. For that, we performed high-fat diet/diet-induced obesity models as well as chronic hyperglycemia model, as previously described (Capiotti et al., 2014; Dorsemans et al., 2017b; Ghaddar et al., 2020), in order to analyze the effects of the H. lanceolatum aqueous extract on metabolic disorders-related complications.
As shown in Figure 10, larvae fed with the egg-yolk based diet (HFD) showed a higher Oil Red O (ORO) staining, reflecting an accumulation of neutral lipids and esterified cholesterol, in the digestive tract and vessels including dorsal aorta, posterior cardinal vein and caudal vein. Interestingly, larvae incubated with H. lanceolatum extract exhibited a significant decrease in ORO staining in relative to overfed larvae.
[image: Figure 10]FIGURE 10 | H. lanceolatum aqueous extract inhibits lipid accumulation in a HFD model of larvae. (A) Quantification of ORO staining and (B) representative pictures of normally fed larvae (Control), overfed (HFD) and overfed larvae treated with H. lanceolatum aqueous extract at 0.3125 g/L (HFD + HL). Dotted lines indicate the ORO staining in the digestive tract. Arrows show the staining in vessels including dorsal aorta (1), posterior cardinal vein (2) and caudal vein (3). Results are expressed as means ± SEM (n = 45 larvae/group from 3 independent experiments). ***p < 0.001 (One-way ANOVA). Bar = 150 µm.
To further verify the effect of the plant extract on gain weight and associated parameters (BMI), we performed a DIO model in adult fish by overfeeding fish with dry food and Artemia for 14 days. After 1 week of diet, the body weight and BMI of DIO fish were significantly increased compared to controls (Figure 11). We consequently subdivided the DIO group into two groups: one overfed for 7 additional days, and another overfed for 7 additional days and treated with H. lanceolatum overnight. The treatment with H. lanceolatum aqueous extract significantly reduced the BMI (Figure 11A) and seemed to decrease the body weight (Figure 11B). Taken together, these data indicated that H. lanceolatum aqueous extract displayed “anti-obesity” properties.
[image: Figure 11]FIGURE 11 | H. lanceolatum aqueous extract induces weight loss properties in DIO model of adult fish. (A) Body mass index (BMI) at day-14 and (B) body weight of normally fed (Control), overfed (DIO) and overfed fish treated with H. lanceolatum (DIO + HL). Results are expressed as means ± SEM (n = 8–10/group). *p < 0.05, **p < 0.01 (One-way ANOVA).
Finally, we next investigated the effect of H. lanceolatum on a chronic hyperglycemia model by immersing the fish in 111 mM of glucose for 14 days. This protocol resulted in increased glycemia that was not counteracted by H. lanceolatum treatment (Figure 12A). Given that chronic hyperglycemia has been shown to impair neurogenesis in zebrafish (Dorsemans et al., 2017b), we decided to analyze neural stem cell (NSC) proliferation in key neurogenic niches by performing PCNA immunostaining. As expected, chronic hyperglycemia resulted in a lower number of PCNA-positive cells in the dorsomedial telencephalon (Dm), the anterior part of the preoptic area (PPa), the periventricular pretectal nucleus (PPv), two caudal hypothalamic regions (Hv LR and LR PR) and the valvula of cerebellum (VCe) compared to control fish (Figures 12B-D). Interestingly, H. lanceolatum treatment prevented this decreased neurogenesis, after 1 week of treatment.
[image: Figure 12]FIGURE 12 | H. lanceolatum aqueous extract has “anti-diabetic” effects by maintaining homeostatic neurogenesis in chronic hyperglycemic adult fish. (A) Fasting blood glucose levels of control (Control), chronic hyperglycemic (CHG) and chronic hyperglycemic fish treated with H. lanceolatum (CHG + HL). (B) Number of PCNA-positive cells according to the studied neurogenic regions. (C) Representative pictures of proliferative activity (PCNA) in zebrafish brains. (D) Total number of PCNA-positive cells, counted in all the studied regions, in Control, CHG and CHG + HL-treated fish. Dm, medial zone of dorsal telencephalic area. PPa, parvocellular preoptic nucleus, anterior part. Hv, ventral zone of periventricular hypothalamus. LR, lateral recess of diencephalic ventricle. PPv, periventricular pretectal nucleus, ventral part. PR, posterior recess of diencephalic ventricle. VCe, valvula cerebelli. Results are expressed as means ± SEM (n = 11–14/group). *p < 0.05, **p < 0.01, ***p < 0.001 (One-way ANOVA). Bar = 40 µm.
DISCUSSION
In Reunion Island, H. lanceolatum is widely used in traditional medicine for treating many disorders on the basis of its antioxidant, anti-inflammatory and “anti-diabetic” properties (Lavergne, 2001). Therefore, this medicinal plant appears to be a powerful alternative to counter most of the complications associated with metabolic disorders including obesity and diabetes. However, very little was known about its potential toxicity and there was no experimental evidence on the real beneficial effects in vivo. In our study, we determined the Maximum Non-Toxic Concentration (MNTC) of the aqueous extract of H. lanceolatum, its polyphenol content by LC-MS/MS and showed its anti-estrogenic activity. We also demonstrated that H. lanceolatum extract, at its MNTC, displays interesting properties in vivo regarding immune cell recruitment, oxidative stress and regenerative processes in a zebrafish (larva and adult) model of tail amputation. Finally, we showed that H. lanceolatum aqueous extract has also interesting beneficial properties on metabolic disorders. Indeed, the plant extract reduces lipid accumulation in the liver and blood vessels and counteracts weight gain/BMI in overfeeding zebrafish models. In addition, it favors brain plasticity (neurogenesis) which is impaired in our hyperglycemic zebrafish model.
H. lanceolatum Toxicity and Polyphenol Contents
In the present work, we first investigated the toxicity of the aqueous extract of the plant in vivo on zebrafish embryos, using a reliable OECD-validated toxicity test (OCDE, 2013), and also in eleutheroembryo to exclude developmental toxicity. We determined median lethal concentrations (LC50) for embryos and eleutheroembryo (1.60 ± 0.54 and 0.95 ± 0.23 g/L, respectively). This acute toxicity assay provided us the MNTC of 0.3125 g/L. Along with the OECD tests, we confirmed that this concentration did not impact the expression of key genes involved in hepatic, cardiac and renal functions as well as in stress hormone signaling (Liu et al., 2018; Bauer et al., 2021).
Plant toxicity can be related to the effects of many molecules including polyphenols at high concentrations (Lambert et al., 2007). Our H. lanceolatum aqueous extract displays an important polyphenol content (103.2 ± 6.1 mg GAE/g). Another study also described the higher polyphenol concentration of H. lanceolatum compared with other medicinal plants from Reunion Island (Checkouri et al., 2020). We showed the presence of caffeic acid derivatives (caffeoylquinic acid and dicaffeoylquinic acid) and flavonoids (quercetin and kaempferol) by high resolution-mass spectrometry. These data confirmed recent phytochemical analyses of aqueous and methanolic extracts from different Hypericum species (Hypericum calycinum L., H. confertum Choisy and H. perforatum L.) that also showed the presence of chlorogenic acid and quercetin as the most abundant compounds (Ersoy et al., 2019; Checkouri et al., 2020). Although the presence of 5-caffeoylquinic acid, dicaffeoylquinic acid and quercetin glycosides may explain the antioxidant and anti-inflammatory effects observed at the MNTC, the toxicity observed at higher concentrations in our study could be due to the high content of these molecules. Indeed, some studies demonstrated that high concentration of chlorogenic acid (7 mg/kg/day) and quercetin (1900 mg/kg/day), the two main components of our H. lanceolatum aqueous extract, could have toxic effects in rats (Dunnick and Hailey, 1992; Du et al., 2013). As well, we should consider the strong toxic effects of alkaloids and pyrrolizidine alkaloids (including developmental, hepato-, genotoxicity and carcinogenicity) resulting from frequent consumption of teas and infusions (Manteiga et al., 1997; Wiedenfeld, 2011; Knutsen et al., 2017; Oketch-Rabah et al., 2020).
H. lanceolatum Displays Anti-estrogenic Activity
Compounds of plant origin including some polyphenols (such as genistein and daidzein which are abundant in soy, or resveratrol) are able to disrupt estrogen signaling through pro- and anti-estrogenic activities due to their capacity to bind to nuclear estrogen receptors (Cos et al., 2003). Such endocrine disruption has already been demonstrated in vitro for chlorogenic acid, quercetin and kaempferol (Resende et al., 2013; Hsu et al., 2021). Interestingly, phytoestrogens can be associated with many health benefits including the reduction of menopausal symptoms or a lowered risk to develop cardiovascular diseases, osteoporosis and cancers (Patisaul and Jefferson, 2010). However, it can also be harmful for human health, promoting hormone-sensitive cancers or perturbing reproductive physiology (Chandrareddy et al., 2008; Liang and Shang, 2013). Here, we reported the anti-estrogenic activity of the aqueous extract of H. lanceolatum which involves a decrease in the expression of estrogen-synthetizing enzyme (aromatase B encodes by cyp19a1b gene). These anti-estrogenic properties reinforce the fact that traditionally, H. lanceolatum is not recommended for pregnant women because of its effects on female reproductive system (i.e. abortive/menstruation).
H. lanceolatum Modulates Oxidative Stress, Immune Cell Recruitment, and Regeneration
In traditional medicine, H. lanceolatum is used as a modulator of the oxidative and inflammatory processes (Lavergne, 2001). Some in vitro studies also confirm the antioxidant effects of H. lanceolatum extracts on red blood cells and preadipocytes (Poullain et al., 2004; Checkouri et al., 2020). In the present study, we investigated the effects of the aqueous extract of H. lanceolatum using a caudal fin amputation model. Indeed, zebrafish tail amputation is known to generate both oxidative stress and inflammation (Morales and Allende, 2019). Our results revealed the preventive antioxidant capacity of H. lanceolatum extract after tail amputation, but the therapeutic treatment was inefficient. This difference may be explained by the activation of the antioxidant defenses including antioxidant enzymes throughout H. lanceolatum pretreatment, prior to injury (Paredes et al., 2021). In parallel, we monitored the recruitment of macrophages and neutrophils at the site of injury 6 h after the tail sectioning. At this time point, the number of immune cells is known to reach a peak at the injured site (Miskolci and Squirrell, 2019). Interestingly, the number of macrophages and neutrophils was significantly higher for H. lanceolatum-treated eleutheroembryo than for controls. Given that the recruitment of immune cells is essential for initiating tissue regeneration in both fish and mammals (Schäfer and Werner, 2008; Koh and DiPietro, 2011), we investigated the effects of H. lanceolatum aqueous extract on tail regeneration and demonstrated its pro-regenerative properties in both eleutheroembryo and adult zebrafish. We further confirmed the beneficial role of inflammation in regeneration through dexamethasone treatment, an immunosuppressive glucocorticoid. As previously reported, tail regeneration was reduced in dexamethasone-treated larvae (Sharif et al., 2015) but was improved in larvae treated with dexamethasone + H. lanceolatum. Considering that it has been suggested that glucocorticoids may alter the migration of immune cells at the injury site (Chatzopoulou et al., 2016), we suggested that H. lanceolatum may prevent this inhibition by promoting neutrophil and macrophage recruitment and then, allowing the tissue repair. Overall, these data support the key roles of oxidative stress and inflammation in tissue repair and demonstrate the beneficial effect of H. lanceolatum in regenerative processes. Such a positive impact on regeneration could be supported by the presence of 5-caffeoylquinic acid (chlorogenic acid isomer), quercetin and kaempferol. Indeed, these polyphenols have been shown to stimulate wound healing in rats by improving the redox status and inflammation and/or promoting angiogenesis and proliferation of epithelial and fibroblastic cells (Bagdas et al., 2015; Gopalakrishnan et al., 2016; Kant et al., 2017; Özay et al., 2019).
H. lanceolatum Improves Metabolic Parameters and Limits Neurogenesis Dysfunction Induced by Obesity and Diabetes
It is well established that recurrent consumption of polyphenols is inversely correlated with the incidence of diabetes, obesity, cardiovascular diseases and cancers (Zamora-Ros et al., 2016; Guo et al., 2017; Del Bo et al., 2019). To test the potential “anti-obesity” and “anti-diabetic” effects of H. lanceolatum, we used our previously developed overfeeding and hyperglycemia models to mimic the complications associated with metabolic disorders (Capiotti et al., 2014; Zhou et al., 2015; Dorsemans et al., 2017a; Dorsemans et al., 2017b; Ghaddar et al., 2020).
Feeding zebrafish larvae with egg yolk powder resulted in the accumulation of neutral lipids and esterified cholesterol in the digestive tract and blood vessels, which is consistent with another study (Zhou et al., 2015). In adults, overfeeding induced a significant body weight gain, as previously shown (Oka et al., 2010; Montalbano et al., 2016; Ghaddar et al., 2020). In our models, H. lanceolatum therapeutic treatment significantly reduced the lipid accumulation in larvae and the BMI in overfed adult fish. The underlying mechanisms can be related to a decreased feeding behavior, a reduced lipid uptake or a greater lipid catabolism. It has been reported that H. perforatum L. aqueous extract (which has the same plant taxonomy as H. lanceolatum) significantly reduced serum levels of triglycerides, LDL-C (low density lipoprotein cholesterol) as well as oxidative stress biomarkers induced by hyperlipidemia in rats (Zou et al., 2005; Ghosian Moghaddam et al., 2016). In addition, supplementation with chlorogenic acid and quercetin has been shown to modulate the expression of some lipogenesis- and lipolysis-related genes, respectively, in mice and chicken after a HFD (Wang et al., 2019; Wang et al., 2021). The authors also suggested that the prevention of obesity-related disturbances might be closely associated with the modulation of the gut microbiota (Wang et al., 2019; Wang et al., 2021). Together with these reports, our findings support the contribution of H. lanceolatum functional components decreasing lipid accumulation and improving BMI. However, the precise mechanism underlying this hypolipidemic activity requires further investigations. It is nevertheless important to consider that zebrafish are ectothermic animals and are not able of thermogenic-mediated processes (Den Broeder et al., 2015). In addition, some metabolic processes including those associated to the leptin signaling pathways are less conserved and could impact the disease phenotypes (Zang et al., 2018).
Finally, we studied the “anti-diabetic” properties of H. lanceolatum using a hyperglycemic model (Capiotti et al., 2014; Dorsemans et al., 2017a). Treatment with H. lanceolatum had no impact on blood glucose levels but, interestingly, prevented a decrease in neural stem cell proliferation. In diabetes, high glucose levels contribute to several brain dysfunctions, including impaired neural plasticity, blood-brain barrier integrity, and neurogenic processes that can lead to cognitive and memory decline (Lang et al., 2009; Ho et al., 2013; Ramos-Rodriguez et al., 2014; Dorsemans et al., 2017a). The interest of H. lanceolatum in preventing neurological complications can be supported by the actions of its bioactive molecules (Ito et al., 2008; Wu et al., 2016). However, this interesting result should be confirmed in a preclinical model of diabetes using for instance Db/Db or HFD mice.
Zebrafish Concerns Regarding Extrapolation to Humans
In the present work, we used zebrafish for investigating the toxicity and potential preventive/therapeutic effects of H. lanceolatum. Zebrafish is a recognized alternative model for studying physiological processes linked to human diseases, considering the strong genomic homology and the well-conserved physio-pathological mechanisms with mammals (Oka et al., 2010; Howe et al., 2013). Thus, zebrafish clearly helps for screening a wide variety of potent pharmacological molecules as well as toxicants. However, despite these advantages, it is important to consider the limitations of the zebrafish model. The absence of placenta during embryogenesis and the fact that fish are poikilothermic animals implie that drugs could be metabolized with different rate compared to mammals. As well, the way of administration of the extract should be taken into consideration (immersion versus intravenous/intraperitoneal treatment). Regarding metabolic disorders, the strong adaptability and regenerative properties of zebrafish could have a significant differential impact on the processes investigated compared to mammals. So far, the use of zebrafish is a first step to validate some potential effects by further studies in well-validated preclinical rodent models.
CONCLUSION
In conclusion, this work reported for the first time the toxicity of the aqueous extract of H. lanceolatum using reliable zebrafish toxicity tests. The analysis of the composition of H. lanceolatum extract identified phenolic acids (chlorogenic acid isomers) and flavonoids (quercetin, kaempferol derivatives) as major compounds in the aqueous extract. Here we demonstrated that H. lanceolatum, used in traditional Reunionese medicine, has strong antioxidant, pro-regenerative, anti-lipid accumulation, and neurogenic properties on zebrafish at its MNTC. In addition, our results suggest the potential effect of H. lanceolatum aqueous extract to counteract diabetes- and obesity-related complications. The present study is a first step providing evidence for non-toxic and potential therapeutic effects of H. lanceolatum. Further investigations are required to elucidate the mechanisms underlying the activities of traditional medicinal plants in the prevention and/or treatment of metabolic disorders using preclinical rodent models. Finally, it is important to consider the anti-estrogenic effect of H. lanceolatum in case of pregnancy or estrogen-dependent diseases.
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Ginsenoside Re is a protopanaxatriol-type saponin extracted from the berry, leaf, stem, flower bud, and root of Panax ginseng. In recent years, ginsenoside Re (Re) has been attracting attention as a dietary phytochemical. In this review, studies on Re were compiled by searching a combination of keywords, namely “pharmacology,” “pharmacokinetics,” and “toxicology,” in the Google Scholar, NCBI, PubMed, and Web of Science databases. The aim of this review was to provide an exhaustive overview of the pharmacological activities, pharmacokinetics, and toxicity of Re, focusing on clinical evidence that has shown effectiveness in specific diseases, such as diabetes mellitus, nervous system diseases, inflammation, cardiovascular disease, and cancer. Re is also known to eliminate virus, enhance the immune response, improve osteoporosis, improve skin barrier function, enhance intracellular anti-oxidant actions, regulate cholesterol metabolism, alleviate allergic responses, increase sperm motility, reduce erectile dysfunction, promote cyclic growth of hair follicles, and reduce gastrointestinal motility dysfunction. Furthermore, this review provides data on pharmacokinetic parameters and toxicological factors to examine the safety profile of Re. Such data will provide a theoretical basis and reference for Re-related studies and future applications.
Keywords: ginsenoside Re, pharmacological activities, pharmacokinetics, toxicology, bioactive component
INTRODUCTION
Ginseng is a perennial herb belonging to the family Araliaceae and genus Panax (P.). The plant has been used as a tonic in Chinese traditional medicine for more than 2000 years. It is also extensively used as a medicinal supplement across Asia and America (Jiang et al., 2020; Xu et al., 2020). P. ginseng Meyer (Asian ginseng), P. quinquefolium L. (American ginseng), and Eleutherococcus senticosus (Siberian ginseng) are the most common types of ginseng (Kiefer and Pantuso, 2003). All of these species are in the Araliaceae plant family. Extensive preclinical and clinical evidence in scientific literature support the significant beneficial effects of P. ginseng and P. quinquefolius L. in significant central nervous system, metabolic, infectious, and neoplastic diseases (Mancuso and Santangelo, 2017). Active components of most P. ginseng species include ginsenoside, polysaccharide, peptide, polyacetylenic alcohol and fatty acids (Dong et al., 2017). Of the active components, ginsenoside (i.e., ginseng saponin or triterpene saponin) is an important component responsible for many biochemical and pharmacological properties of the herb (Gillis, 1997). Currently, more than 30 natural ginsenosides have been extracted and their chemical structures have been identified. The main active ginsenosides are categorized into two groups based on the types of aglycone. The 20(S)-protopanaxadiol group includes ginsenosides Rb1, Rb2, Rb3, Rc, Rd, Rh2, compound K, and Rg3, and the 20(S)-protopanaxatriol group (PPT) comprises ginsenosides Re, Rf, Rg1, Rg2, and Rh1 (Ma et al., 2005). Of these, Re (C48H82O18, PubChem CID: 441921) is a major component (0.15%) of P. ginseng. We chose Re in the present study because of its high concentration in a number of commercially available P. ginseng extracts (Harkey et al., 2001). This water-soluble compound (Xie et al., 2005b) accounts for 23% of total saponins and is abundant in the leaves, stems, flower buds, berries, and roots of the plant (Joo et al., 2010; Bae et al., 2012; Kim et al., 2009). Previous research has shown that Re is more abundant in leaves, berries, and flower buds than in roots, and that it is the major saponin in P. ginseng fruits (Attele et al., 2002; Xie et al., 2004; Su et al., 2014). The percentage weight of Re extracts from American P. ginseng were 4.79, 3.5, and 0.4% in leaves, berries, and roots, respectively (Xie et al., 2005a; Han et al., 2012). This work showed that P. ginseng leaves and berries had the highest Re concentration, and that Re is the major ginsenoside in P. ginseng leaves. These findings also revealed that the Re content is different in various parts of the P. ginseng plant. In recent years, Re has been attracting attention as a dietary phytochemical, likely attributed to advantages such as ease of availability, low cost, high efficacy, straightforward isolation and purification techniques, and low side effects and toxicity risks (Quan et al., 2012). Re is a white crystalline powder that is readily soluble in methanol and ethanol. Its chemical properties include; melting point: 201–203°C; boiling point: 1011.8 ± 65.0°C; density: 1.38 ± 0.1 g/cm3; and acidity coefficient: 12.85 ± 0.70 (https://www.chemicalbook.com/ProductChemicalPropertiesCB5210824.htm). Previous research revealed in vivo and in vitro mechanisms that mediated diverse pharmacological activities of Re. Re has anti-diabetic (Table 1), neuroregulatory (Table 2), anti-inflammatory (Table 3), pro-cardiac (Table 4), anti-cancer (Table 5), anti-viral, anti-fungal and anti-oxidant effects. It is also known to improve skin barrier function, regulate cholesterol metabolism, alleviate allergic responses, enhance the immune response, improve osteoporosis, increase sperm motility, reduce erectile dysfunction, promote cyclic growth of hair follicles, and reduce gastrointestinal motility dysfunction (Table 6). In this review, the pharmacological actions and associated molecular mechanisms, pharmacokinetic characteristics, and toxicology of Re were summarized after researching major online databases. This review also describes the limitations of Re.
TABLE 1 | Summary of anti-diabetes effects of Re.
[image: Table 1]TABLE 2 | Summary of nervous system disease effects of Re.
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Pharmacokinetic studies are necessary for observing and predicting the actions and interactions of drugs and for determining their efficacy and toxicity. The pharmacokinetics of Re have been studied in both animals and humans (Table 7), with major parameters, such as maximum concentration (Tmax), T1/2, and bioavailability examined. However, there is still little known about its metabolic and pharmacokinetic profiles.
TABLE 7 | The main pharmacokinetic parameters of Re.
[image: Table 7]Absorption and Distribution
The time for saponins to reach Tmax in rat plasma was less than 2 h, indicating that saponins are rapidly absorbed and readily distributed in tissues (Li et al., 2006; Gui et al., 2007). In humans, Liu et al. (2011) reported that the Tmax of Re was 1.19 ± 0.44 h after oral ingestion. Another study showed that the Tmax of Re was 0.75 h after oral administration of total P. notoginsenoside powder in rats, suggesting rapid absorption of Re in the gastrointestinal tract. The absolute bioavailability of Re was 7.06% (Li et al., 2006). Joo et al. (2010) revealed that the Tmax of Re was 0.4 ± 0.2 h in ICR mice. The same study also showed that the oral bioavailability was 0.19–0.28%, suggesting that the absorption rate of Re was lower after oral administration. Shi et al. (2013) demonstrated that Re (12.5, 25 and 50 mg/kg, s.c. injection) was rapidly distributed to the cerebrospinal fluid and exhibited linear pharmacokinetics in rats, and that the Tmax of Re was 1 h for all doses. However, for the lowest dose of 12.5 mg/kg, Re was not detectable in dialysates after 4 h. Extensive gastrointestinal metabolism, poor membrane permeability, and low solubility of deglycosylated products may limit the absorption of ginsenosides in the intestines. Therefore, the dose of test compounds must be high to detect ginsenoside content in plasma (Qi et al., 2011).
Metabolism and Biotransformation
According to preclinical trials, several types of saponins, including ginsenosides Rg2, Rh1, F1, Rg1, and protopanaxatriol, may be metabolites of Re in human plasma and urine samples (Liu et al., 2011). After administration of Re (200 mg/kg, p.o. for 24 h), the major excreted ginsenoside metabolites in rat urine included Rg1 and Re. In feces, the main metabolite was Rg1, but other deglycosylated metabolites, including F1 and protopanaxatriol, were also detected (Kim et al., 2013). Yang et al. (2009) identified 11 and nine metabolites together with Re in rat urine collected after intravenous (50 mg/kg, i.v.) and oral (100 mg/kg, p.o.) administration of Re, respectively. The metabolites included Rg1, Rg2, Rh1, and F1. Oral and intravenous doses of Re showed distinct metabolism patterns in the rat, but there were also certain characteristics in common. Deglycosylation was found to be the major metabolic pathway of Re in rats, indicating that a large part of Re was metabolized and transformed in the gastrointestinal tract to ginsenosides with more biological effects (Christensen, 2009). The Re may be metabolized into ginsenosides Rh1 and F1 by human intestinal microflora, and subsequently absorbed into the blood (Bae et al., 2005). After oral administration of 100 mg/kg Re to rats, Chen et al. (2009) detected six metabolites of Re in feces, including ginsenosides Rg2, Rh1, Rh1, F1, Rh1, and PPT. In general, Re may be hydrolyzed by gastric fluids to ginsenoside Rg2 that is then converted in the intestine into ginsenoside Rh1 by the elimination of rhamnose through intestinal bacteria. Intact Re also reaches the large intestine where it can be metabolized by bacteria into ginsenoside F1 and 20(S)-PPT via ginsenoside Rg1. Like intestinal bacteria, several food microorganisms produce specific forms of ginsenosides. (Chi and Ji, 2005) tested the biotransformation of Re by cell extracts from various food-grade edible microorganisms, and found Re was transformed into Rh1 via Rg2 by Bifidobacterium sp. Int57 and SJ32, Re was transformed into Rh1 via Rg1 by Aspergillus niger KCTC 6906, and Re was transformed into Rg2 by A. usamii var. shirousamii KCTC 6956.
Elimination
Joo et al. (2010) found that Re was rapidly cleared from the bodies of male or female mice within 0.2 ± 0.03 and 0.5 ± 0.08 h, respectively, after intravenous administration. Chen et al. (1980) estimated that the half-life of Ren in rabbits, after intravenous administration, was about 0.83 h, and the elimination half-life of Re after i.p. injection could be measured from urine (1.165 h) but not plasma samples. In healthy volunteers, the half-life of Re after oral ingestion of Re tablets (200 mg/tablets, p.o.) was reported to be 1.82 ± 0.75 h (Liu et al., 2011). A randomized, double-blind, placebo-controlled trial reported that researchers were unable to detect Re in plasma of obese adults, even though the subjects were prescribed large daily oral doses of P. ginseng and Re for 30 days and ingested the last dose 30 min before collection of blood samples to assess Re concentrations. The absence of Re may be explained by the quick elimination of ginsenoside (Reeds et al., 2011). Pharmacokinetic studies of Re in rats and human volunteers were consistent with this statement. After intragastric (i.g.) administration of Banxia Xiexin Decoction in rats, plasma concentrations of Re at most time points were lower than the lower limit of quantification (Wang et al., 2008a). Pharmacokinetic studies of Re in rats and volunteers following i.v. administration of Shen Mai indicated that Re was quickly eliminated in the body, and that pharmacokinetic characteristics fitted the two-compartment model (Liu et al., 2005; Xia et al., 2008). Altogether, evidence from pharmacokinetic and metabolic studies of Re demonstrated that 1) the absorption of Re was fast in the gastrointestinal tract; 2) Re may be metabolized mainly into Rh1 and F1 by intestinal microflora before absorption into blood; and 3) Re was quickly cleared from the body (Peng et al., 2012).
SEARCH METHOD
We included articles that were published from January 2000 to March 2021. Because more than 344 articles were found, we opted to focus on those specifically pertaining to new reports of the pharmacology, pharmacokinetics, and toxicology of Re. We searched four electronic databases, Google Scholar, NCBI, PubMed, and Web of Science, and compiled data according to the grade of evidence that was found. Systematic searches were performed in four electronic databases and the reference lists of most papers in the past 20 years were checked for further relevant publications. All articles containing original data on pharmacological activity, pharmacokinetics, and toxicology of Re were included. In addition, we only included studies written in English. Approximately 140 articles were used in the review process, across a variety of in vitro and in vivo studies, case reports, and randomized controlled trials.
PHARMACOLOGICAL EFFECTS OF RE ON DIABETES MELLITUS (DM)
Anti-DM Effects In Vivo
Attele et al. (2002) found that Re (20 mg/kg, i.p. for 12 days) had marked anti-hyperglycemic activities, with no effect on the body weight of C57BL/6J ob/ob mice. This finding suggests that Re has potential as an anti-diabetic agent. Re (10 mg/kg, i.p. for 12 days) significantly reduced fasting blood glucose levels and promoted glucose tolerance (GT) and systemic insulin sensitivity (IS) in ob/ob mice without affecting body weight (Xie et al., 2005a). These findings suggest Re may provide a therapeutic role in ameliorating GT and insulin resistance (IR) in patients with type 2 diabetes mellitus (T2DM). Administration of Re (0.2 mg/ml for 90 min) rapidly normalized IR and muscle glucose transport induced by high-fat diet (HFD) in the epitrochlearis and soleus muscles of rats (Han et al., 2012). Re may have specifically acted to ameliorate IR in muscles of rats because it failed to modify HFD-induced muscle glucose transport resistance following stimulation by contraction or hypoxia. Muscle contraction and hypoxia exert an insulin-like-stimulating effect on glucose transport. However, Re did not affect basal or insulin-stimulated muscle glucose transport in chow-fed rats. According to these animal studies, P. ginseng or ginsenoside appeared to improve oral GT and accelerate insulin-stimulated glucose disposal (Xie et al., 2004). The Re-induced improvement in IS may or may not be associated with weight loss. Therefore, it remains unclear whether the amelioration was due to weight loss or insulin-sensitizing traits. These studies demonstrated the association between the anti-hyperglycemic activity of Re and improved IS, whereas body weight was unaffected. The improvement may be attributed to the insulin-sensitizing properties of Re. Quan et al. (2012) studied the potential anti-glycemic role of Re in HFD-induced diabetes in mice. Administration of Re (20 mg/kg, i.g. for 3 weeks) markedly lowered BG and triglyceride levels and prevented hepatic steatosis in C57BL/6J mice on a HFD. The hypoglycemic effect was associated with suppression of hepatic gluconeogenesis, possibly associated with AMP-activated protein kinase (AMPK) activation. In rats on a HFD, Re (40 mg/kg, i.p. for 2 weeks, twice a day) improved IR by inhibiting c-Jun N-terminal kinase (JNK) and nuclear factor (NF)-kB activation (Zhang et al., 2008). Several studies have concluded that the anti-hyperglycemic effect of Re was primarily responsible for improved microvasculopathy or reduced cognitive impairment in HFD-induced diabetic mouse models. In such models, Re (20 mg/kg, i.g. for 8 weeks) exerted a protective and anti-angiopathy effect in DM, such as the initial stages of high-sucrose-HFD (HSHF)-induced diabetes, HSHF+alloxan monohydrate-induced Type 1 diabetes mellitus (T1DM), and HSHF+streptozotocin (STZ)-induced T2DM. Administration of Re reduced BG levels, regulated increasing insulin levels, improved lipid metabolism, and reduced endothelial cell dysfunction. The underlying mechanism was possibly associated with p38 mitogen-activated protein kinase (MAPK) activation, and extracellular signal-regulated kinase (ERK) 1/2 and JNK signaling (Shi et al., 2016). In addition, Re (20 mg/kg, i.g. for 2 weeks) had an anti-diabetic microvasculopathy effect, including protective actions against oxidative stress in the kidneys and eyes, and increased BG and lipid levels in rats with STZ-induced diabetes (Cho et al., 2006). In rats with STZ-induced T1DM, Re (40 mg/kg, i.g. for 8 weeks) improved diabetes-related cognitive decline while decreasing fasting BG levels, although it did not affect BG, which was associated with oxidative stress and inflammation (Liu et al., 2012). In mice, Re improved HFD-induced IR through amelioration of hyperglycemia by protecting the brain cholinergic and antioxidant systems (Kim et al., 2017). Specifically, Re (5, 10 and 20 mg/kg/d, i.g. for 4 weeks) improved diabetes-associated cognitive impairment, and was possibly associated with improvement of the anti-oxidant and cholinergic systems in brain tissue. In HFD-induced hyperglycemic C57BL/6 mice, Re played a positive role through amelioration of insulin tolerance and BG levels. Re possibly improved learning and memory disorders related to HFD-induced diabetes. As the major ginsenoside in the P. ginseng berry ethyl acetate fraction (blended with drinking water 20 and 50 mg/kg, p.o. for 4 weeks), Re ameliorated cognitive decline in a dose-dependent manner because of its cholinergic activity, and it decreased oxidative stress in mice with HFD-induced T2DM and behavioral deficiency (Park et al., 2015).
Anti-DM Effects In Vitro
In 3T3-L1 adipocytes, Re (10 μM for 24 h) improved IR by inhibiting the inflammatory signaling cascade and activating the insulin signaling pathway (Zhang et al., 2008). Further results demonstrated that Re (1–10 μΜ for 0.5 h) increased glucose uptake in mature 3T3-L1 cells by significantly enhancing glucose transporter 4 (GLUT4) mRNA expression through the phosphoinositide 3-kinase (PI3K)-dependent pathway involving insulin receptor substrate-1 (IRS-1) in the glucose transport system cascade (Lee et al., 2011). Gao et al. (2013) demonstrated that Re (30, 60 μM for 5 days) reduced IR in adipocytes by directly enhancing the expression of peroxisome proliferator-activated receptor-γ (PPARγ)-2 and the corresponding AP2 genes, increasing adiponectin and IRS-1 expression, inhibiting inflammatory cytokine tumor nuclear factor-α (TNF-α) expression and production, and promoting GLUT4 translocation. The regulation of these factors facilitated adipocyte glucose uptake and disposal, although it failed to enhance GLUT4 expression. Another study found that Re (20 μM for 3 h) suppressed glucose generation in HepG2 cells, possibly by triggering the expression of the orphan nuclear receptor small heterodimer partner gene via AMPK activation (Quan et al., 2012). These results indicate that Re improved IR through reduction of lipotoxicity in the muscles and liver by enhancing adipocyte lipid storage capacity and promoting GLUT4 translocation to plasma membranes. Thus, Re compound regulation of insulin-stimulated glucose ingestion led to improved IR. Furthermore, Re (3 μM for 24 h) was proposed to exert anti-angiogenetic effects in diabetic retinopathy through the PI3K/Akt-mediated hypoxia-inducible factor-1-alpha (HIF-1α)/vascular endothelial growth factor (VEGF) signaling pathway in high-glucose-induced retinal endothelial RF/6A cells (Xie et al., 2020).
Overall, in vivo and in vitro data suggest four possible mechanisms underlying Re-induced improvement of diabetes and diabetes-related complications: 1) regulation of insulin resistance and insulin secretion, 2) modulation of glucose or lipid metabolism, 3) modulation of inflammatory cytokines, and 4) activation of oxidative stress.
PHARMACOLOGICAL EFFECTS OF RE ON NERVOUS DISEASES
Anti-Peripheral Nerve Injuries Effects In Vivo and Vitro
In rats with sciatic nerve crush injury, Re (2.0 mg/kg, i.p. for 4 weeks) promoted functional recovery, nerve regeneration, and proliferation of injured sciatic nerves. The Re compound promoted Schwann cell proliferation, differentiation, and migration during the course of peripheral neural repair after crush injury. This effect was possibly mediated by the regulation of ERK1/2 and JNK1/2 signaling pathways (Wang et al., 2015).
Anti-Cerebral Ischemia Effects In Vivo
One study reported the anti-oxidant effects of Re (5, 10 and 20 mg/kg, i.g. for 1 week) in rats with cerebral ischemia-reperfusion (I/R) injury. The Re compound considerably increased membrane fluidity of brain mitochondria, activated anti-oxidative enzymes, and decreased lipid peroxidation products, including malondialdehyde (Zhou et al., 2006). Neuroprotective effects of Re (5, 10 and 20 mg/kg, i.g. for 1 week) against cerebral I/R injury in rats were associated with a reduction in malondialdehyde levels and mitochondrial swelling, leading to an increase in H+-ATPase activity (Chen et al., 2008).
Anti-Neurotoxicity Effects In Vivo
Tu et al. (2017) reported that Re (20 mg/kg, i.p. for 3 days) attenuated convulsive behaviors, oxidative damage, pro-apoptotic potential and neuronal degeneration through the interleukin-6 (IL-6)-dependent PI3K/Akt signaling pathway in mice with trimethyltin-induced neurotoxicity. Treatment with Re (20 mg/kg, i.p. for 1 day) markedly decreased phencyclidine-induced neurotoxic alterations, including behavioral changes and mitochondrial dysfunction. These Re-mediated alterations were due to interactive modulation between glutathione peroxidase-1 (GPx-1) and NADPH oxidase in mice (Tran et al., 2017).
Anti-Depression and Anti-Cognitive Dysfunction Effects
Administration of Re (50 mg/kg, i.p. for 10 days) before immobilization stress markedly improved body weight, serum corticosterone levels, behavioral alterations, and cognitive deficits in rats. These effects were mediated through modulation of the central noradrenergic system and hypothalamic corticotrophin-releasing factor in the brain (Lee B et al., 2012). Another study showed Re (20, 40 mg/kg, i.p. for 3 weeks) inhibited memory deficits induced by chronic restraint stress (Wang et al., 2021). The protective effects were related to anti-inflammatory and anti-oxidant activities of the Re compound, as well as positive regulation of brain-derived neurotrophic factor and plasticity-associated proteins in the hippocampus.
Anti-Parkinson’s Disease (PD) Effects In Vivo
Administration of Re can effectively prevent onset of Alzheimer’s disease (AD) by improving the activity of dopamine (DA) neurons. One study found that Re (6.5, 13 and 26 mg/kg, i.g. for 13 days) prevented apoptosis of substantia nigra dopaminergic neurons induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine in C57BL mice (Xu et al., 2005). The effect was mediated by reversing the abnormal expression of apoptosis regulatory proteins and inhibiting caspase-3 activation. Administration of Re (10, 20 mg/kg, i.p. for 2 weeks, twice a day) rescued methamphetamine-induced dopaminergic neurotoxicity. The effect was associated with potentiating oxidative burdens, compensative induction of GPx activity, mitochondrial dysfunction, pro-inflammatory changes, apoptotic cellular degeneration, and dopaminergic degeneration through inactivation of the protein kinase Cẟ (PKCδ) gene (Shin et al., 2014). Another study reported that Re (20 mg/kg, i.p. for 5 days, twice a day) protected methamphetamine-treated prodynorphin knockout mice against dopaminergic neurotoxicity through anti-oxidant, anti-inflammatory, and anti-apoptotic actions. The effects were facilitated by dynorphin-induced upregulation of the κ-opioid receptor, followed by substance P-mediated downregulation of the NK1 receptor (Dang et al., 2018).
Anti-PD Effects In Vitro
Administration of Re (10 µM) and ginsenoside Rd (5 µM for 48 h) provided considerable neuroprotective effects on primary dopaminergic midbrain neurons treated with CCl4. The neuroprotective effects were in part due to the lowering of oxidative stress and alleviation of inflammatory responses (Zhang et al., 2016). In addition, Re treatment (50, 100 μM for 24 h) of SH-SY5Y cells rescued methamphetamine-induced mitochondrial burden (compensative induction of cytosolic and mitochondrial GPx activity, mitochondrial oxidative stress, mitochondrial dysfunction, and mitochondrial translocation of cleaved PKCδ, and pro-apoptosis through genetic inhibition of PKCδ) (Nam et al., 2015). Kim et al. (2012) investigated the actions of Re on mitochondrial dysfunction in a PD model. They found that Re (3 µM) targeted mitochondrial dysfunction and rescued the defective PINK1-Hsp90/LRPPRC-Hsp60-complex IV signaling axis of PINK1-null neurons by restoring nitric oxide (NO) levels. Co-treatment using Rd and Re (0.5, 1 μM for 24 h) protected SH-SY5Y cells against rotenone-induced toxicity by regulating molecular mechanisms that enhanced cell viability, including prevention of morphological changes, lowered oxidative stress, improved mitochondrial integrity and function, and inhibited apoptosis owing to oxidative stress (Gonzalez-Burgos et al., 2017). The anti-oxidant mechanism of Re in PD remains unclear. In SH-SY5Y cells treated with 6-hydroxydopamine to induce oxidative stress, the Re compound (25 µM for 9 h) mediated its anti-oxidant effect by upregulating a key antioxidant gene GPX4 via PI3K/Akt and ERK cascades (Lee et al., 2020).
Anti-AD Effects In Vivo
Kai-Xin-San, a Chinese herbal formula, has been clinically administered at 3 g/kg (i.g. for 4 weeks) to treat animals with AD and neurosis. P. ginseng, a component of Kai-Xin-San, is known to enhance learning ability and memory. In addition, positive effects of Re and Rb1, the most abundant saponins, on learning ability and memory were reported (Wang et al., 2010). Amyloid β (Aβ) peptide plays an important role in AD. Zhou et al. reported that Re may interfere with AD progression by affecting the Aβ peptide (Zhou et al., 2020). Oral administration of Re (25 mg/kg, i.g. for 18 h) considerably reduced Aβ1-40 and Aβ1-42 levels in brains of Tg2576 mice (Chen et al., 2006). Furthermore, Li et al. (2018) demonstrated that Re (4 mg/kg, i.g. for 40 days) improved cognitive impairment, reduced Aβ accumulation, and restored biomarker levels, including amino acids, lecithin, and sphingolipids in the plasma of AD mice. Because of its effect on Aβ peptides, Re is increasingly considered a potential alternative drug for AD treatment. In addition, Re exhibits anti-dementia activity. The Re compound improved extracellular levels of DA and acetylcholine (Ach), particularly in the hippocampus. Also, Re (12.5, 25 and 50 mg/kg, s.c.) increased extracellular levels of DA and Ach in the medial prefrontal cortex (Shi et al., 2013).
Anti-AD Effects In Vitro
Treatment with Re has been reported to improve AD by affecting Aβ peptide levels in several cell models. Liang et al. reported that Re markedly reduced the generation of Aβ proteins in N2a/APP695 cells. The effect of Re (50–100 μM for 24 h) on Aβ generation was mediated by PPARγ activation in combination with Aβ-site precursor protein-cleaving enzyme 1 inhibition (Cao et al., 2016). Treatment with Re (0.1–100 μM for 2 h) considerably reduced cell toxicity and increased the release of lactate dehydrogenase, thereby attenuating PC12 cell damage induced by Aβ peptides (Ji et al., 2006). In addition, Re (25 µM for 48 h) exhibited neuroprotective activity against neurotoxicity arising from Aβ25-35 in SH-SY5Y cells by reducing oxidative damage and neuronal cell apoptosis. The neuroprotective activity was associated with the activation of nuclear factor erythroid-2 associated factor 2/heme oxygenase-1 anti-oxidant response pathways and inhibition of reactive oxygen species (ROS)-dependent apoptosis signal-regulated kinase 1/JNK/Bax apoptosis pathways (Liu et al., 2019). Furthermore, Kim et al. demonstrated that Re (5 μg/ml for 48 h) effectively upregulated the expression of choline acetyltransferase and vesicular acetylcholine transporter, and Ach production in Neuro-2a cells, thus countering symptoms during AD progression (Kim J et al., 2014).
In vivo and in vitro data suggest six possible mechanisms of Re-mediated improvement of complications associated with nervous system diseases: 1) regulation of central cholinergic pathways, 2) modulation of the apoptotic signaling pathway, 3) modulation of inflammatory responses, 4) modulation of mitochondrial burden, 5) regulation of anti-oxidant signaling pathways, and 6) reduction of Aβ peptide accumulation and loss of midbrain DA neurons.
PHARMACOLOGICAL EFFECTS OF RE ON INFLAMMATION
Anti-Inflammatory Effects In Vivo
Treatment with Re considerably inhibited neutrophil infiltration in a model of skin inflammation arising from 12-O-tetradecanoylphorbol-13-acetate. It also improved paw and ear oedema, increased malondialdehyde levels in paw fluid during c-carrageenan-induced edema, and suppressed interleukin-1β (IL-1β) and TNF-α expression in lipopolysaccharide (LPS)-stimulated murine Raw 264.7 macrophages (Paul et al., 2012). Moreover, Re (1 mg/kg, i.v. for 15 min) suppressed the LPS-induced increase in body temperature, white blood cell count, and pro-inflammatory mediators (Su et al., 2015). In LPS-induced systemic inflammation, Re (10, 20 mg/kg, i.g. for 4 h) suppressed serum levels of IL-1β and TNF-α in mice. Similarly, in 2,4,6-trinitrobenzene sulfonic acid-induced colitic mice, Re (10, 20 mg/kg, i.g. for 3 days) suppressed the expression of IL-1β, TNF-α, cyclooxygenase-2, and inducible nitric oxide synthase, and the activation of transcription factor NF-κB. However, it enhanced the expression of anti-inflammatory cytokine IL-10, indicating that Re can suppress Th1 rather than Th2 cell activation (Lee I et al., 2012). Administration of Re (15 mg/kg, i.g. for 1 week) also prevented NF-κB activation and LPS-induced myocardial inflammation in mice. The action of Re in cardiac dysfunction involves both MAPK inhibition and preserved activation of estrogen receptors and the PI3K/Akt signaling pathway (Chen et al., 2016). Treatment with Re (6–50 mg/kg, p.o. for 2 h) produced strong and significant inhibitory actions against LPS-induced lung inflammation in mice, and decreased inflammatory cell infiltration into lung tissue. The effect was mediated by inhibiting the activation of MAPK and transcription factors NF-κB and c-Fos (Lee et al., 2018).
Anti-Inflammatory Effects In Vitro
An in vitro investigation of the anti-inflammatory effects of Re (5, 10 μΜ for 30 min) in macrophages showed that it suppressed the expression of pro-inflammatory cytokines (TNF-α and IL-1β) and activation of transcription factor NF-κB by preventing the binding between LPS and toll-like receptor 4 (TLR4). However, Re did not suppress pro-inflammatory cytokines in peptidoglycan- or TNF-α-stimulated peritoneal macrophages (Lee J et al., 2012), highlighting its action in reducing inflammation by suppressing the LPS and TLR4 interaction in macrophages. Su et al. (2015) demonstrated that Re (50 μg/ml for 1 h) competed with LPS binding to the TLR4, and blocked the LPS-triggered signaling pathway in LPS-stimulated RAW264.7 cells. Extracellular Re was shown to compete with LPS binding to the TLR4, consistent with its role in the activation of extracellular TLR4 (Su et al., 2012). In addition, Wu et al. reported an anti-inflammatory role of Re (10–100 μΜ for 48 h) in LPS-induced activated N9 microglial cells. Re mediated its effects by inhibiting the generation of NO and TNF-α through downregulation of NF-κB activation (Wu et al., 2007). Treatment with Re (2 μg/ml for 24 h) reduced neuroinflammation by reducing the levels of inducible nitric oxide synthase and cyclooxygenase-2, and activating p38 MAPK in LPS-treated BV2 microglial cells (Lee K et al., 2012). Moreover, Quan H et al. (2019) reported that Re (10–40 μΜ for 24 h) inhibited LPS-induced TNF-α and IL-6 production in RAW264.7 cells, and reduced IL-6, NO, prostaglandin E2, and TNF-α secretion in primary rat hepatocytes via MAPK and NF-κB signaling pathways. Re is an effective component of Shen Fu, and was reported to exert anti-inflammatory effects by suppressing the NF-κB signaling pathway in TNF-α-stimulated EAhy926 cells (Li P et al., 2016). Incubation with Re (1.7 μg/ml for 24 h) decreased histamine secretion in human mast cells, and reduced IL-1α, IL-8, and IL-10 levels, and regulated T-cell-expressed and secreted protein secretion in A549 cells (Bae et al., 2012).
Altogether, in vivo and in vitro study data indicate that the possible mechanism of anti-inflammatory activities of Re involves NF-κB inactivation and reduced inflammatory cytokine release.
PHARMACOLOGICAL EFFECTS OF RE ON CARDIOVASCULAR DISEASES (CVDS)
Anti-Myocardial Injury Effects In Vivo
Kim et al. (2011) showed that Re improved ischemia/reperfusion (I/R) dysfunction by reversing the hemodynamic change (aortic flow, coronary flow, perfusion pressure, and cardiac output) and inhibiting the level of intracellular Ca2+ ([Ca2+]i). This study indicated that the anti-ischemic effect of Re was mediated by inhibiting an increase of [Ca2+]i. Additionally, Re prevented heart mitochondrial Ca2+ accumulation in I/R injury. In isolated single cardiomyocytes, Re suppressed the L-type Ca2+ current and strengthened the slowly activating delayed rectifier K+ current (IKs). This may be the underlying mechanism that prevented mitochondrial Ca2+ overload (Bai et al., 2003; Bai et al., 2004).
A rat model showed that Re (20 mg/kg, i.g. for 15 days) provided an effective treatment for myocardial infraction arising from left anterior descending coronary artery ligation. Treatment with Re improved the parameters of myocardial injury by downregulating the expression of intercellular adhesion molecule-1 and inhibiting polymorphonuclear leukocyte infiltration (Jing et al., 2010; Li et al., 2013). In this research, Re was reported to exhibit a protective role in ischemia-induced myocardial injury by regulating calcium transport, preserving mitochondrial structure and function, enhancing anti-oxidant capacity, and recovering myocardial blood flow.
In addition, Re lowered myocardial injury and suppressed cardiac hypertrophy in experimental models with cardiac dysfunction. Lim et al. (2013) proposed that Re (100 μM, injected into the aortic line for 3 min) exerted beneficial effects on cardiac function in rats with I/R injury, considerably improved hemodynamic functions and left ventricular developed pressure, ameliorated electrocardiographic abnormalities, and decreased the production of TNF-α. Treatment with Re (5, 20 mg/kg, i.g. for 4 weeks) also reduced isoproterenol-induced myocardial fibrosis, increased heart weight and hydroxyproline content, and reduced heart failure. The molecular mechanisms underlying the protective role of Re were possibly related to regulation of the transforming growth factor-beta 1 (TGF-β1)/Smad3 pathway (Wang et al., 2019). In a rat model of myocardial injury, Re (135 mg/kg, i.g. for 4 weeks) preserved cardiac function and structure, reduced myocardial injury and stress, and decreased left ventricular fibrosis by regulating the AMPK/TGF-β1/Smad2/3 and FAK/PI3K/Akt signaling pathways (Yu et al., 2020). These findings suggest a possible therapeutic role for Re in suppressing ventricular remodeling and promoting postinfarction healing. Overall, Re restored blood supply quickly and also delayed detrimental ventricular remodeling during chronic myocardial infraction rehabilitation.
Anti-Myocardial Injury Effects In Vitro
Wang et al. found that Re (200 μg/ml for 24 h) increased H9c2 cell viability after tertbutyl hydroperoxide treatment and reduced lactate dehydrogenase release and cell apoptosis (Wang et al., 2020). Treatment with Re (100 μM for 3 h) inhibited glucose deprivation-induced autophagy of H9c2 cardiac muscle cells, an effect which may be associated with the inhibition of autophagy, increase in cellular ATP content and viability, and alleviation of oxidative stress (Zhang et al., 2020). In addition, in the hypoxia/reoxygenation injury model, Re (100 µM for 21 h) increased HL-1 cell viability and ATP levels. The possible mechanism was that Re acted on the binding interface between HIF-1α and von Hippel-Lindau protein to prevent the binding of these proteins, thereby suppressing HIF-1α ubiquitination (Sun et al., 2020).
Adjusting Electrophysiological Activities
Administration of Re (≥10 nM) effectively suppressed the electromechanical alternans of cardiomyocytes in cats and humans by increasing sarcoplasmic reticulum Ca2+-release channels, and thereby improving arrhythmia (Wang et al., 2008b). Furukawa et al. (2006) showed that Re (3 μM) increased IKs, [Ca2+]i, activation of eNOS, and NO production through a c-Src/PI3K/Akt-dependent mechanism related to the non-genomic pathway of sex steroid receptors. Similarly, in vascular smooth muscle cells (VSMCs), Re non-genomically and dose dependently activated KCa currents and eNOS (EC50 = 4.1 ± 0.3 μM) through the c-Src/PI3-kinase/Akt pathway of the estrogen receptor (Nakaya et al., 2007). A study on human umbilical vein endothelial cells (HUVECs) revealed that Re augmented [Ca2+]i and NO production in a dose-dependent manner (EC50 of 316 and 615 nM, respectively) (Leung et al., 2007). In human coronary artery endothelial cells, Re (1 μM) induced vasorelaxation by increasing small-conductance Ca2+-activated K+ (SKCa) channel activity, stimulating NO production, and promoting vasodilation (Sukrittanon et al., 2014).
Anti-Atherosclerosis Effects
Abnormal structure and function of VSMCs may result in the development and progression of arteriosclerosis. Enhanced proliferation and migration of VSMCs represent critical events during the course of atherosclerotic lesion development (Bennett et al., 2016). Gao et al. (2018) demonstrated that Re (25 or 50 mg/kg, i.g. for 2 weeks) inhibited VSMC proliferation by suppressing phenotypic modulation and inhibiting vascular neointimal hyperplasia in balloon-injured rats through the eNOS/NO/cyclic guanosine monophosphate (cGMP) pathway. Re improved platelet-derived growth factor-BB-induced VSMC proliferation through G0/G1 cell cycle arrest, which was associated with eNOS/NO/cGMP pathway activation (Gao et al., 2019).
In contrast, endothelial cells provide an interface between circulating blood in the lumen and other vessel walls. Endothelial cells exhibit great sensitivity and vulnerability to toxic substances circulating in blood vessels. Endothelial dysfunction is an important contributor to the pathobiology of atherosclerosis (Gimbrone and García-Cardeña, 2016). Huang et al. (2016) found that Re (4, 16, and 64 μmol/L for 24 h) attenuated oxidative damage in H2O2-induced HUVECs and increased the production of NO and eNOS, superoxide dismutase (SOD), and GPx activities. The protective effects were associated with an oxidative stress response, protein synthesis and mitochondrial function. In addition, Yang et al. demonstrated that Re (120 μg/ml for 12 h) improved oxidized low-density lipoprotein-induced endothelial cell apoptosis. The effect was possibly elicited through regulation of oxidative stress, inhibition of inflammatory mediators, and recovery of balanced pro- and anti-apoptotic protein expression via p38/MAPK/NF-κB and PI3K/Akt/NF-κB pathways. These pathways may be regulated by the lectin-like oxidized low-density lipoprotein receptor-1, NADPH oxidase, and estrogen receptor α (Yang et al., 2018). Therefore, Re is a potential anti-oxidant that may be used to protect HUVECs from damage by oxidative stress through the anti-oxidant defense system. The Re compound also inhibited VSMC proliferation, attenuated endothelial dysfunction, and possibly promoted NO production, thereby reducing atherosclerosis.
Promoting Angiogenesis
Re is a pro-angiogenic compound with high stability that upregulates in vitro proliferation, migration, chemo-invasion, and tube formation of HUVECs. It also affects ex vivo aortic sprouting and in vivo neovascularization. In vitro results revealed that Re (10–30 μg/ml for 48 h) dose dependently enhanced the proliferation, migration, and tube formation of HUVECs (Huang et al., 2005). Additionally, extracellular matrix incorporating Re (70 μg for 1 week and 1 month) induced angiogenesis and enhanced tissue regeneration by increasing neocapillary density and tissue hemoglobin in a rat model (Yu et al., 2007). These findings indicate that Re can serve as an angiogenic agent to accelerate tissue regeneration.
In summary, in vivo and in vitro reports suggest five possible mechanisms by which Re may improve the cardiovascular system: 1) attenuation of myocardial ischemia, 2) inhibition of [Ca2+]i and activation of IKs, 3) increased NO production, 4) reduced cardiomyocyte apoptosis autophagy, and 5) the regulation of oxidative stress.
PHARMACOLOGICAL EFFECTS OF RE ON CANCER
Reduction In Side Effects of Chemotherapy
A combination of Re and cisplatin increased the survival rate of LLC-PK1 cells by 21.4%. However, the renoprotective effects of Re were weaker than that of Maillard reaction products in Re-leucine/serine and glucose-leucine mixtures. Moreover, Maillard reaction products reduced cisplatin-induced oxidative kidney damage by increasing 1,1-diphenyl-2 picrylhydrazyl radical-scavenging activity and decreasing the expression of cleaved caspase-3 protein in rats (Lee W et al., 2012; Kim M et al., 2014). (Wang et al., 2008c) found that Re (25 mg/kg, i.g. for 10 days) considerably suppressed acute kidney injury induced by cisplatin in mice, by inhibiting the oxidative stress damage, inflammatory response, and apoptosis. Re (5, 10 mg/kg, i.p. for 1 week) also improved cyclophosphamide-induced myelosuppression, alleviated clinical symptoms of myelosuppression, and promoted recovery of bone marrow hematopoietic functions. The possible mechanisms involved the regulation of hematopoiesis-related cytokine levels, promotion of cellular entry to the normal cell cycle, and improvement of bone marrow nucleated cell apoptosis-related protein expression (Han et al., 2019).
Anti-Cancer Effects In Vitro
One mg/mL of American P. ginseng berry extract (containing 15.1 mg/g of Re for 72 h) exhibited strong anti-proliferative effects and triggered morphological alterations in SW480 human colorectal cancer cells (Xie et al., 2011). Re-carbon dots (0.5 mg/ml for 4 h) inhibited cancer cell proliferation (A375, HepG2, and MCF-7 cells) through the ROS-mediated pathway. However, the inhibitory effect on A375 cells was higher than that on other cells. Re induced apoptosis via the ROS- and caspase-mediated pathways (Yao et al., 2018). These findings demonstrate that Re can be used as a potential anti-cancer adjuvant for preventing and treating various cancers.
Altogether, in vivo and in vitro data show three possible mechanisms underlying the anti-cancer activities of Re: 1) inhibition of cell proliferation, 2) induction of cell apoptosis and 3) modulation of oxidative damage.
PHARMACOLOGICAL EFFECTS OF RE ON OTHER DISEASES
Anti-Viral and Enhancement of Immune Response
Song et al. (2014) demonstrated that Re (100 μg/ml for 48 h) had potential therapeutic efficacy in CVB3 and HRV3 infections in HeLa and Vero cells, respectively. Su et al. (2014) showed that co-administration of Re (5.0 mg/kg. s.c. for 3 weeks) with the rabies virus vaccine remarkably increased the serum antibody response in mice. Other studies have shown that co-administration of Re (50 μg, s.c. for 3 weeks) with inactivated influenza virus A/Fujian/411/2002 (H3N2) markedly amplified serum-specific antibody responses (IgG, IgG1, IgG2a, and IgG2b), hemagglutination inhibition titers, lymphocyte proliferation responses, and IL-5 and IFN-γ production (Song et al., 2010). Chan et al. (2011) reported that Re (50 μΜ for 16 h) protected HUVECs from H9N2/G1 influenza virus-induced apoptosis. CD4+ T cells are important immune cells in the human immune system. Son et al. found that Re (10, 20 and 40 μg/ml for 24 h) enhanced the viability of activated CD4+ T cells by downregulating IFN-γ production, which interfered with autophagy by reducing immunity-associated GTPase family proteins (Son et al., 2010). Re also enhanced the expression of Th1-type-related and Th2-type-related cytokines (Su et al., 2014). Administration of Re (10, 25 and 50 μg, s.c. for 2 weeks) had considerable adjuvant effects on specific antibody and cellular responses in ovalbumin-immunized mice, affecting the immune system favoring Th1- or Th2-type responses, as shown by enhanced titers of IgG1 and IgG2b isotypes (Sun et al., 2006). These results indicated Re-mediated activation of Th1 and Th2 immune responses in mouse models. Therefore, these studies indicate that Re can enhance the host immune system as a vaccine adjuvant.
Anti-Osteoporotic Effects
An optimal balance of osteoblasts and osteoclasts is crucial for bone remodeling. Impaired bone homeostasis potentially causes bone disease, such as bone fracture and osteoporosis (Feng and McDonald, 2011). It was demonstrated that Re had dual effects promoting osteoblast differentiation and inhibiting osteoclast differentiation. This research showed that Re (2.5, 5 and 10 μM for 48 h) dose dependently inhibited osteoclast differentiation and decreased nuclear factor of activated T cell cytoplasmic 1 and tartrate-resistant acid phosphatase mRNA levels, which are osteoclast differentiation markers. These effects were elicited by blocking the ERK signaling pathway in bone marrow-derived macrophages stimulated with the receptor activator of NF-κB ligand. Osteoclast generation in zebrafish scales was inhibited by Re (10 μM for 5 weeks), shown by reduced expression of osteoclast marker genes tartrate-resistant acid phosphatase and cathepsin K (Park et al., 2016). Kim et al. (2016) found that Re affected the differentiation and mineralization of osteoblasts both in vitro and in vivo models. Treatment with Re (50 µM for 5 weeks) promoted the expression of osteoblastic markers, including alkaline phosphatase activity, and mRNA levels of alkaline phosphatase, type 1 collagen, and osteocalcin in mouse osteoblast precursor MC3T3-E1 cells. Moreover, Re amplified the mineralization of osteoblasts in mouse MC3T3-E1 cells and zebrafish scales.
Improving Skin Barrier Function
Treatment with Re (5, 12, and 30 μM for 0.5 h) provided potential anti-photo-ageing activity in HaCaT keratinocytes under UVB radiation. This activity was possibly elicited through downregulation of UVB-induced intracellular ROS formation, production and secretion of pro-matrix metalloproteinase-2 and -9, and upregulation of total GPx levels and SOD activity (Shin et al., 2018). In addition, Oh et al. (2016) found that Re (5, 12 and 30 μM for 1 h) improved skin barrier functions, shown by enhanced cornified cell envelope formation, filaggrin levels and caspase-14 activity in HaCaT keratinocytes. Furthermore, Re (5, 12 and 30 μM for 24 h) demonstrated anti-oxidative activity through the upregulation of anti-oxidant components including total GPx and SOD under normal conditions. Re also prevented oxidative stress in HaCaT keratinocytes (Lim et al., 2016).
Anti-Oxidative Effects
Re (0.05, 0.1 and 0.5 mg/ml for 2 h) protected chick cardiomyocytes from exogenous H2O2- and endogenous antimycin A-induced oxidative stress. The underlying mechanism for this protective effect involved scavenging of H2O2 and hydroxyl radicals. However, in an electron spin resonance spectroscopy study, Re did not reduce the 1,1-diphenyl-2 picrylhydrazyl-induced electron spin resonance signals for xanthine oxidase or H2O2 (Xie et al., 2006). Therefore, direct scavenging of free radicals was impossible through a single anti-oxidation pathway in vivo. The anti-oxidative effects of Re were achieved through activation or enhancement of the intracellular anti-oxidant system.
Regulating Cholesterol Metabolism
Kawase et al. (2014) reported that Re (0.1–1 μM for 24 h) exerted a positive effect on cholesterol metabolism, increasing the expression level of sterol 12a-hydroxylase mRNA in rat primary hepatocytes, thereby facilitating cholic acid generation within bile acids.
Alleviating Allergic Response
Jang et al. (2012) reported that Re (25 mg/kg, p.o. for 6 h) potently alleviated scratching behavior in mice with histamine-induced itch, by inhibiting the activation of transcription factors (NF-κB and c-jun), as well as the expression of IL-4 and TNF-α.
Increasing Sperm Motility
Zhang et al. (2006) demonstrated that Re (100 μM for 2 h) improved sperm motility from fertile and asthenozoospermic infertile human subjects by enhancing NOS activity to promote endogenous NO generation.
Restoring Erectile Dysfunction
The Re-enriched fraction (containing 109.0 mg/g of Re, 54.5 mg/kg, i.g. for 5 weeks) of P. ginseng berries effectively restored ethanol-induced erectile dysfunction in male rats through the NO-cGMP pathway (Pyo et al., 2016).
Promoting Cyclic Growth of Hair Follicles
(Li Z et al., 2016) reported that topical treatment (5 mg/day, topical application on the back for 9 weeks) with Re markedly triggered hair shaft growth through selective suppression of hair growth phase transition-associated signaling pathways and TGF-β signaling cascades in nude mice.
Reducing Gastrointestinal Motility Dysfunction
Re-mediated bidirectional regulation is dependent on the jejunal contractile status and requires the co-existence of the enteric nervous system, Ca2+, and Cajal interstitial cells. The stimulatory role of Re (10 μM) on jejunal contractility of rat isolated jejunal segments was associated with cholinergic stimulation, whereas its inhibitory role was associated with adrenergic activation and the NO-relaxing mechanism (Xiong et al., 2014). In addition, Re (40 μΜ) inhibited pacemaker potentials through ATP-sensitive K+ channels and the cGMP/NO-dependent pathway in cultured Cajal interstitial cells obtained from the small intestine of mice (Hong et al., 2015). Re (20, 100 mg/kg, i.g. for 30 min) ameliorated acute gastric mucosal lesions induced by compound 48/80, possibly by triggering mucus secretion and decreasing neutrophil infiltration, inflammation, and oxidative stress in gastric mucosa (Lee et al., 2014).
TOXICOLOGY OF RE
An acute toxicity study in mice treated with P. ginseng extract found LD50 values of 10–30 g/kg (Brekhman and Dardymov, 1969). Chronic treatment of mice and rats with P. ginseng extract (5 g/kg, p.o. for 2 years) produced almost no toxic effects, and the appearance, behavior, weight, and various physiological/histological indexes were within reasonable ranges (National Toxicology Program, 2011). Likewise, (Lu et al., 2012) found that the LD50 of Re was 5.0 g/kg in mice. In addition, in a chronic toxicity study, male and female SD rats treated with 375 mg/kg/day (orally) Re for 26 weeks, well below the typically non-toxic range (5–15 g/kg) of chemical substances (Hayes and Loomis, 1996), did not exhibit death, adverse reactions, and organ abnormalities (Lu et al., 2012).
Reproductive and Developmental Toxicology
In vitro rat embryo cultures found that 50 μg/ml Re induced severe developmental delay and significantly reduced the morphological scores of all organ systems, but was not teratogenic to specific organ systems (Chan et al., 2004). However, in vitro embryotoxicity may not reflect the human situation, and limited information about the blood concentration of Re in humans was available from the medical literature. Further investigations are necessary to evaluate the pharmacokinetics and placental transfer of ginsenosides in humans.
Carcinogenicity
No chronic carcinogenicity studies of Re in experimental animals have been found in the literature.
Adverse Effects
Several studies reported that some patients had vaginal bleeding and breast pain owing to the estrogen-like effects of P. ginseng (Palmer et al., 1978; Greenspan, 1983; Kabalak et al., 2004). The Re compound has an estrogen-like effect (Bae et al., 2005), and may have similar side effects, but these have not been reported in the literature.
CONCLUSIONS
Previous studies have shown that Re is abundant in the leaves, berries, flower buds, and roots of P. ginseng plants (Gao et al., 2018), in which the Re compound accounts for more than 30% of the total ginsenoside content (Wang et al., 2008a). Its pharmaco-economical merits support its use in natural supplements or drug formulations. Although Re is a relatively abundant ginsenoside with well-known pharmacological effects, to date, little is known about its pharmacokinetic profiles. Several studies have shown that because of its low bioavailability after oral absorption, its therapeutic effect is poor. Therefore, in-depth pharmacokinetic studies of Re should be performed to examine the presence of active metabolites. The identification of these metabolites may provide pivotal information regarding the bioactive forms of the ginsenoside Re and its pharmacological mechanisms. The potential therapeutic effect of Re may be improved by modifying the mode of administration or chemical structure. Structural changes in ginsenoside after heat processing may be strongly related to improvement in biological activity. After heat processing, Re demonstrated improved therapeutic efficacy, including anti-oxidant and anti-cancer activities (Lee B et al., 2012). Therefore, this area could be a new focus for future research.
Studies have shown that the Re compound has therapeutic efficacy on DM, neurological disorders, inflammatory responses, CVD and cancer. Moreover, multiple studies had shown a role for Re in treating hyperglycemia and hyperlipidemia in models of diabetes. Literature searches indicated that Re-induced improvement in the above-mentioned conditions were associated with anti-oxidant and anti-inflammatory properties, part of which were elicited through suppression of the p38-MAPK-mediated signaling pathway or activation of the PI3K/Akt and NF-κB signaling pathways. The anti-oxidant effect of Re was achieved by activating or enhancing the intracellular anti-oxidant system.
In conclusion, the beneficial properties of Re for DM, nervous system diseases, inflammatory responses, CVD, cancers, viral infections, oxidative stress, cholesterol metabolism, allergic and immune responses (Figure 1) indicate its potential as a novel treatment agent, but these properties need to be verified by future clinical experiments.
[image: Figure 1]FIGURE 1 | Schematic diagram depicting the beneficial effects of Re.
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Cardiac hypertrophy is an adaptive change in response to pressure overload, however the hypertrophy may evolve toward heart failure if cannot be corrected as soon as possible. The dysfunction of peroxisome proliferator-activated receptor-α (PPARα) plays a key role in cardiac hypertrophy. In the present study, salidroside inhibited the mRNA expressions of hypertrophic markers including atrial natriuretic factor and brain natriuretic peptide in a dosage-dependent manner. Furthermore, the protein expression and transcriptional activity of PPARα were increased by salidroside in H9C2 cells treated with angiotensin II, as well as the target genes of PPARα, while the situations were nearly reversed when PPARα was knocked down. Next, salidroside could elevate the expression of ATGL, a key upstream regulator of PPARα; the effects of salidroside including increasing PPARα function and inhibiting cardiomyocyte hypertrophy were impaired by ATGL knockdown. Our present studies suggested that salidroside elevated PPARα function to alleviate cardiomyocyte hypertrophy, which was involved in the increase of ATGL expression.
Keywords: cardiac hypertrophy, salidroside, ATGL, PPARα, energy metabolism
INTRODUCTION
Cardiac hypertrophy can maintain stable cardiac output under conditions such as pressure overload. However, the increased thickness of the ventricular wall results in the lengthening of the coronary branches, which is obviously not conducive to the blood supply of the myocardium, especially the subendocardial myocardium that is more prone to ischemia and hypoxia. In addition to cardiomyocyte enlargement, interstitial fibrosis is another important morphological change in cardiac hypertrophy, which also leads to myocardial diastolic dysfunction due to decreased cardiac compliance. Besides, myocardial hypertrophy is also accompanied by other changes, such as myocardial energy metabolism disorders, electrical activity disturbances, oxidative stress damage, etc., (Nakamura and Sadoshima, 2018). For the above reasons, Cardiac hypertrophy gradually evolves into heart failure.
Excessive activation of the sympathetic nervous system and the renin-angiotensin-aldosterone system plays important roles in cardiac hypertrophy (Nakamura and Sadoshima, 2018). Inhibiting the activation of these two systems remains an important strategy for the treatment of cardiac hypertrophy and heart failure, such as β-adrenergic receptor antagonists and angiotensin converting enzyme inhibitors (Nakamura and Sadoshima, 2018). However, these drugs are still unsatisfactory against cardiac hypertrophy. The search for effective therapy is still expected.
Dysfunction of energy metabolism is considered to be one of the important reasons for the development of cardiac hypertrophy. The heart is an energy-intensive organ with extremely high energy expenditure and susceptible for any disturbances. In resting state, fatty acid oxidation accounts for about 70% of the heart’s energy source and is the main source of heart energy (Tuomainen and Tavi, 2017; Nakamura and Sadoshima, 2018). However, the utilization of heart’s energy substrate is switched from fatty acids to glucose in cardiac hypertrophy, and then the dysfunction of PPARα plays a key role in this process (Tuomainen and Tavi, 2017; Montaigne et al., 2021). PPARα is a member of the nuclear receptor family of ligand-activated transcription factors and regulates the uptake, transport and oxidation of fatty acids (Montaigne et al., 2021). The decline of protein expression and transcriptional activity of cardiac PPARα is widely observed in cardiac hypertrophy, and cardiac hypertrophy is enhanced in response to chronic pressure overload in mice of PPARα knockout (Smeets et al., 2008; Wu et al., 2019; Wang et al., 2021); moreover, PPARα agonists can attenuate cardiac hypertrophy (Kar and Bandyopadhyay, 2018; Zeng et al., 2018; Dhyani et al., 2019). Therefore, the regulation of PPARα function has become one of the important strategies against cardiac hypertrophy.
Salidroside, a phenolic glycoside compound, can be extracted from the roots of Rhodiola species such as Rhodiola rosea L. (Tao et al., 2019). Salidroside shows diverse pharmacological activities such as anti-oxidative stress, anti-diabetes, anti-inflammation, anti-liver fibrosis and others (Zhang et al., 2021); however, it is not known whether salidroside can protect heart from hypertrophic stimulation. Some studies show that salidroside elevates the expression of PPARα in the liver and muscles in high fat diet-fed rats (Almohawes et al., 2022) and the heart of coronary artery ligated rats (Chang et al., 2016). In this case, we speculate that salidroside might elevate PPARα function to attenuate cardiomyocyte hypertrophy.
MATERIALS AND METHODS
Chemicals and Antibodies
Rabbit monoclonal anti-adipose triglyceride lipase (ATGL, 3370-1) was obtained from Epitomics biotech company (Epitomics, CA, United States). Angiotensin II (Ang II, sc-363643), Salidroside (Sal, sc-472942), mouse monoclonal anti-heat shock transcription factor 1 (HSF1, sc-17757), mouse monoclonal anti-peroxisome proliferator-activated receptor-α (PPARα, sc-398394) and mouse monoclonal anti-estrogen-related receptor-α (ERRα, sc-65720) were purchased from Santa Cruz Biotechnology (Dallas, TX, United States). Mouse monoclonal anti-α-Tubulin (3873), Rabbit monoclonal anti-retinoid X receptor-α (RXRα, 3085) and Rabbit monoclonal anti-Lamin B1 (13435) were purchased from Cell Signaling Technology (Danvers, MA, United States).
Cell Culture, Transfection and Infection
H9C2 cells were cultured in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum at 37°C in a humidified atmosphere containing 5% CO2.
SiRNA targeting PPARα and ATGL were obtained from GenePharma (Shanghai, China). H9C2 cells were seeded in 6-well plates and the transfection was performed until cells reached to 80% confluence. The cells were then transfected with targeting siRNA (50 nM, final concentration) or non-targeting siRNA (negative control, NC; 50 nM, final concentration) using Lipofectamine 3000 (Invitrogen) following the manufacturer’s instructions. The sequences of siRNA targeting PPARα or ATGL are listed in Supplementary Table S1.
For ATGL overexpression, H9C2 cells were infected with adenovirus inserting ATGL gene (Ad-ATGL) for 48 h, and Ad-GFP vector was used as a control.
Dual Luciferase Reporter Assay
The pPPARα-TA-luc reporter plasmid was constructed, which contains PPRE (5′-GTC​GAC​AGG​GGA​CCA​GGA​CAA​AGG​TCA​CGT​TCG​GGA​GTC​GAC-3, three copies) from the promoter region of rat acyl-CoA oxidase gene (Forman et al., 1995). For the dual luciferase reporter assay, H9C2 cells were seeded in 96-well culture plates and co-transfected with 100 ng of pPPARα-TA-luc reporter plasmid and 20 ng of pRL-TK plasmid (Promega, Madison, WI, United States) using Lipofectamine 3000 based on the manufacturer’s instructions. After 48 h, cells were lysed, and luciferase activity was determined using the dual luciferase reporter assay kit (Beyotime Biotechnology) according to the manufacturer’s recommendations. Luciferase activity was normalized to Renilla luciferase activity.
Cell Viability
H9C2 cells were plated at a density of 5 × 104 cells per well in 96-well plates. Then, the cells were treated with salidroside (0, 12.5, 25, 50, 100, 200, 400 µM) for 24 h, then cell viability was determined by MTT assay using MTT Cell Proliferation Assay Kit (Beyotime Biotechnology). In brief, 10 μl MTT working solution was added to each well at 37°C for 4 h, and then 100 μl formazan solutions was added into to dissolve the crystals. The absorbance of each well at 570 nm was measured.
RNA Extraction and Quantitative RT-PCR
Total RNA was extracted using Trizol reagent (Thermo Fisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. Total RNA was reverse transcribed to first-strand cDNA using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). cDNA was amplified using KOD SYBR® qPCR Mix (Toyobo, Japan) in a real-time PCR machine (LightCycler, Roche, Penzberg, Germany). The primer sequences were listed in Supplementary Table S2. Each PCR reaction was performed in triplicate. Data are presented as fold change over control group.
Western Blotting
H9C2 cells were rinsed twice with ice-cold PBS, and solubilized in lysis buffer supplemented with protease inhibitor cocktail (sc-29130, Santa Cruz Biotechnology). The mixture was incubated on ice for 30 min and then centrifuged at 12,000 × g for 10 min at 4°C and the total protein collected. Proteins were separated in 10% SDS–PAGE and then transferred to PVDF membranes (Millipore, Burlington, MA, United States). After that, the membranes were blocked in Tris-buffered saline/Tween 20 (TBST) with 5% defatted milk for 1 h at room temperature, and then incubated with primary antibodies overnight at 4°C and secondary antibodies for 1 h at room temperature. The bands were developed with an enhanced chemiluminescence substrate and detected by the ChemiScope mini (Clinx Science Instruments, Shanghai, China). Blot intensities were quantified with the ImageJ software.
Glycerol Release
The rate of lipolysis was determined by measuring glycerol release (Dorn et al., 2018). In brief, H9C2 cells were incubated in DMEM supplemented with fatty acid-free BSA for 4 h. The culture medium was collected, and then the glycerol content was detected by using a free glycerol assay Kit (F6428, Sigma, Saint Louis, MO, United States). In addition, the cells were collected and then lysed to determine protein concentration. Glycerol content was normalized to protein content.
Statistical Analysis
Data are expressed as mean ± S.D. Statistical analyses were performed using the unpaired Student’s t-test or analysis of variance (ANOVA) followed by Bonferroni post hoc testing using SPSS 20.0 (IBM Statistics, Chicago, IL). A p-value < 0.05 was considered statistically significant.
RESULTS
Salidroside Inhibited Cardiomyocyte Hypertrophy
MTT assay was performed to evaluate the cytotoxicity of salidroside on H9C2 cells. As shown in Figure 1B, 200 μM of salidroside significantly reduced cell viability. Next, angiotensin II (Ang II), a well-known hypertrophic inducer (Nakamura and Sadoshima, 2018), was used to induce cardiomyocyte hypertrophy in H9C2 cells. The mRNA expressions of atrial natriuretic factor (ANF) and brain natriuretic peptide (BNP) were determined to assess hypertrophic response, which are considered as well-known hypertrophic markers (Nakamura and Sadoshima, 2018). Ang II significantly induced the upregulation of ANF and BNP mRNA expression; furthermore, the increased expressions of hypertrophic genes were inhibited by salidroside in a dosage-dependent manner (Figures 1C,D). These results indicated that salidroside can effectively attenuate Ang II-induced cardiomyocyte hypertrophy in vitro.
[image: Figure 1]FIGURE 1 | Salidroside inhibited Ang II-induced cardiomyocyte hypertrophy in H9C2 cells. (A) The molecular structure of salidroside (B) H9C2 cells were incubated with the indicated concentrations of salidroside (Sal) for 24 h, and then cell viability was detected by MTT assay. H9C2 cells were incubated with or without the indicated concentrations of salidroside and stimulated with or without Ang II (1 × 10−7 M) for 24 h, and then the mRNA expressions of (C) ANF and (D) BNP were detected by RT-PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
The Increase of Proliferator-Activated Receptor-α Transcriptional Activity was Involved in Anti-Hypertrophic Effect of Salidroside
Based on other studies (Chang et al., 2016; Almohawes et al., 2022), the elevation of PPARα function was probably involved in the effects of salidroside against cardiomyocyte hypertrophy. PPARα reporter gene assay showed that PPARα transcriptional activity was obviously decreased by Ang II treatment in H9C2 cells, which could be ameliorated by salidroside in a dosage-dependent manner (Figure 2A). Consistent with the decreased transcriptional activity of PPARα, compared with the control, the expressions of PPARα protein and its target gene mRNA such as Fatp1, Ctp1b, Mcad, and Pdk4 also were downregulated by Ang II stimulation in H9C2 cells; likewise, these changes were partially reversed by salidroside in a dosage-dependent manner (Figures 2B,C). On the other side, Fenofibrate, a PPARα agonist, obviously promoted the transcriptional activity of PPARα by using the dual luciferase reporter assay (Figure 3A) and then inhibited the expressions of ANF and BNP mRNA in (Figures 3B,C) Ang II-induced cardiomyocyte hypertrophy in vitro. These results indicated that salidroside might ameliorate cardiomyocyte hypertrophy by regulating PPARα.
[image: Figure 2]FIGURE 2 | Salidroside elevated PPARα transcriptional activity in Ang II-treated H9C2 cells. (A) H9C2 cells were co-transfected with PPARα reporter plasmid and pRL-TK plasmid as internal control for 24 h followed by treatment with or without Ang II (1 × 10−7 M) and the indicated concentrations of salidroside for another 24 h. Dual luciferase reporter assays were used to evaluate PPARα transcriptional activity. H9C2 cells were incubated with or without the indicated concentrations of salidroside (Sal) and stimulated with or without Ang II (1 × 10−7 M) for 24 h. (B) The expression of PPARα protein was detected by Western blotting; (C) the mRNA levels of PPARα target genes were determined by Real-time PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05 vs. control; *p < 0.05 vs. Ang II.
[image: Figure 3]FIGURE 3 | Fenofibrate elevated PPARα transcriptional activity and inhibited Ang II-induced hypertrophy in H9C2 cells. (A) H9C2 cells were co-transfected with PPARα reporter plasmid and pRL-TK plasmid as internal control for 24 h followed by treatment with or without Ang II (1 × 10−7 M) and the indicated concentrations of salidroside (Sal, 100 μM) or fenofibrate (Feno, 10 μM)for another 24 h. Dual luciferase reporter assays were used to evaluate PPARα transcriptional activity. H9C2 cells were incubated with or without the indicated concentrations of salidroside (100 μM) or fenofibrate (10 μM) and stimulated with or without Ang II (1 × 10−7 M) for 24 h. The mRNA expressions of (B) ANF and (C) BNP were detected by RT-PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05 vs. control; *p < 0.05 vs. Ang II + Sal.
Furthermore, PPARα expression was knocked down by transfecting siRNA to further confirm the role of the increase of PPARα function in the anti-cardiomyocyte hypertrophy of salidroside. Compared with NC, the expression of PPARα protein was reduced to approximately 35% (Figure 4A). However PPARα knockdown did not affect mRNA expressions of the hypertrophic markers ANF and BNP when there was no Ang II stimulation (Figures 4B,C). Nevertheless, the downregulation of PPARα expression is common in cardiac hypertrophy, and PPARα knockdown worsen cardiac hypertrophy, suggesting that PPARα dysfunction played an important role of PPARα in the development of cardiac hypertrophy. As shown in Figures 4D–F, the effect of salidroside to inhibit the expressions of ANF and BNP mRNA were almost abolished by PPARα knockdown. These results indicated that salidroside elevated PPARα function to inhibit cardiomyocyte hypertrophy.
[image: Figure 4]FIGURE 4 | The knockdown of PPARα expression attenuated the effect of salidroside against hypertrophy in Ang II-treated H9C2 cells.H9C2 cells were transfected with siRNA targeting PPARα or negative control (NC) for 48 h. (A) Western blotting was used to evaluate the silencing efficacy of siRNA targeting PPARα; the mRNA expressions of (B) ANF and (C) BNP were detected by RT-PCR. H9C2 cells were transfected with siRNA targeting PPARα or negative control (NC) for 24 h following treatment with or without salidroside (100 μM) and stimulation with or without Ang II (1 × 10−7 M) for another 24 h. (D) The expression of PPARα protein was determined by Western blotting; the mRNA expressions of (E) ANF and (F) BNP were detected by RT-PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
Salidroside Elevated Proliferator-Activated Receptor-α Transcriptional Activity via ATGL Upregulation
We explored how salidroside regulated the upstream signaling of PPARα. The several main regulators of PPARα such as HSF-1, ATGL, RXRα, and ERRα were detected (Montaigne et al., 2021), the downregulation of which are associated with cardiac hypertrophy (Huss et al., 2007; Haemmerle et al., 2011; Zhu et al., 2014; Tian et al., 2020). As shown in Figure 5, compared with the control, the protein expressions of HSF-1, ATGL, RXRα, and ERRα was decreased by Ang II treatment in H9C2 cells; furthermore, compared with Ang II stimulation, the expression of ATGL protein was increased by salidroside treatment, however the expressions of the other regulators including HSF-1, RXRα, and ERRα were unchanged.
[image: Figure 5]FIGURE 5 | Salidroside elevated the expression of ATGL protein in Ang II-stimulated H9C2 cellsH9C2 cells were treated with or without salidroside (100 μM) and stimulated with or without Ang II (1 × 10−7 M) for 24 h. The protein expressions of HSF-1, ATGL, ERRα, and RXRα were detected by Western blotting. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
Firstly, it was clarified whether the decrease of ATGL expression was involved in cardiomyocyte hypertrophy. Compared with Ad-GFP, ATGL expression was increased three times in H9C2 cells infected with Ad-ATGL (Figure 6A). Simultaneously, the protein expression (Figure 6A), the transcriptional activity (Figure 6B) and the target gene mRNA expression (Figure 6C) of PPARα were all increased by the overexpression of ATGL. More importantly, Compared with Ang II treatment, the overexpression of ATGL obviously elevated the protein expression (Figure 6A), the transcriptional activity (Figure 6B) and the target gene mRNA expression (Figure 6C) of PPARα while inhibited the mRNA expressions of the hypertrophic marker ANF and BNP. These results suggested that the decrease of ATGL expression played a key role in cardiac hypertrophy.
[image: Figure 6]FIGURE 6 | The downregulation of ATGL expression was involved in Ang II-induced hypertrophy in H9C2 cells.H9C2 cells were infected with Ad-ATGL or Ad-GFP for 24 h followed by treatment with or without Ang II (1 × 10−7 M) for another 24 h. (A) The protein expressions of ATGL and PPARα protein were determined by Western blotting; (B) Dual luciferase reporter assays were used to evaluate PPARα transcriptional activity; the mRNA levels of (C) PPARα target genes, (D) ANF and (E) BNP were determined by Real-time PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
Next, the expression of ATGL protein was knocked down to investigate the role of salidroside against Ang II-induced cardiomyocyte hypertrophy in H9C2 cells. Compared with Ang II stimulation and treated with salidroside, the protein expression of ATGL was downregulated by transfecting siRNA targeting to ATGL (Figure 7A), and glycerol release, which was used to assess lipolytic activity (Dorn et al., 2018), was also reduced (Figure 7B); simultaneously, the effects of salidroside including the protein expression (Figure 7A), the transcriptional activity (Figure 7C) and the target gene mRNA expression (Figure 7D) of PPARα were cancelled by the knockdown of ATGL expression; moreover, the expression of ANF and BNP mRNA rose again (Figures 7E,F). These results indicated that salidroside elevates ATGL expression to improve PPARα function and then inhibits cardiomyocyte hypertrophy.
[image: Figure 7]FIGURE 7 | The knockdown of ATGL expression alleviated the effect of salidroside against hypertrophy in Ang II-treated H9C2 cells. H9C2 cells were transfected with siRNA targeting ATGL or negative control (NC) for 24 h followed by stimulation with or without Ang II (1 × 10−7 M) and treatment with or without salidroside (100 μM) for another 24 h. (A) Western blotting was used to evaluate the protein expressions of ATGL and PPARα; (B) glycerol release was determined to evaluate lipolysis activity; (C) dual luciferase reporter assay was used to evaluate PPARα transcriptional activity; the mRNA levels of (D) PPARα target genes, (E) ANF and (F) BNP were determined by Real-time PCR. Experiments have been repeated four times. The values represent as means ± SD. *p < 0.05.
DISCUSSION
ATP production mainly derived from β-oxidation of fatty acids, and PPARα is a key regulator of fatty acid metabolism in heart (Montaigne et al., 2021). Effects of PPARα can be performed by the target genes, for example, the uptake-related genes such as CD36 and FATP1 are responsible for the transport of fatty acids from the extracellular to the intracellular; and the transport-related genes such as CPT-I and CPT-II are responsible for the transport of fatty acyl-CoA from cytoplasm to mitochondria; more importantly, PPARα also regulates the critical reaction of β-oxidation by directly controlling MCAD, LCAD, and VLCAD expression (Nakamura and Sadoshima, 2018; Montaigne et al., 2021). In the isolated PPARα deficient hearts, the decreased ATP synthesis is not sufficient for high workload challenge and resulted in progressive heart failure (Luptak et al., 2005; Loichot et al., 2006). Furthermore, PPARα-deficient mice are more prone to cardiac hypertrophy in response to pressure overload (Smeets et al., 2008; Wu et al., 2019; Wang et al., 2021). In addition, PPARα agonist elevates its function to alleviate cardiac hypertrophy (Kar and Bandyopadhyay, 2018; Zeng et al., 2018; Dhyani et al., 2019). In the present study, salidroside reduced the mRNA expressions of hypertrophic marker ANF and BNP, which indicates that cardiomyocyte hypertrophy induced by Ang II treatment is inhibited. Since the decreased protein expression, transcriptional activity and target genes expressions of PPARα could be ameliorated by salidroside in cardiomyocyte hypertrophy, which were cancelled by PPARα knockdown, suggesting that PPARα plays an important role in the anti-cardiac hypertrophy effect of salidroside.
It is unlikely that salidroside, a phenolic glycoside, directly activates PPARα because the endogenous ligands of PPARα mainly include unsaturated fatty acids and their derivatives (Montaigne et al., 2021). Furthermore, several important regulators involved in cardiac hypertrophy were focused including HSF-1, ATGL, RXRα, and ERRα. The expressions of HSF-1, RXRα, and ERRα were not obviously changed by salidroside in Ang II-induced cardiomyocyte hypertrophy, while the expression of ATGL was increased; moreover, ATGL knockdown significantly counteracted the reduction of ANF and BNP expression caused by salidroside in cardiomyocyte hypertrophy, as did changes in PPARα function. These results indicate that salidroside elevates ATGL expression to restore PPARα function and then alleviates cardiomyocyte hypertrophy.
ATGL, a rate-limiting enzyme mediated triglyceride hydrolysis, converts triglyceride to a molecule of FFA and a molecule of diglyceride (Tuomainen and Tavi, 2017). Cardiomyocyte specific ATGL knockout resulted in cardiac hypertrophy and heart failure in mice (Haemmerle et al., 2006), which was derived from PPARα dysfunction (Haemmerle et al., 2011). Similar results were found in other studies (Pulinilkunnil et al., 2014; Gao et al., 2015). The possible reason is that ATGL catalyzes the degradation of triglycerides to release unsaturated fatty acids that are endogenous ligands for PPARα (Haemmerle et al., 2011). Therefore, salidroside elevates ATGL expression and then generates more ligands for PPARα to inhibit cardiac hypertrophy. Salidroside can affect the function of some protein factors such as sirt1, FOXOs and AMPK (Lan et al., 2017; Xu et al., 2018; Li et al., 2019). Salidroside elevated the protein expressions of SIRT1 and phosphorylated FOXO3α and then attenuated the injury of human brain vascular smooth muscle cells induced by the hypoxia/reoxygenation treatment (Xu et al., 2018). In colitis mice, the expressions of SIRT1, FOXO1, FOXO3α, and FOXO4 could be increased by salidroside to attenuate inflammation reaction (Li et al., 2019). In fact, there are many other studies like this (Lan et al., 2017; Xu et al., 2019; Xue et al., 2019). Moreover, ATGL expression could be increased by SIRT1 and FOXOs in various disease models (Xu et al., 2018; Xue et al., 2019). In this case, SIRT1 and FOXOs may be associated with the increase of ATGL by salidroside in this study. In addition to the regulation of ATGL protein content, AMPK also directly phosphorylates ATGL to elevate the lipase activity (Ahmadian et al., 2011; Kim et al., 2016; Marzolla et al., 2020). Interestingly, AMPK activity is also increased by salidroside in endothelial cell injury (Zhao et al., 2019; Hu et al., 2020), nonalcoholic fatty liver (Zheng et al., 2018) and so on. Certainly, it is not well-known whether AMPK is involved in the effect of salidroside on ATGL expression, these problems may be addressed in our subsequent work.
In summary, the present study demonstrates that salidroside inhibits cardiomyocyte hypertrophy in a dose-dependent manner in vitro. Moreover, salidroside elevates PPARα function to alleviate cardiomyocyte hypertrophy, which was involved in the increase of ATGL expression. Our findings suggest the potential application of salidroside to prevent the development of cardiac hypertrophy.
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Endemic arsenism caused by coal burning is a unique type of biogeochemical disease that only exists in China, and it is also a disease of element imbalances. Previous studies have shown that element imbalances are involved in the pathogenesis of arsenic; however, the interaction between the various elements and effective preventive measures have not been fully studied. This study first conducted a cross-sectional study of a total of 365 participants. The results showed that arsenic exposure can increase the content of elements (Al, As, Fe, Hg, K, and Na) in the hair (p < 0.05), but the content of other elements (Ca, Co, Cu, Mn, Mo, P, Se, Sr, V, and Zn) was significantly decreased (p < 0.05). Also, the high level of As, Fe, and Pb and the low level of Se can increase the risk of arsenism (p < 0.05). Further study found that the combined exposure of Fe–As and Pb–As can increase the risk of arsenism, but the combined exposure of Se–As can reduce the risk of arsenism (p < 0.05). In particular, a randomized, controlled, double-blind intervention study reveals that Rosa roxburghii Tratt juice (RRT) can reverse the abovementioned element imbalances (the high level of Al, As, and Fe and the low level of Cu, Mn, Se, Sr, and Zn) caused by arsenic (p < 0.05). Our study provides some limited evidence that the element imbalances (the high level of As, Fe, and Pb and the low level of Se) are the risk factors for the occurrences of arsenism. The second major finding was that RRT can regulate the element imbalances, which is expected to improve arsenism. This study provides a scientific basis for further understanding a possible traditional Chinese health food, RRT, as a more effective detoxication of arsenism.
Keywords: arsenism, Rosa roxburghii Tratt, element imbalance, cross-sectional study, intervention study
INTRODUCTION
Arsenic is a major metabolic poison and is widely distributed in virtually all rocks and sediments, aqueous environments, air, soil, food, and other natural and geogenic environments (Sarkar and Paul, 2016; Doerge et al., 2020; Podgorski and Berg, 2020). The important route of inorganic arsenic exposure is through the high-arsenic-contaminated water worldwide (Rodríguez-Lado et al., 2013; Podgorski and Berg, 2020), such as in the Bengal delta (Kippler et al., 2016), India (Chakraborti et al., 2016; Kumar et al., 2016), Pakistan (Podgorski et al., 2017), Mexico (Alarcón-Herrera et al., 2013), Argentina (Bardach et al., 2015), Vietnam (Winkel et al., 2011), Cambodia (Buschmann et al., 2007), the United States (Ayotte et al., 2017), and China (Rodríguez-Lado et al., 2013; Zhou et al., 2017). However, exposure to an arsenic-contaminated diet (such as chili peppers, corn, and rice, which are very popular in Guizhou Province, China) and air via the burning of high-arsenic coal in unventilated indoor stoves is unique to China. A large-scale census study consisting of 4763 samples found that the average arsenic content of Chinese coal is 3.18 ppm in weight (Kang et al., 2011). Especially in the southwest region of China, the level of coal arsenic content was as high as 35,000 ppm in Guizhou Province, 20 years ago (Finkelman et al., 1999). With the government’s commitment to mobilize the resources of the whole society, the prevention and control of endemic diseases have been promoted and remarkable progress has been achieved (Wang et al., 2019). In particular, with the implementation of comprehensive intervention measures such as improving stoves and health education, the total arsenic level in Guizhou areas has significantly decreased (Wang et al., 2019), but the health hazards in endemic arsenism have the characteristics of accumulation and irreversibility. Furthermore, the pathogenic mechanism of arsenism is unclear and there are no targeted effective treatment drugs and other factors, which have become the bottleneck restricting the continuous control and elimination of the disease. Currently, exposure to arsenic-contaminated diet and air remains a major environmental public health concern in Guizhou Province, China.
Trace elements (Al, As, B, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Se, Sr, V, and Zn) are minerals with small amounts (less than 0.01% of body weight) in the human body, compared with constant elements (such as Ca, K, Mg, Na, and P) (Zhang et al., 2018; Xu et al., 2021a). Although most trace elements are essential to human health, excessive concentrations of trace elements can also be toxic to the body (Zeng et al., 2021; Zheng et al., 2021). Growing evidence from animal and human studies (Wei et al., 2018a; Wei et al., 2018b; Li et al., 2019a; Hu et al., 2020; Outa et al., 2020; Hu et al., 2021; Çiner et al., 2021) indicates that arsenism is a disease with element imbalances, which is related to the uneven distribution of elements in the environment and the element imbalances in individuals exposed to arsenic. However, the results of the aforementioned studies are not consistent, and the element imbalances in arsenic-exposed people still need to be fully examined. In particular, from the perspective of multi-element interaction to explore the role of element imbalances in the pathogenesis of arsenic, it is expected to deepen the understanding of the pathogenicity of arsenism from a new perspective.
For thousands of years, humans have relied on plants as food and to alleviate diseases (Sen and Samanta, 2015). Natural medicinal and edible plants have contributed extensively towards the development of modern medicine (Kushiro et al., 2003); however, a large number of natural products are yet to be developed and applied (Sen and Samanta, 2015). Rosa roxburghii Tratt (RRT) juice is the original juice of Rosa roxburghii Tratt fruit, which is a traditional Chinese health food that is unique to the mountainous area of southwest China (Shi et al., 2020). RRT contains a variety of biologically active metabolites (such as pentacyclic triterpenoids and flavonoids) and rich nutrients (including trace elements, vitamins, polysaccharides, dietary fiber, unsaturated fatty acids, and superoxide dismutase) (Wu et al., 2020). Our previous animal study found that RRT can attenuate liver damage in arsenic-poisoned rats by regulating element balance and oxidative stress (Xu et al., 2021b). However, very little is known about the interventional effects of RRT in arsenism populations. Since there is a significant correlation between element imbalances and arsenism, the RRT has been found in animal experiments to regulate the balance of elements. Therefore, based on population intervention studies, it is explored whether RRT can improve arsenism and its possible mechanism is useful for better explaining the role of RRT in arsenism and it has important scientific significance and transformational application value.
In this study, we first analyzed the association between arsenism and the content of various trace elements (Al, As, B, Cd, Co, Cr, Cu, Fe, Hg, Li, Mn, Mo, Ni, Pb, Se, Sr, V, and Zn) and constant elements (Ca, K, Mg, Na, and P) in the hair through a cross-sectional study. Second, three logistic regression models were used to explore the risk of arsenism caused by the changes of the aforementioned elements and their interactions. Finally, a randomized, controlled, double-blind intervention study of RRT lasting 3 months was designed. By observing the changes in the aforementioned trace elements and constant elements, the aim was to study the role and potential mechanism of RRT in the detoxication of arsenism. This study will help to better understand the mechanisms of arsenism, and our results will be used to find one more effective health food to detoxify arsenism.
MATERIALS AND METHODS
Study Population
As described in our previous study (Zeng et al., 2019), the Jiaole village and Daguoduo village, Xingren County, Guizhou Province, China, were chosen as the arsenic-exposed area and arsenic-free sites, according to the “Definition and Division Standard for Endemic Arsenism” (WS277-2007, Ministry of Health of the People’s Republic of China) and referring to the World Health Organization (WHO) safety standard of 10 μg/L. We worked with the original 44th Hospital of the Chinese People’s Liberation Army to recruit volunteers. A total of 365 participants in the cross-sectional study were selected by the cluster random sampling method, including an arsenism group of 311 cases and a reference group of 54 cases. The inclusion criterion is that all participants must be permanent residents of Jiaole village and Daguoduo village. Also, the exclusion criteria included the recent history of consumption of seafood and drugs (such as trace elemental supplements), which may affect the metabolism of elements.
A randomized, placebo-controlled, double-blind, parallel trial was applied in this study. RRT is the original juice of Rosa roxburghii Tratt [Rosaceae] fruit, which was purchased from Sinopharm Group Guizhou Healthcare Industry Development Co., Ltd. [the health food permission number of the National Health Commission of the People’s Republic of China is (2002)0004]; placebo was produced by Sinopharm Group Guizhou Healthcare Industry Development Co., Ltd., and the physical characteristics (such as appearance, size, color, dosage form, weight, taste, and smell) are the same as those of RRT, but the main component is glucose. According to the block random design, a total of 92 participants (aged 30–65 years) were divided into different block groups according to age (an interval every 5 years) and gender; the same block group was equally distributed to the RRT group (46 cases) and the placebo group (46 cases) according to the principle of randomization. The inclusion and exclusion criteria are the same as in the cross-sectional study except for age restrictions. Oral administration was used, with a dose of 20 ml each day (according to the recommended dosage in the health food instructions), once a day in the morning after breakfast for 90 days. During the entire cycle of the intervention, we conducted regular monitoring and made daily records, including the food intake and intake habits of the participants. We, especially, strictly controlled the intake of seafood and trace element supplements. To ensure the compliance and reliability of RRT intervention across the study, all patients were controlled through telephonic follow-up and on-site supervision was arranged every day. Finally, 84 participants completed the standard full-course intervention, 42 cases per group.
Both the cross-sectional study and the intervention study were approved by the Ethics Committee of Guizhou Medical University (No. 201403001). Also, written informed consent was obtained from each participant.
Arsenism Diagnosis
According to the “Diagnostic Standards for Endemic Arsenic Poisoning” (WS/T 211-2015, Ministry of Health of the People’s Republic of China) and referring to the WHO diagnostic criteria for chronic arsenic poisoning (Organization, 2000), residents living in endemic arsenism areas with a history of excessive arsenic exposure (the hair arsenic content was significantly higher than the reference value of the non-arsenism area) and meeting one of the following clinical characteristics can be diagnosed as endemic arsenism: 1) the palm and plantar skin has other reasons that are difficult to explain, papule-like, nodular or verrucous hyperkeratosis; 2) the skin on the non-exposed part of the torso has diffuse or scattered spot-like pigmentation that is difficult to explain for other reasons and/or the mesh-shaped pigment loss spots with fuzzy edges, and the size ranges from millet grains to soybean grains. Dermatologists qualified for the diagnosis of arsenism are employed for the disease diagnosis of all participants. These dermatologists have more than 20 years of clinical experience. All participants undergo a double diagnosis and review. When the doctors’ diagnosis conclusions are inconsistent, another doctor will be invited to conduct a review.
Hair Collection and Pretreatment
Under the principle of informed consent, we collected all participants’ hair behind the occiput (close to the hair root within 2 cm) for two periods of time before and after the intervention. We put the hair sample into the sample tube and washed the hair sample with acetone (Merck, Germany), deionized water, deionized water, and acetone in sequence. After drying, we used stainless steel scissors to cut the hair into approximately 1 mm segments. We weighed two portions of 20 mg hair into a sample tube and added 800 µL of 65% concentrated nitric acid (Merck, Germany) and 200 µL of 30% hydrogen peroxide (Merck, Germany), respectively. It was allowed to stand for 10 min in a sealed state, and then, the sample tube was placed in a dry thermostat and heated to 90°C for heating and digestion for 3 h. After the digestion was completed, we let the digestion solution drop to room temperature, unscrewed the cap in a fume hood, transfered the digestion solution to a volumetric flask, rinsed the sample tube three times with a little deionized water, poured it into a 10 ml volumetric flask, and continued adding the diluted volume of deionized water to the mark, until analysis.
Element Determination
The determination of 23 elements in the hair is similar to that described in previous studies (Li et al., 2019b; Yang et al., 2019). In short, the inductively coupled plasma mass spectrometer (Avio 200, PerkinElmer, United States) is used for the determination of the aforementioned elements in the hair. All samples are measured in random order. To ensure the accuracy and reliability of the data, internal and external standard methods are used for quality control in the measurement process. After we measure every 20 samples, we will add a trace element quality control sample (No. 8883 and 8884, Recipe, Germany). When the element content in the sample is below the detection limit, we estimate the element content as half of the detection limit.
Statistical Analysis
R for Windows version 4.03 software is used for frequency, median, and interquartile range calculations, the t-test, the chi-squared test, the median test, analysis of variance, and logistic regression analysis. Independent-sample t-tests were used to compare the differences in age between the two groups, and the data were expressed as mean ± SD. We performed rate (such as gender, smoking status, drinking alcohol, and arsenism) comparisons using the chi-squared test. The median test was used to compare the content of 23 elements in the hair between the various groups, and the median and interquartile ranges were expressed in the results. For the association and risk of the aforementioned elements and the incidence of arsenism, we used three logistic regression models. First, model 1 (univariate logistic regression) was used to determine the relationship between 23 elements, effect factors (including age, gender, smoking, and drinking), and arsenism. Then, the statistically significant elements in model 1 analysis along with age, gender, smoking status, and drinking alcohol status are placed into the model together; model 2 (multivariate logistic regression) was applied to analyze the independent factors associated with arsenism and estimate its risks. Finally, the statistically significant elements in model 2 analysis are placed into the model together, after adjusting for age, gender, smoking, and drinking; and model 3 (interaction logistic regression) was used to analyze the interaction between the elements and arsenism and estimate its risks. The criterion for a significant difference was p < 0.05.
RESULTS
Characteristics of the Study Participants
Table 1 shows the characteristics of the study participants, and the age and the prevalence of arsenism in the arsenic exposure group are higher than those in the reference group (T = −6.51, p < 0.01; χ2 = 127.80; p < 0.01). Also, there are significant differences in the gender composition ratios between the reference and arsenic exposure groups (χ2 = 12.30, p < 0.01). However, there is no significant difference between the smoking status and drinking alcohol status (χ2 = 5.05, 4.90; p = 0.80, 0.09).
TABLE 1 | Characteristics of the study participants (n = 365).
[image: Table 1]Association and Risk of Element Imbalances With Arsenism
Effects of Arsenic Exposure in the Balance of Elements
Hair arsenic is useful as an exposure biomarker, reflecting the arsenic intake of the chronic arsenism population (Hindmarsh, 2002). To study the effects of arsenic exposure in the balance of elements, the content of 23 elements in hair was determined. Figures 1A–D clearly show that the content of the potentially toxic elements (Al, As, Cd, and Hg) and the essential trace element Fe in the arsenic exposure group is higher than that of the non-arsenic exposure group (p < 0.05). Also, the content of constant elements (Ca and P), probably essential trace elements (Mn and V), and essential trace elements (Co, Cu, Mo, Se, Sr, and Zn) was significantly lower than that in the non-arsenic exposure group (p < 0.05). Figures 1E–H show the differences in the content of 23 elements in the hair of different groups. For the arsenism group, the content of the potentially toxic elements (Al, As, and Hg), constant elements (K and Na), and essential trace element (Fe) gradually increased, and the content of constant element Ca, probably essential trace elements (Mn, Ni, and V), and essential trace elements (Co, Cu, Se, Sr, and Zn) gradually decreased compared with that in the control group (p < 0.05). However, there is no significant difference among other elements in the different groups (p > 0.05).
[image: Figure 1]FIGURE 1 | The content of 23 elements in the hair of different groups. In this study, the median and interquartile range were expressed in the results, *p < 0.05. Based on exposure grouping, (A–D) the content of potentially toxic elements, constant elements, probably essential trace elements, and essential trace elements in different groups, respectively, is shown. Subsequently, based on disease grouping, the differences of potentially toxic elements, constant elements, probably essential trace elements, and essential trace elements in the two groups are clearly shown (E–H).
Association and Risk Between the Element Imbalances and Arsenism
To study the association and risk between the element imbalances and arsenism, we divided all participants into control and arsenism. The univariate logistic regression analysis in Figures 2A–E and Supplementary Tables S1, S2 clearly shows that there was a significant correlation between age, gender, As, Pb, Fe, and Se, and arsenism (p < 0.05). The increasing age, As, Pb, and Fe content, and female gender can increase the risk of arsenism (OR = 1.073, 2.519, 1.176, 1.008, and 20.622). However, high Se is a protective factor and will reduce the risk of arsenism (OR = 0.100), which is presented in Figure 2E.
[image: Figure 2]FIGURE 2 | Association and risk between the element’s disorder and arsenism *p < 0.05. The univariate logistic regression analysis (A–E) shows the association and risk between the potentially toxic elements, constant elements, probably essential trace elements, essential trace elements, other factors, and arsenism, respectively. After adjusting for age, gender, smoking status, and drinking alcohol status, further multivariate logistic regression analysis results between the element’s disorder and arsenism are clearly shown (F).
After adjusting for age, gender, smoking status, and drinking alcohol status, further multivariate logistic regression analysis shows that the increase in As, Fe, and Pb content is the independent risk factor for arsenism (OR = 1.794, 1.009, and 1.157). On the contrary, the high level of Se is the only independent protective factor for arsenism (OR = 0.136). These results are presented in Figure 2F and Supplementary Table S3.
To further study the association and risk of the aforementioned element imbalances with arsenism, we analyzed the linear and non-linear dose–response relationships between the content of As, Fe, Pb, and Se in the hair and arsenism. The results of the linear and non-linear dose–response relationship analysis are shown in Figure 3. As illustrated in the figure, we can see that the content of As and Fe in the hair show a significant linear positive correlation with arsenism (χ2linear = 3.95, 34.52; Ptrend = 0.047, <0.001) and has a significant linear negative correlation between the Se and arsenism (χ2linear = 7.14, Ptrend = 0.008). In particular, the Fe content in the hair exhibits a non-linear correlation with arsenism in the range of approximately 75–125 mg/kg (χ2non-linear = 20.75, Ptrend<0.001). No significant difference in the linear dose–response relationship was seen between the content of Pb with arsenism (χ2linear = 2.89, Ptrend = 0.089).
[image: Figure 3]FIGURE 3 | The linear and non-linear dose–response relationships between the content of As, Fe, Pb, Se, and arsenism. Restricted cubic splines are used to show the linear and non-linear dose–response relationships between the content of As, Fe, Pb, and Se and arsenism. The red box clearly shows that there is a significant non-linear dose–effect relationship between Fe and arsenism.
To further clarify the relationship between arsenic exposure-related element imbalances and arsenism, we conducted an interaction analysis. After adjusting for age, gender, smoking status, and drinking alcohol status, the results of the interaction analysis are shown in Figure 4 and Supplementary Table S4. For arsenism, it can be seen from the figure that there is a significant interaction between As and Pb (OR = 1.340), As and Fe (OR = 1.007), and As and Se (OR = 0.352). The combined exposure of Fe–As and Pb–As can increase the risk of arsenism, but the combined exposure of Se–As can reduce the risk of arsenism (p < 0.05). There are no significant differences in the interactions between Pb and Se, Fe and Pb, and Fe and Se.
[image: Figure 4]FIGURE 4 | The interaction between the content of As, Fe, Pb, and Se for arsenism, *p < 0.05. (A) The interaction analysis results of As, Fe, Pb, and Se and arsenism. (B) The dose–response relationship between the effects of As, Fe, Pb, and Se alone and their combination on the pathogenicity of arsenism. As the color changes from green to yellow and then to red, the pathogenicity of arsenism gradually increases.
Potential Application Value of RRT on the Element Imbalances in the Population With Arsenism
To assess the effect of RRT on the element imbalances in the population with arsenism, a randomized, controlled, double-blind intervention study of RRT lasting 3 months was designed. Figures 5A–D clearly show that RRT can improve the element imbalances in the population with arsenism (p < 0.05). Although the content of elements tends to change before and after the placebo intervention, the difference is not statistically significant (p > 0.05). Compared with the RRT group before intervention and the placebo group after intervention, the content of potentially toxic elements (Al, As, and Cd) and essential trace elements (Cu and Fe) in the RRT group after intervention gradually decreased (p < 0.05). Moreover, the content of probably essential trace element (Mn) and essential trace elements (Cr, Se, and Sr) in the RRT group after the intervention is higher than that in the RRT group before intervention and the placebo group after intervention (p < 0.05). However, there is no significant difference among other elements in the different groups (p > 0.05).
[image: Figure 5]FIGURE 5 | Potential application value of RRT on the element imbalances in the population with arsenism. In this study, the median and interquartile range were expressed in the results, *p < 0.05. (A) The changes in the content of potentially toxic elements. (B) The changes in the content of constant elements. (C) The changes in the content of probably essential trace elements. (D) The changes in the content of essential trace elements.
DISCUSSION
Trace elements are essential substances for the normal life of the human body, which play a very important role in the composition and physiological process of the body (Xiu, 1996). However, excessive concentrations of trace elements can also be toxic to the body (Zeng et al., 2021; Zheng et al., 2021), such as arsenic, which is an essential trace element, and the residents living under certain geographical environmental conditions can also be affected by chronic arsenism by ingesting excessive amounts of inorganic arsenic through drinking water, air, or food for a long time (Wei et al., 2018a). Hyperkeratosis, hyperpigmentation, and carcinogenesis of the skin are the main hallmarks of chronic arsenism (Wei et al., 2018a). Previous studies (Wei et al., 2018a; Wei et al., 2018b; Li et al., 2019a; Hu et al., 2020; Outa et al., 2020; Hu et al., 2021; Çiner et al., 2021) demonstrate that arsenism is a disease with disorder of various elements. The increase or decrease of elements in the body will induce different health problems, and the elements will also interact with each other. Therefore, from the perspectives of multi-element interaction and linear and non-linear dose–response relationships to explore the effects of element imbalances in the pathogenesis of arsenism, it is expected to deepen the understanding of the pathogenesis of arsenism from a new perspective.
The hair is recommended by the World Health Organization, Environmental Protection Agency, and International Atomic Energy Agency as an important biological material for global environmental monitoring (Druyan et al., 1998; Morton et al., 2002). Based on exposure and disease grouping, our results demonstrated that arsenic can increase the content of Al, As, Hg, and Fe in the hair while reducing the content of Co, Cu, Se, Sr, and Zn. It is suggested that the changes of the aforementioned elements should be dynamically observed in the health monitoring of the exposed population to take targeted preventive and control measures. Several studies (Samanta et al., 2004; Spallholz et al., 2005; Agusa et al., 2006; Barati et al., 2010; Wei et al., 2018b; Hu et al., 2021) observed an increase in Mn, Ni, V, and Pb content in the hair collected from people with arsenism. Our research did not indicate a similar conclusion, which may be related to the difference in the survey area, because there is a significant correlation between the uneven distribution of elements in the environment and the trace element imbalances in individuals exposed to arsenic (Barati et al., 2010). These findings provide limited evidence for the link between the element imbalances and arsenism.
Hair arsenic is useful as an exposure biomarker, reflecting the arsenic intake of the chronic arsenism population (Hindmarsh, 2002). Our results revealed that the content of As in the arsenic exposure group and arsenism group was higher than that in the non-arsenic exposure group and control group. These results are consistent with previous studies on different types of arsenism (such as drinking water type and coal burning type of arsenism) in India (Samanta et al., 2004), Iran (Barati et al., 2010), Vietnam (Agusa et al., 2006), and China (Wei et al., 2018b; Hu et al., 2021). They provide further support for the association between chronic arsenic exposure and arsenism. Furthermore, the logistic regression analysis results demonstrate that the high levels of As content in the hair were a risk factor for arsenism. This further provides more evidence to support the theory that chronic arsenic exposure is the root cause of arsenism.
Fe is a very important essential trace element and participates in many physiological processes of the body (Dev and Babitt, 2017). Fe supplementation is an effective treatment for many patients with anemia, but excessive iron is also toxic (Dev and Babitt, 2017). In this study, our results indicated that arsenic could upregulate the content of Fe in the hair, which is consistent with our previous finding (Hu et al., 2020). It is suggested that arsenic can promote Fe accumulation in the body by regulating Fe metabolism. Cu, Se, and Zn are components of many antioxidant enzymes, such as superoxide dismutase, glutathione peroxidase, and reduced glutathione. Several studies (Pimparkar and Bhave, 2010; Hunt et al., 2014) have shown that oxidative stress is one of the main mechanisms of arsenic pathogenicity. Also, oxidative stress consumes a lot of antioxidant enzymes, thereby reducing the content of Cu, Se, and Zn in the body. Our research has reached a similar conclusion; that is, the Cu, Se, and Zn levels in the hair of people exposed to arsenic are reduced. A previous study (Singh and Kanwar, 1981) has also found that low levels of Cu, Zn, and Cu can promote Fe metabolism, thereby increasing the accumulation of Fe in the main organs of rats. These results provide a possible hypothesis that arsenic may reduce the levels of Cu, Se, and Zn through oxidative stress, thereby promoting the accumulation of Fe in the body. In view of the logistic regression analysis results, it is shown that high levels of Fe and reduced Se will increase the risk of arsenism; therefore, we recommend adding Cu, Se, and Zn to the diet to better protect the health of people exposed to arsenic. Although we have observed an association between high levels of Fe and arsenism, it is surprising that this association is not a simple linear dose–response relationship. On the contrary, the Fe content in the hair exhibits a non-linear correlation with arsenism in the range of approximately 75–125 mg/kg. Whether this is related to the low-dose hormesis effect of iron requires further study. Overall, current findings suggest that controlling the Fe content in the body within an appropriate range can reduce the health hazards caused by arsenic exposure.
Pb is a common accumulated poison in the body. A previous study (Pham et al., 2017) has shown that the content of Pb in the biological tissues (hair, nails, and skin scales) of people with arsenism is higher than that of the control group, but this study did not get similar results. The linear dose–response relationship between Pb and arsenism is not obvious. Whether this is related to the different survey locations is worthy of further study. Nevertheless, both univariate and multivariate logistic regression models indicate that the increased level of lead in the hair was an independent risk factor for arsenism. This result suggests that we cannot ignore the impact of Pb in the arsenism population. An existing study (Mazumdar et al., 2017) has shown that Ca can competitively prevent the absorption of Pb. Therefore, we can also reduce the health hazards of Pb on arsenism by supplementing Ca and reducing lead intake.
Subsequently, we analyzed the interaction between the elements to further clarify the relationship between arsenic exposure-related element disorders and arsenism. Se is a strong antioxidant that exerts antioxidant effects by enhancing GSH-Px activity (Spallholz et al., 2005). Our results indicate that the combined exposure of high content of Se and As could significantly reduce the risk of diseases caused by arsenic exposure alone. Combined with oxidative stress as one of the key mechanisms of arsenic pathogenesis, it is suggested that Se mainly exerts its detoxification effect on arsenic poisoning through the antioxidant effect. The Fe element is also one of the essential elements present in the human body. A previous study (Kordas et al., 2017) has found that Fe can promote the excretion of As. Our research shows that the Fe content in the hair has a non-linear relationship with arsenic poisoning; that is, the low content of Fe is the risk factor of arsenism. Second, the risk of arsenism gradually decreased with the increase in Fe content (ranging from approximately 75–125 mg/kg). Finally, the risk of arsenism gradually increased with the content of Fe above 125 mg/kg. These results are reasonable. At low Fe levels, the excretion of Fe on As cannot offset the toxic effects of arsenic; with the increase in iron content, the level of arsenic gradually decreases, thus exerting its protective effect on patients with arsenism. When Fe content is further increased, the iron overload will induce ferroptosis in body cells, thereby aggravating arsenism. Several studies have shown that Fe overload is the central link in ferroptosis (Dixon and Stockwell, 2014) and also participated in arsenic-induced male reproductive toxicity (Meng et al., 2020), pancreatic dysfunction (Xia et al., 2020), and neurodegenerative diseases (Tang et al., 2018). Animal experiments have found that Pb can antagonize the toxicity of arsenic (Agrawal et al., 2015; Aktar et al., 2017). Our research did not support this view because the combined exposure of Pb–As can increase the risk of arsenism, and the reason remains to be further explored. These results suggest that the combined exposure of Fe–As and Pb–As can increase the risk of arsenism, but the combined exposure of Se–As can reduce the risk of arsenism. This finding represents another important issue, which is to find some natural medicinal plants and fruits rich in trace element such as Se to effectively detoxify arsenism.
Diet is a good way to treat metabolic diseases and aging (Le Couteur et al., 2021). Some studies (Chen et al., 2007; Mahata et al., 2008; Zablotska et al., 2008; Xu et al., 2016; Xia et al., 2020; Xu et al., 2021b) have shown that vitamins, trace elements, and natural medicinal plants can be used to prevent and treat endemic arsenism. RRT, a traditional Chinese health food that is unique to the mountainous area of southwest China (An et al., 2011; Shi et al., 2020), contains a variety of biologically active metabolites (such as pentacyclic triterpenoids and flavonoids) and rich nutrients (including trace elements, vitamins, polysaccharides, dietary fiber, unsaturated fatty acids, and superoxide dismutase) (Wu et al., 2020). Our previous animal study found that RRT can attenuate liver damage in arsenic-poisoned rats by regulating element balance and oxidative stress (Xu et al., 2021b). In this study, our results show that RRT could increase the essential trace elements (Cr, Se, and Sr) and reduce the potentially toxic elements (Al, As, and Cd) and harmful element (Fe). These findings suggest that the detoxification effect of RRT on arsenism is mainly achieved by alleviating the element imbalances. In addition, Se is a major component of many antioxidant enzymes, such as superoxide dismutase, glutathione peroxidase, and reduced glutathione. This also provides some evidence that RRT can also exert its anti-oxidative effect on arsenism by supplementing the Se that is needed to produce antioxidant enzymes, thereby detoxifying arsenism.
The strengths of our study include the perspective of multi-element interaction to explore the role of element disorders in the pathogenesis of arsenic. At the same time, a randomized, controlled, double-blind intervention study of RRT lasting 3 months was designed to explore the potential application value of RRT. However, the health hazards in endemic arsenism have the characteristics of accumulation and irreversibility, and there is no direct population evidence that RRT can improve the skin, lung, and liver lesions caused by arsenism. Therefore, it is necessary to conduct a more in-depth study on RRT from the arsenic exposure stage to prevent the occurrence of arsenism. In addition, the regulation mechanism of RRT involves antioxidant, immune regulation, anti-inflammatory, trace element regulation, sleep improvement, and so on. This study aimed to explore how RRT can detoxify arsenism by alleviating the element imbalances and did not evaluate the role of other mechanisms of RRT to prevent arsenism. Furthermore, given the limitations of epidemiological studies, the toxicant interactions observed in this study remain to be verified by experimental studies.
CONCLUSION
Overall, our study provides some limited evidence that the element imbalances (the high level of As, Fe, and Pb and the low level of Se) are the risk factors for the occurrences of arsenism. The second major finding was that RRT can regulate the element imbalances, which is expected to improve the arsenism (Figure 6). This study provides a scientific basis for further understanding a possible traditional Chinese health food, RRT, as a more effective detoxication of arsenism.
[image: Figure 6]FIGURE 6 | Association of element imbalances with arsenism and the potential application value of RRT.
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Huazhi-Rougan (HZRG) formula is a Traditional Chinese medicine prescription, and has been widely used to treat non-alcoholic fatty liver disease (NAFLD) and its progressive form non-alcoholic steatohepatitis (NASH). However, the anti-NASH effects and the underlying mechanisms of HZRG have not yet been characterized. Here we showed that 4-week HZRG treatment alleviated methionine-choline-deficiency (MCD) diet-induced NASH in C57BL/6J mice, as evidenced by the improvement of hepatic steatosis and inflammation, as well as the decrease of serum levels of alanine and aspartate transaminases. Fecal 16S rDNA sequencing indicated that HZRG reduced the enrichment of pathogenic bacteria and increased the abundance of bacteria gena that are involved in bile acid (BA) conversation. The alteration of fecal and serum BA profile suggested that HZRG enhanced fecal BA excretion, and reduced the reabsorption of toxic secondary BA species (LCA, DCA, HCA). We further analyzed the BA receptors and transporters, and found that HZRG inhibited the expression of ileal bile acid transporter, and organic solute transporter subunit β, and increased the expression of intestinal tight junction proteins (ZO-1, Occludin, Claudin-2). The modulation of gut dysbiosis and BA profile, as well as the improvement of the intestinal environment, may contribute to the decrease of the p-65 subunit of NF-κB phosphorylation, liver F4/80 positive macrophages, inflammatory cytokine IL-1β and TNF-α expression. In conclusion, HZRG treatment enhances fecal BA excretion via inhibiting BA transporters, modulates BA profiles, gut dysbiosis as well as the intestinal environment, thus contributing to the beneficial effect of HZRG on NASH mice.
Keywords: huazhi-rougan formula, non-alcoholic steatohepatitis, bile acid excretion, gut microbiota, ileal bile acid transporter
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) is emerging as the leading chronic liver disease, and is considered the hepatic manifestation of metabolic syndrome, which affects more than a quarter of the world population (Younossi et al., 2018). Nonalcoholic steatohepatitis (NASH) is the progressive form of NAFLD, and is characterized by liver steatosis, inflammation, with or without fibrosis. NASH plays a pivotal role in the progression of metabolic syndrome and the development of certain tumors, thus attracting numerous pharmaceutical companies to be active in the drug development market (Anstee et al., 2019). There are many drugs in the pipeline that hold promise for treating NASH, however, approved pharmacological therapy for NASH is not available due to the complicated pathophysiological mechanisms (Negi et al., 2022). Therefore, new treatment strategies for NASH are urgently needed.
Bile acid (BA) receptors emerged as promising drug targets for NASH in recent years (Friedman et al., 2018). BAs are solely synthesized in the liver, and are considered to be associated with the pathogenesis and management of NASH. BAs are detergent molecules that aid in fat and vitamin absorption. BA synthesis takes place in the liver from cholesterol, and occurs via both classical and alternative pathways. The classical pathway is initiated by the enzyme cholesterol 7α-hydroxylase (CYP7A1), and physiologically accounts for approximately 75% of BA production, whereas the alternative pathway is catalyzed by the enzyme sterol-27-hydroxylase (CYP27A1), and contributes about 25% of BA production. Chenodeoxycholic acid (CDCA) and cholic acid (CA) are primary BAs produced in humans, and their ratio is determined by the enzyme sterol 12α-hydroxylase (CYP8B1). CDCA in mice can further generate muricholic acids (MCAs) (Gustafsson et al., 1981). Primary BAs are then conjugated with glycine or taurine in the hepatocytes, stored in the gall bladder, and released into the duodenum upon fat ingestion. BAs facilitate fat absorption within the ileum. After conducting their functions, most BAs are reabsorbed in the distal ileum via the ileal bile acid transporter (IBAT), while the remains are excreted into the colon where billions of bacteria and microorganisms are colonized. The microbial metabolism of BAs begins in deconjugation, removing the taurine or glycine from BAs, this process is conducted by bile salt hydrolase-producing bacteria. The deconjugation of BAs is of great importance because it can counteract BA toxicity and promote secondary BA production in the colon. In humans, lithocholic acid (LCA) that derived from CDCA and deoxycholic acid (DCA) from CA are the two major secondary BAs, while MCA can be further converted into hyocholicacid (HCA) and hyodeoxycholic acid (HDCA) in rodents (Wahlstrom et al., 2017).
BA homeostasis is tightly regulated by enterohepatic signaling, whereas BA accumulation causes a series of diseases including inflammatory bowel disease, cholestatic hepatitis, primary biliary cirrhosis (Fiorucci et al., 2021). Clinical investigation reported that the serum level of BAs is relatively higher in NASH patients compared with healthy controls (Sydor et al., 2020), suggesting that the alteration of the BA pool in the development of NASH. Since IBAT is in charging of the efficient BA reabsorption, IBAT inhibitors that prevent BA accumulation are promising agents in improving NASH (Yamauchi et al., 2021).
Huazhi-Rougan (HZRG) formula is a Chinese patent drug designed according to the theories of Traditional Chinese medicine (TCM). Targeting the TCM pathogenesis of damp-heat of NAFLD, HZRG has been widely used to treat NAFLD and its complications. Previous studies demonstrated that HZRG treatment significantly improved the CT value, hyperlipidemia, and reduced serum ALT and AST levels in NAFLD patients (Wang et al., 2021a). However, the underlying mechanisms are largely unknown.
The present study aimed to examine the effects of HZRG on NASH mice. We demonstrated that 4-week HZRG treatment improved liver lipid accumulation, injury and inflammation in mice fed a methionine- and choline-deficient (MCD) diet. We further identified that HZRG enhanced fecal BA excretion via inhibiting IBAT, and the modulation of BA profiles, gut dysbiosis as well as the intestinal environment all contributed to the beneficial effects of HZRG on NASH mice.
MATERIALS AND METHODS
Preparation of Huazhi-Rougan Granule
HZRG granule is a patent TCM drug, composed of 16 herbal or medicinal fungi species: Artemisia scoparia Waldst. & Kitam. (Yin-Chen), Cassia abbreviata Oliv. (Jue-Ming-Zi), Rheum officinale Baill. (Da-Huang), Alisma orientale (Sam.) Juz. (Ze-Xie), Polyporus umbellatus (Pers.) Fries. (Zhu-Ling), Crataegus pinnatifida Bunge. (Shan-Zha), Atractylodes lancea (Thunb.) DC. (Cang-Shu), Atractylis macrocephala (Koidz.) Hand. -Mazz. (Bai-Shu), Citrus reticulata Blanco (Chen-Pi), Trichosanthes kirilowii Maxim. (Gua-Lou), Ligustrum lucidum W. T. Aiton (Nv-Zhen-Zi), Eclipta prostrata (L.) L. (Mo-Han-Lian), Lycium barbarum L. (Gou-Qi-Zi), Cirsium setosum (Willd.) Besser (Xiao-Ji), Bupleurum chinense DC. (Chai-Hu), and Glycyrrhiza uralensis Fisch. (Gan-Cao). The ratio of each component in the formula was defined based on a previous study (Wang et al., 2021a). The granules were purchased from Shandong New Time Pharmaceutical CO., Ltd. The chemical constituents in HZRG granules were analyzed based on UPLC-Q-TOF/MS approach (Hu et al., 2019).
Animal and Diet
Forty male C57BL/6J mice of 6-week age were purchased from Gempharmatech Experimental Animal Technology Co. Ltd. (Jiangsu, China), and placed in the specific-pathogen-free environment at constant temperature (22 ± 2°C) and humidity (55 ± 15%), and 24 h light/dark alternation. The mice were divided into four groups after 1-week acclimatization: control group (n = 10) received chow diet (Research Diet, C17040502), NASH group (n = 10) received MCD diet (Research Diet, A02082002B), HZRG high dose (HRH, 6 g/kg/d) and low dose (HRL, 3 g/kg/d) groups (n = 10 per group) received MCD diet plus HZRG administration. The low dose of HZRG was equivalent to the effective clinical dose, while the double-dose was defined as a high dose. The drugs were dissolved in 0.5% carboxymethyl cellulose sodium solution (CMC-Na) and administered to the mice by gavage (0.1 ml/10 g body weight) once a day for 4 weeks, the control and NASH mice were given equivalent 0.5% CMC-Na solution. At the end of the experiment, mice were anesthetized via 2% pentobarbital sodium injection (1.5 ml/kg). Blood was collected to separate serum for biological analysis. A portion of the liver was fixed in 4% paraformaldehyde solution. Intestine, cecal feces, and the rest of liver portions were snap-frozen in liquid nitrogen and then stored at −80°C refrigerator. All mice were received humane care during this experiment, and the experiment was approved by the Animal Experiment Ethics Committee of Gempharmatech CO., Ltd. IACUC (Approval number: GPTAP20200721-2).
Liver Histopathology
Liver pathological alterations were presented by the established method of our lab (Li et al., 2021). In brief, liver tissues were fixed, then dehydrated and embedded in paraffin. Paraffin-embedded tissue was cut into 4 μm sections and stained with hematoxylin-eosin (H&E) according to the standard process (Kohypath, Shanghai, China). For Oil Red O (ORO) staining, frozen liver tissues were embedded in Tissue-Tek OCT Compound (Sakura, Tokyo, Japan), cut into ∼8 μm sections, and stained with ORO reagent (Sigma, St. Louis, MO, United States). For immunohistochemical (IHC) analysis, anti-F4/80 (70076 s, cell signaling technology) primary antibody, and biotinylated goat anti-rabbit IgG (BOSTER, SA1022) were applied. Images were captured under a Nikon Eclipse 50i microscope (Nikon, Tokyo, Japan) with a magnification of ×200.
Analysis of Serum and Liver Biochemical Parameters
The serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and were analyzed by a TBA-40FR Fully Automatic Biochemical Analyzer (TOSHIBA, Japan) according to the manufacturer’s protocol. Serum tumor necrosis factor-alpha (TNF-α) was detected using a mouse ELISA kit (mlbio, Shanghai, China). The liver tissue in ethanol was homogenized to collect supernatant for detecting TC and TG contents in the liver with certain kits (Nanjing Jiancheng Bioengineering Institute).
16S rDNA Sequence
Cecal feces of mice were collected for 16S rDNA analysis of gut microbiota. Microbial genome DNA was extracted using the Qiagen QIAamp DNA Stool Mini Kit (Qiagen, Dusseldorf, Germany), and quantified and characterized by the NanoDrop 2000°C spectrophotometer and agarose gel electrophoresis, respectively. The V3-V4 region of the bacterial 16S ribosomal RNA was amplified by PCR and used for the following analysis. The sequencing and analysis were performed as previously reported (Shu et al., 2021).
Bile Acid Profile Analysis
The BA profile of fecal and serum sample was quantified by ultra-performance liquid-chromatography coupled with triple quadrupole mass spectrometry (UPLC-TQMS, Waters, Milford, MA) according to the previous method (Shu et al., 2021).
Western Blot
Liver and intestinal samples were homogenized in RIPA buffer added with protease and phosphatase inhibitors. Full centrifugation at low temperature (15 min at 12,000 g) to obtain supernatant, and the protein concentration was quantified by BCA kit (Epizyme, Shanghai, China), proteins electrophoresis using the 10% sodium dodecyl sulfate-polyacrylamide gel and transferred onto 0.45 μm PVDF membranes (Millipore, United States). Subsequently, the PVDF membranes were socked in 5% skim milk containing 140 mmol/L NaCl, 20 mmol/L Tris-HCl (pH 7.5), and 0.1% Tween 20°at room temperature for 60 min, and incubated with primary antibodies at 4°C overnight: FXR mouse monoclonal antibody (72105S, CST, United States), TGR5 rabbitpolyclonal antibody (72,608, Abcam, United States), ZO-1 (ab216880, Abcam, United States), Occludin (ab 216,327, Abcam, United States), Claudin 2 (ab53032, Abcam, United States), P-P65 rabbit monoclonal antibody (3031S, CST, United States), P65 rabbit monoclonal antibody (8242S, CST, United States), β-actin (Hua-an Biotech Inc., Hangzhou, China), and then incubated with horseradish peroxidase-conjugated secondary antibodies at room temperature for another 60 min. The protein bands were visualized by an ECL chemiluminescence detection kit (WBKLS0500, Millipore, United States) with an enhanced chemiluminescence system (Tanon 5200, Shanghai, China).
Real-Time Quantitative PCR
Liver tissues were homogenized in TRIzol reagent (Invitrogen Corp, Carlsbad, CA, United States) and the total RNA was isolated. RNA concentration was measured using a NanoDrop 2000°C spectrophotometer, and was reversely transcribed into complementary DNA by reverse transcription kit (Accurate Biology, Shanghai, China). The PCR primers (Shanjin Biotech, Shanghai, China) showed in Table 1. GAPDH was used as the internal control, and the expression of the target gene was normalized to GAPDH expression, and the relative expression was calculated by the 2−ΔΔT method.
TABLE 1 | Sequences of the primers used for RT-qPCR.
[image: Table 1]Statistical Analysis
All the data are collected and expressed as mean ± standard deviation (SD). Statistical analysis was performed using a one-way analysis of variance (ANOVA). Independent-sample t test was used to compare differences between two groups. Mann-Whitney U tests and Spearman correlation were performed using SPSS 26.0 software. p < 0.05 was considered of statistical significance.
RESULTS
Chemical Profiling of Huazhi-Rougan
A total of 100 constituents have been identified or tentatively characterized in HZRG granule (compounds of 16 medicinal) under positive or negative ion mode (Figure 1 and Table 2). Among them, 20 constituents attributed to Lycium barbarum L. (Gou-Qi-Zi), 13 attributed to Eclipta prostrata (L.) L. (Mo-Han-Lian), 11 attributed to Ligustrum lucidum W. T. Aiton (Nv-Zhen-Zi), six attributed to Atractylodes lancea (Thunb.) DC. (Cang-Shu), 8 attributed to Rheum officinale Baill. (Da-Huang), 11 attributed to Citrus reticulata Blanco (Chen-Pi), eight attributed to Glycyrrhiza uralensis Fisch. (Gan-Cao), three attributed to Crataegus pinnatifida Bunge. (Shan-Zha), five attributed to Bupleurum chinense DC. (Chai-Hu), four attributed to Trichosanthes kirilowii Maxim. (Gua-Lou), four attributed to Polyporus umbellatus (Pers.) Fries. (Zhu-Ling), three attributed to Artemisia scoparia Waldst. and Kitam. (Yin-Chen), three attributed to Atractylis macrocephala (Koidz.) Hand. -Mazz. (Bai-Shu), and two was attributed to Cirsium setosum (Willd.) Besser (Xiao-Ji) (Table 2). Collectively, the dominant constituents in HZRG granule belong to flavonoids, alkaloids and lactones.
[image: Figure 1]FIGURE 1 | Total ion chromatogram of constituents in HZRG. Agilent 1290 UPLC system was applied to analyze the chemical profiling of HZRG granules, data were collected under both negative ion mode and positive ion mode, and processed by Analyst Ver. 1.6 software.
TABLE 2 | The detected ion chromatogram of constituents in HZRG.
[image: Table 2]Huazhi-Rougan Attenuates Non-Alcoholic Steatohepatitis in Methionine-Choline-Deficiency Mice
To investigate whether HZRG has an effect on NASH, we used MCD-fed mice as a NASH model. MCD-fed mice were treated with either low dose, high dose of HZRG, or vehicle for 4 weeks. MCD-fed mice showed a significant decrease in body weight and the liver/body weight ratio in comparison to control mice, but no statistical difference was found among treated groups (Figures 2A,B). MCD feeding induced obvious steatosis, inflammatory cell infiltration in liver sections as evidenced by H&E staining and ORO staining, and both high and low dose HZRG treatment significantly improved liver steatosis and reduced the infiltration of inflammatory cells (Figure 2C). The quantification of hepatic lipids revealed that HZRG treatment also decreased liver TG content, which was consistent with the pathological change (Figure 2D). However, the liver TC content showed no statistical difference among groups (Figure 2E). HZRG also significantly decreased serum ALT and AST levels in MCD-fed mice (Figures 2F,G), indicating the protective effects against liver damage. Collectively, these results suggest that HZRG attenuates NASH in MCD-fed mice, and the high dose was superior to the low dose HZRG.
[image: Figure 2]FIGURE 2 | Effects of HZRG on MCD induced NASH mice. (A) Body weight; (B) liver/body weight ratio; (C) Representative H&E and ORO staining images of liver sections (magnification ×200); (D,E) Liver TG and TC content; (F,G) Serum ALT and AST levels. Data are expressed as mean ± SD, 10 animals were allocated for each group. *p < 0.05, **p < 0.01; ***p < 0.001 between groups.
Huazhi-Rougan Alleviates Methionine-Choline-Deficiency-Induced Gut Dysbiosis
Gut dysbiosis plays a pivotal role in the development and progression of NASH, and modulation of gut microbiota is a potential therapeutic strategy for NASH. HZRG contains various phytochemicals, such as flavonoids and alkaloids, which are known to regulate dysbiosis. We examined the effects of HZRG on the structure of gut microbiota by performing bacterial 16S rDNA sequence in feces, and observed a distinct clustering of microbiota for control, NASH, and HZH treatment groups using weighted (Figure 3A) and unweighted (Figure 3B) UniFrac-based principal coordinates analysis (PCoA), respectively. The comparison among the three groups revealed 1874 operational Taxonomic Units (OTUs) in the control group, 906 OTUs in the NASH group, and 858 OTUs in the HZRG-treated group, and a total of 234 OTUs shared all the samples (Figure 3C). At the phylum level, Firmicutes, Bacteroidetes, Actinobactiria, and Verrucomicrobia were the dominant four phyla (Figure 3D). The Family-level analysis revealed that the MCD diet increased the relative abundance of Peptostreptococcaceae, Atopobiaceae, Enterobacteriaceae, Erysipelotrichaceae, and Streptococcaceae, whereas HZRG decreased the relative abundance of these microbiomes. Notably, HZRG specifically increased the enrichment of Lactobacillaceae, Bifidobacteriaceae, Clostruduaceae, Chostridiales VadinBB60, Corynebacteriaceae, Solanales, Propionibacteriaceae, Micrococcaceae, and Satphylococcaceae (Figure 3E). In addition, the comparison was also conducted in genus and species levels (Supplementary Figure S1) Meanwhile, the functional prediction analysis based on PICRUST (phylogenetic investigation of communities by reconstruction of unobserved states) suggested that BA biosynthesis was the most obvious pathway upon HZRG treatment (Figure 3F). These results indicated that HZRG modulates the gut microbiota of NASH mice, resulting in the alleviation of dysbiosis in MCD-fed mice.
[image: Figure 3]FIGURE 3 | HZRG modulates gut microbiota in NASH mice. (A) PCoA analysis based on the weighted UniFrac analysis of OTUs; (B) PCoA analysis based on the unweighted UniFrac analysis of OTUs; (C) Venn Diagram; (D) Mean Phylum abundance of OTUs; (E) Mean family abundance of OTUs; (F) Pathways that based on PICRUST functional prediction. Data are expressed as mean ± SD of 9 or 10 animals per group.
Huazhi-Rougan Enhances Fecal Bile Acid Excretion
To assess BA profile alternation in response to the of gut microbiota, a UPLC/TQMS based targeted metabolomics approach was applied to analyze the fecal BAs in mice. The results revealed that the total level of fecal BAs was dramatically elevated upon HZRG treatment in NASH mice, although the total BA level between control mice and NASH mice was not statistically different (Figure 4A). By analyzing BA composition, we found that the relative abundance of secondary BAs was significantly decreased in NASH mice, whereas HZRG intervention increased the percent of fecal secondary BAs (Figure 4B). The BA profiling showed that HZRG treatment significantly increased the secondary BA species such as LCA, ketoLCAs (6,7-keto, 6-keto, 7-keto), HCA and βDCA in NASH mice (Figures 4C,D). The changes in total fecal BA level along with the increased content of secondary BAs suggested that HZRG promoted fecal BA excretion, especially the secondary BA species. Transformation into secondary BAs largely depends on the action of gut microbiota. To explore the correlation of HZRG modulated fecal BAs and gut microbiota, a Spearman correlation was conducted between the relative abundance of the 21 differential microbial species and the 11 BA species in the NASH and HZRG groups. All of the 11 BAs had at least one significant correlation with a microbe (Figure 4E). βUCA was negatively correlated with microbial Genus Erysipelatoclostridium, Dubosiella, Coriobacteriaceae UCG-002 and Romboutsia, whereas all the other differentiate BAs (DCA, HCA, LCA, ketoLCAs, etc) were positively correlated with these microbial species.
[image: Figure 4]FIGURE 4 | HZRG enhances fecal BA excretion. (A) The total fecal BA concentration; (B) The alteration of BA classification; (C) Fecal BA profile; (D) Volcano plot shows the change of BA species upon HZRG intervention (Red-increase, green-decrease); (E) Spearman correlation analysis of the relative abundance of microbial species and the BAs. Data are expressed as mean ± SD, n = 10 per group. *p < 0.05, **p < 0.01between groups.
Huazhi-Rougan Inhibits Bile Acid Reabsorption
Physiologically, fecal BA reabsorption and excretion are in dynamic balance. BA undergoes continuous enterohepatic circulation, and 95% of BAs are re-absorbed at the ileum in each circle, thus the BA transport process determines the alteration of fecal BAs. IBAT is the chief mediator of intestinal BA absorption in charging transporting BA from the lumen to the enterocytes. The absorbed BAs in enterocytes then secret into the portal circulation via the basolateral BA transporters organic solute transporter subunit α (OST) α, OSTβ, multidrug-resistance protein (MRP) two and MRP3 (Figure 5A). BA receptors are reported to regulate the transporters, so we examined FXR and TGR5 expression in the intestine. Although the protein expression of FXR and TGR5 was decreased in NASH mice, HZRG intervention did not affect their expression, indicating the regulation of HZRG on BA receptors was limited (Figure 5B). The mRNA expression of IBAT and OSTβ was significantly increased in NASH mice compared to control mice, and HZRG intervention significantly decreased their expression. However, other transporters such as OSTα, MRP2, and MRP3 did not show statistical differences among groups (Figure 5C).
[image: Figure 5]FIGURE 5 | HZRG inhibits BA reabsorption. (A) The model of BA transport in the intestine; (B) The protein expression of intestinal BA receptors; (C) The mRNA expression of BA transporters; (D) Intestinal tight junction protein expression; (E) Serum BA profile; (F,G) The alteration of secondary BA species; (H) The correlation of altered secondary BAs and the genes regulating BA transport. Data are expressed as mean ± SD, n = 10 per group. *p < 0.05, **p < 0.01; ***p < 0.001 between groups.
Suppression of BA transport indicates less BA absorption. Accumulation of toxic BAs may destroy the intestinal barrier. To verify the effect of HZRG on BA absorption, we first detected the tight junction proteins that are associated with intestinal permeability, and found that the expression of tight junction protein Occludin and Claudin was decreased in NASH mice, whereas HZRG intervention counteracted the decrease (Figure 5D). We further investigated the serum BA profiles of the mice to verify the regulation of HZRG on BA reabsorption. The total serum BA was significantly increased in NASH mice compared to control mice, whereas HZRG treatment reversed the increase of total serum BA level (Figure 5E). And the alteration of total serum BAs among 44 detected BA species was mostly attributed to the changes of secondary BA species. Most of the toxic DCA species showed an increase in NASH mice, and HZRG treatment significantly decrease the concentration of DCA, βDCA and GDCA (Figure 5F). Correspondingly, treatment of HZRG also decreased LCA, isoLCA and 6-ketoLCA levels of the NASH mice (Figure 5G). The altered secondary BAs were correlated with BA transport genes IBAT and OSTB (Figure 5H). Therefore, the decrease of serum secondary BAs upon HZRG treatment indicated lower reabsorption from the intestine, which was consistent with the alteration of fecal BA concentrations.
Huazhi-Rougan Attenuates Hepatic Inflammation
The suppression of toxic BA reabsorption along with the attenuation of the intestinal environment by HZRG is supposed to improve hepatic inflammation. HZRG significantly decreased the serum TNF-α level in NASH mice (Figure 6A). We also investigated a classic inflammatory pathway, and found that HZRG decreased the phosphorylation of nuclear factor-kappaB (NF-kB p65) (Figure 6B), indicating the inhibition of NF-kB activation. Consistently, the expression of macrophage marker F4/80 was increased in the liver of NASH mice, whereas HZRG treatment significantly reduced the expression of macrophage marker (Figure 6C). In addition, the mRNA of liver inflammatory cytokines TNF-α and interleukin-1 beta (IL-1β) also decreased upon HZRG treatment (Figures 6D,E). These results suggested that HZRG attenuated hepatic inflammation.
[image: Figure 6]FIGURE 6 | HZRG suppressed hepatic inflammation. (A) The serum concentration of TNFα; (B) The protein expression of liver TLR4, P-P65, P65. (C) IHC staining of liver macrophage biomarker F4/80; (D,E) The mRNA expression of liver Tnfα were and IL-1β. Data were shown as mean ± SD, *p < 0.05, **p < 0.01 between groups.
DISCUSSION
TCM intervention is an important strategy for NASH treatment. The philosophy of TCM theories is different from modern medicine, which emphasizes an overview of the entire situation. The lack of recognized drugs is largely attributed to the complicated pathological mechanisms of NASH, and decades of works on exploring NASH drugs highlight that single target medicines are difficult to solve all problems (Friedman et al., 2018). The prescriptions with more than one medicinal that based on TCM theory have been widely used in Asian regions. In recent years, accumulating evidence has demonstrated the beneficial role of Chinese prescriptions in the treatment of NAFLD and NASH. HZRG prescription has been made as standard granules form, which is prescribed for NAFLD patients for decades. In the current study, we found that HZRG ameliorates the NASH phenotype induced by MCD diet feeding, the beneficial effects of HZRG are related to the modulation of gut dysbiosis and fecal BA excretion via inhibit IBAT expression (Figure 7).
[image: Figure 7]FIGURE 7 | Graphic summary of the study.
HZRG is composed of 16 medicinal species that contain more than 100 ingredients. At this stage our analysis provides detailed qualitive analysis of the diversity of phytochemicals present. Any future clinical study should provide quantitative data on major constituents in the formula and perhaps information on their pharmacokinetics. According to TCM theory, the prescription is designed to clear Damp-Heat, while the best way to discard the pathogen is to promote their excretion. Analysis of HZRG revealed that the formula is rich in flavonoids, alkaloid and benzene, which were with low bioavailability, indicating the compounds might be abundantly detained in the intestine. Actually, the therapeutic effects of a series of TCM formulas are reported to be associated with the modulation of gut microbiota. Consistently, we found that HZRG modulated the gut dysbiosis, decreased the Firmicutes/Bacteroidetes (F/B) ratio in NASH mice. The F/B ratio increase is a feature of metabolic diseases, and regimens decreasing the ratio are reported to reverse the dysfunction (Spychala et al., 2018). The abundance of Atopobiaceae is reported to be associated with multidrug-resistant organism colonization in nursing home residents (Ducarmon et al., 2021). Enrichment of Erysipelotrichaceae, Erysipelotrichaceae, and Streptococcaceae was found in inflammatory bowel disease, obesity, NAFLD patients and animals, whereas decrease their abundant is associated with the alleviation of colitis (Lupp et al., 2007; Etxeberria et al., 2015; Monk et al., 2016; Sookoian et al., 2020). Consistently, we found that abundance of these pathogenic bacteria was all increased in NASH mice, where HZRG intervention significantly decreased their enrichment. HZRG specifically increased the enrichment of Lactobacillaceae, Bifidobacteriaceae, Clostruduaceae, Chostridiales VadinBB60 group, Corynebacteriaceae, Solanales, Propionibacteriaceae, Micrococcaceae, and Satphylococcaceae. The secondary BAs are formed from primary BAs, and numerous bacterial genera in the gut are involved in the BA transformation. Bacteroides, Clostridium, Lactobacillus, and Bifidobacterium are confirmed to carry out the deconjugation, oxidation and epimerization of BAs, and subsequently, Bacteroides, Clostridium, Eubacterium, Lactobacillus and Escherichia convert the unconjugated CDCA and CA into the secondary LCA and DCA (Ridlon et al., 2006). In our study, we noticed the increase of bacterial genera that contributes to secondary BA formation in HZRG treatment mice, which was consistent with the fecal BA profile.
Ileal BA transport is an efficient system, accounting for 95% intraluminal BA reabsorption at the terminal ileum. IBAT, also known as apical sodium-dependent bile acid transporter (ASBT), and SLC10A2, is mainly expressed in the apical membrane of ileal enterocytes. IBAT determines the size of the BA pool and regulates the homeostasis of lipid metabolism. By reducing gut-derived BAs entering the liver, IBAT inhibitors may potentially reduce the liver damage in cholestatic liver disease, and IBAT inhibitors, such as maralixibat and odevixibat, are in clinical programs for treating pediatric cholestatic liver diseases (Karpen et al., 2020). In diet-induced NAFLD mice, IBAT inhibitor IMB17-15 is reported to alter the intestinal BA composition and mediate intestinal FGF15/19 pathway, which contributes to the improvement of NAFLD phenotype in mice (Ge et al., 2019). Another IBAT inhibitor SC-435 is found to significantly reduce the liver fat of NAFLD mice, which is associated with liver FXR activation and lipid synthesis inhibition (Rao et al., 2016; Rao et al., 2020). Thus, IBAT inhibition presents as a new type of treatment strategy for NASH and related complications. In comparison to the currently under-testing FXR agonist obeticholic acid on NASH, specific inhibition of IBAT may reduce itching and other side effects (Li and Chiang, 2020).
The secondary BAs LCA and DCA are hydrophobic and unconjugated, and considered to be cytotoxic, which are related to intestinal barrier damage and liver cell injury. It is reported that the excretion of the LCA and DCA in feces is increased upon the application of IBAT inhibitor volixibat. Consistently, obese and overweight adults who orally take volixibat showed improved dyslipidemia accompanied by increased fecal BA excretion (Salic et al., 2019). Inhibition of IBAT also leads to increased BA delivery to the colon, which accelerates colonic transit and increases colonic secretion, thus regarded as a promising regimen for chronic constipation (Chedid et al., 2018). In the present study, we found that HZRG obviously suppressed the expression of IBAT in the intestine, and simultaneously reduced the expression of MRP2/3 and OSTα/β, the molecules that control BA transport back the portal vein.
BAs obtain potential cytotoxic effects on extra-hepatic tissues. The enterohepatic circulation functions to safely store and then promptly deliver BAs in high concentration to the intestinal lumen for digestion and absorption of lipids. The gut microbiota dysbiosis promoted BA homeostasis disbalance, characterized by the accumulation of LCA and DCA in feces (Guo et al., 2021). Dysregulated expression of the ASBT and OSTα/β may lead to BA accumulation and injury in liver epithelial cells. Higher levels of intestinal secondary BAs (DCA and LCA) are associated with the down-regulation of tight junction proteins, indicating that DCA and LCA impair gut barrier function (Pi et al., 2020). ASBT knockout mice showed more than 5-fold fecal BA excretion, reduced whole body BA pool size, and altered BA pool composition. Inactivation of OSTα in mice demonstrated the almost same extent of BA pool size as ASBT knockout mice (Dawson et al., 2003; Rao et al., 2008). Loss-of-function ASBT mutations in humans yield a classical primary BA malabsorption phenotype without ileal histological changes, suggesting IBAT inhibition potentiates protective effects on the intestinal environment (Oelkers et al., 1997).
The alteration of BAs may also regulate the intestinal immune response (Wang et al., 2021b). Interleukin -17 is a main pro-inflammatory cytokine involved in gut dysbiosis, and this role is highlighted by recent data indicating that the IL-17/IL-17R axis drives intestinal neutrophil migration, limits gut dysbiosis and attenuates LPS translocation to the circulation and tissue, resulting in protection to high-fat diet-induced mice (Perez et al., 2019). Actually, there is a previous study emphasizing the IL-17 role in this setting. Specifically, the association found between the amount of visceral fat and circulating levels of eotaxin on the one hand, and intima-media thickness on the other, could reinforce the hypothesis that IL-17, released by the visceral adipose tissue, induces eotaxin secretion via the smooth muscle cells present in the atheromatosus vessels of patients suffering from obesity-related NAFLD (Tarantino et al., 2014). Therefore, the role of BAs in maintaining the IL-17/IL-17R axis is also contribute to the protection effects of HZRG on NASH.
In conclusion, the current study demonstrates that HZRG treatment counteracts MCD-induced liver steatosis and inflammation, the beneficial effects of HZRG are associated with the modulation of gut dysbiosis and promotion of fecal BA excretion (Figure 7). Our findings expand the current knowledge of microbiota-BA interaction, and provide evidence that HZRG administration reduces pathogenic microbiota, enhances fecal BA excretion, and reduces secondary BA accumulation in the intestine.
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GLOSSARY
BA bile acid
CYP7A1 cholesterol 7α-hydroxylase
CYP27A1 sterol-27-hydroxylase
CDCA Chenodeoxycholic acid
CA Cholic acid
CYP8B1 sterol 12α-hydroxylase
MCAs muricholic acids
LCA ithocholic acid
DCA deoxycholic acid
HCA hyocholicacid
HDCA hyodeoxycholic acid
IBAT ileal bile acid transporter
TCM Traditional Chinese medicine
MCD methionine-and choline-deficient
CMC-Na carboxymethyl cellulose sodium
H&E hematoxylineosin
ORO Oil Red O
ALT alanine aminotransferase
AST aspartate aminotransferase
TNF-α tumor necrosis factor-alpha
TG triglyceride
TC total cholesterol
RT-qPCR Real-time quantitative PCR
PCoA principal coordinates analysis
OSTβ organic solute transporter subunit β
MRP2 Multidrug Resistanceassociated Protein 2
MRP3 Multidrug Resistanceassociated Protein 3
NF-kB nuclear factor-kappaB
IL-1β Interlukin-1 beta
F/B Firmicutes/Bacteroidetes
ASBT apical sodium-dependent bile acid transporter
SLC10A2 Solute Carrier Family 10 Member 2
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Introduction: Glucose and lipid metabolism disturbances has become the third major disease after cancer and cardio-cerebrovascular diseases. Emerging evidence shows that berberine can effectively intervene glucose and lipid metabolism disturbances, but the underlying mechanisms of this remain unclear. To investigate this issue, we performed metagenomic and metabolomic analysis in a group of normal mice (the NC group), mice with disturbances in glucose and lipid metabolism (the MC group) and mice with disturbances in glucose and lipid metabolism after berberine intervention (the BER group).
Result: Firstly, analysis of the clinical indicators revealed that berberine significantly improved the blood glucose and blood lipid of the host. The fasting blood glucose level decreased by approximately 30% in the BER group after 8 weeks and the oral glucose tolerance test showed that the blood glucose level of the BER group was lower than that of the MC group at any time. Besides, berberine significantly reduced body weight, total plasma cholesterol and triglyceride. Secondly, compared to the NC group, we found dramatically decreased microbial richness and diversity in the MC group and BER group. Thirdly, LDA effect size suggested that berberine significantly altered the overall gut microbiota structure and enriched many bacteria, including Akkermansia (p < 0.01), Eubacterium (p < 0.01) and Ruminococcus (p < 0.01). Fourthly, the metabolomic analysis suggested that there were significant differences in the metabolomics signature of each group. For example, isoleucine (p < 0.01), phenylalanine (p < 0.05), and arbutin (p < 0.05) significantly increased in the MC group, and berberine intervention significantly reduced them. The arbutin content in the BER group was even lower than that in the NC group. Fifthly, by combined analysis of metagenomics and metabolomics, we observed that there were significantly negative correlations between the reduced faecal metabolites (e.g., arbutin) in the BER group and the enriched gut microbiota (e.g., Eubacterium and Ruminococcus) (p < 0.05). Finally, the correlation analysis between gut microbiota and clinical indices indicated that the bacteria (e.g., Eubacterium) enriched in the BER group were negatively associated with the above-mentioned clinical indices (p < 0.05).
Conclusion: Overall, our results describe that the changes of gut microbiota and metabolites are associated with berberine improving glucose and lipid metabolism disturbances.
Keywords: glucose and lipid metabolism disturbances, berberine, gut microbiota, metagenomics, metabolomics
INTRODUCTION
Along with dietary habits and lifestyle modifications, the incidence of many diseases related to glucose and lipid metabolism disturbances, including obesity, hyperlipidemia, non-alcoholic fatty liver disease, type 2 diabetes, and associated cardiovascular complications associated with it, has reached epidemic levels. It is reported that about 1.5 billion people worldwide suffer from metabolic syndrome yearly, which has become a global public health concern (Maifeld et al., 2021).
In recent decades, the potential role of the gut microbiota in altering host metabolism of the hosts has drawn considerable attention. The gut microbiota affects the occurrence and development of metabolic diseases through energy metabolism, immune regulation and inflammatory mechanisms (Maruvada et al., 2017). Extensive research has shown that abnormal diet structure will leads to gut microbiota dysbiosis, leading to the production of short-chain fatty acids (SCFAs), amino-acid-derived-metabolites, and microbial-derived neurotransmitters, resulting in reduced insulin secretion, elevated blood glucose levels, metabolic endotoxemia, and finally metabolic diseases (Fan and Pedersen, 2021). It has previously been observed that, in obese individuals, there are obvious changes in gut microbiota, such as the Mollocutes class of the Firmicutes, which were significantly increased, and Akkermansia, Faecalibacterium, Oscillibacter, and Alistipes, which significantly decreased (Wu et al., 2021). It has also been found that Bacteroides caccae, Escherichia coli, Desulfovibrio, Lactobacillus gasseri, Streptococcus mutans, and Hemophilus parainfluenzae are associated with insulin resistance or type 2 diabetes, wheras Clostridium, Eubacterium rectale, Roseburia, Verrucomicrobiaceae, and Faecalibacterium prausnitzii have antidiabetic effects (Hartstra et al., 2015). More importantly, through faecal microbiota transplants, the gut microbiota has been implicated in the pathogenesis of metabolic syndromes. Transplanting the gut microbiota of thin individuals into obese individuals with metabolic syndrome can improve insulin sensitivity, increase the diversity of gut microbiota and enrich the butyrate-producing bacteria, to alleviate the symptoms of obesity (Vrieze et al., 2012).
Additionally, whether the metabolites can play a regulatory role in glucose and lipid metabolism disturbances has also attracted the attention of researchers. Recently, studies have found that human samples with metabolic disturbances show dysregulation of lipolysis, fatty acid oxidation, amino acid and ketone production, as well as changes in triglyceride, phospholipid and trimethylamine oxide levels (Zhang et al., 2015a; Org et al., 2017; Fiamoncini et al., 2018; Surowiec et al., 2019). The end-product of microbial fermentation, SCFAs (such as butyric acid, propionic acid, and acetic acid), can increase satiety and browning of white adipose tissue, reduce fat production, and participate in the maintenance of intestinal barrier function. Branched-chain amino acids (BCAAs), such as valine, isoleucine, and leucine, can increase heat production and protein synthesis, which is related to insulin resistance and deposition of fatty material in the vasculature. Disorder of bile acid metabolism is associated with fatty degeneration of the liver and disturbances in glucose and lipid metabolism. Tryptophan metabolism disorder is related to inflammatory pathogenesis of the liver, fatty degeneration of the liver, and insulin resistance (Agus et al., 2021). Thus, we speculate that the regulation of the gut microbiota (including its structure, composition, and function) and metabolites may provide a new strategy for the treatment of glucose and lipid metabolism disturbances.
Studies have shown that metformin, a first-line remedy for the treatment of diabetes, alters the gut microbiota structure of patients with glucose and lipid metabolism disturbances, such as enriching the bacteria which can produce SCFAs (Forslund et al., 2015). Compared with non-diabetic patients, diabetic patients on metformin had a higher relative abundance of Akkermansia muciniphila, a few gut microbiota associated with SCFAs production (including Butyrivibrio, Bifidobacterium bifidum, Megasphaera), and an operational taxonomic unit of Prevotella (de la Cuesta-Zuluaga et al., 2017). Most recently, many lines of seminal evidence, demonstrated for the first time that berberine, an active ingredient of Coptis chinensis Franch., can effectively interfere with diseases such as glucose and lipid metabolism disturbances by regulating the structure of the gut microbiota and improving intestinal microecology. Berberine can improve insulin resistance and anti-obesity effects by upregulating the number of bacteria producing SCFAs and downregulating the number of bacteria producing BCAAs (Dai et al., 2011). Previous studies have shown that Gegen Qinlian decoction and its components berberine can regulate intestinal mucosal immunity and glucose and lipid metabolism, reduce systemic and islet local inflammation levels, and improve insulin resistance by enriching the bacteria producing butyric acid (such as Faecalibacterium and Roseburia), thus relieving type 2 diabetes mellitus. The effect of berberine on glucose metabolism compared with metformin was previously established by other authors, and we chose a single statistically significant effective dose to study the complicated gut microbial and metabolomic changes that require expensive and time-consuming analyses (Yin et al., 2002; Xu et al., 2020).
To date, limited studies have indicated a direct association between the gut microbiota and berberine intervention on glucose and lipid metabolism disturbances. Several important gaps in knowledge remain unexplored, such as less in-depth research on berberine regulation of host glucose and lipid metabolism from the perspective of gut microbiota and metabolites, and the relevant targets of drugs acting on metabolic pathways are not clear. Therefore, this study sought to observe the gut microbiota and metabolites related to glucose and lipid metabolism disturbances and berberine’s effections by metagenomic sequencing and metabolomic analysis of the NC, MC, and BER groups, and to further, probe the possible mechanism of berberine-mediated regulation metabolism by interfering with gut microbiota and metabolites in mice with disturbances in glucose and lipid metabolism.
RESULTS
Effects of Berberine on Host Metabolism
We analyzed clinical data from the NC, MC, and BER groups, as shown in Supplementary Table S1. The baseline variables showed no significant differences among the three groups. The fasting blood glucose level decreased by approximately 30% in the BER group compared with that in the MC group after 8 weeks. At 12 weeks, the fasting blood glucose level in the BER group were very close to those in the NC group (Figure 1A). The oral glucose tolerance test showed that the blood glucose level of the BER group was lower than that of the MC group at any time and even after 60 min the value was lower than that of the NC group (Figure 1B). In addition, berberine significantly reduced the weight of mice with disturbances in glucose and lipid metabolism at 7 weeks. The weight of mice in the BER group was similar to the NC group at 14 weeks of intervention. (Figure 1C). It is worth noting that berberine significantly reduced total plasma cholesterol (TC) and triglyceride (TG) (p < 0.0001), which were, lower than those in the NC group (Figures 1D,E). However, there were no significant differences between the three groups in high-density lipoprotein and low-density lipoprotein levels (Supplementary Figures S1A,B).
[image: Figure 1]FIGURE 1 | Berberine improves glucose and lipid metabolism. (A) fasting blood glucose (FBG). (B) oral glucose tolerance test (OGTT) after 14 weeks of treatment. (C) weight. (D) total plasma cholesterol (TC). (E) triglyceride (TG). Data are presented as means ± standard errors of the means (SEM). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
This is a rather significant result indicating that berberine can effectively reduce host blood glucose, TC, TG, and weight loss.
Structural Changes of Gut Microbiota in Each Group
The abundance and composition of the gut microbiota were observed by metagenomic sequencing of mice faecal samples to explore the characteristics of the gut microbiota in mice with disturbances in glucose and lipid metabolism and changes in the gut microbiota after berberine intervention. The species accumulation curves show that within a certain range, with a gradual increase in samples, more gut microbiota species can be found, and the curves show an upward trend. Subsequently, the curve was neariy smooth, indicating that the samples were sufficient to accurately reflect the species composition of the bacterial community (Figure 2A). The genus level of the relative abundance bar plot intuitively shows significant differences in gut microbiota composition among the NC, MC, and BER groups (Figure 2B).
[image: Figure 2]FIGURE 2 | Decreased diversity and gut microbiota structure altered in the MC group and BER group. (A) The species accumulation curves. The abscissa represents the number of samples, and the ordinate represents the number of species after sampling. (B) The genus level of the relative abundance barplot. It shows the top 20 species composition of each sample, while the sum of the abundance of species other than the top 20 is represented in black. (C) Box chart of the Shannon-Wiener index and Simpson index. *0.01 < p < 0.05; **p < 0.01. (D) Principal-component analysis plot.
Species diversity analysis was performed to characterize the bacterial richness. The median and quartile of the Shannon-Weiner and Simpson indices showed that the α diversity at the genus level was much lower in the MC and BER groups (NC vs. MC, p < 0.01; NC vs. BER, p < 0.01), and the α diversity of gut microbiota in the BER group decreased significantly compared with the MC group (BER vs. MC, p < 0.01) (Supplementary Table S2, Figure 2C). To determine whether berberine affects the gut microbiota of mice with disturbances in glucose and lipid metabolism, we carried out a principal component analysis based on the bacterial abundance of the gut microbiota. As expected, the results showed that the gut microbiota in the NC, MC, and BER groups had an obvious clustering trend (Figure 2D). Compared with the NC group, there were significant changes in the structure of the gut microbiota in the MC group, and there were also striking differences in the structure of the gut microbiota between rhe MC and BER groups.
Collectively, these results support our hypothesis that berberine plays an important role in gut microbiota remodelling induced by disturbances in glucose and lipid metabolism.
Locating the Key Gut Microbiota of Berberine in the Intervention of Glucose and Lipid Metabolism Disturbances
To further explore the differences in bacteria species, LEfSe (LDA Effect Size) software was used to analyze the relative abundance of gut microbiota between the NC, MC, and BER groups and to locate the key gut microbiota of berberine in the intervention of glucose and lipid metabolism disturbances (Figure 3A). We observed that the relative abundance of some bacteria in the NC group was higher than that in the other groups (LEfSe: LDA>2.5), mainly Bacteroides (e.g., s_Bacteroidales_bacterium_M9, s_Bacteroidales_bacterium_M1, and s_Bacteroidales_bacterium_M5), Lactobacillus (e.g., Lactobacillus murinus and Lactobacillus johnsonii), and Prevotella (e.g., s_Prevotella_sp_CAG_1031). In the MC group, Lactococcus (e.g., Lactococcus lactis and s_Lactococcus_phage_bIL310), Porphyromonas (e.g., s_Porphyromonas_sp_31_2), Holdemania (e.g., s_Holdemania_massiliensis), and Enterorhabdus (e.g., s_Enterorhabdus_caecimuris) were more abundant (LEfSe: LDA>2.5). Akkermansia (e.g., Akkermansia muciniphila, s_Akkermansia_sp_UNK_MGS_1,and s_Akkermansia_muciniphila_ CAG_154), Eubacterium (e.g., s_Eubacterium_sp_UNK_MGS_25 and s_Eubacterium_sp_UNK_MGS_26), and Ruminococcus (e.g., s_Ruminococcaceae_bacterium_585_1, s_Ruminococcaceae_ bacterium_cv2, and s_Ruminococcaceae_bacterium_668), were enriched in the BER group (LEfSe: LDA>3).
[image: Figure 3]FIGURE 3 | Abundance of differential species in each group. (A) LEfSe differential species plot. (B) Relative abundance box plot of dominant species in each group. Boxes represent the interquartile ranges, lines inside the boxes denote medians, and signs indicate mean value.
The relative abundances of the top 20 species enriched in the BER, MC, and NC groups are shown in Figure 3B. As shown in the figure, s_Bacteroidales_bacterium_M9 (p < 0.01), s_Bacteroidales_bacterium_M1 (p < 0.01), s_Bacteroidales_bacterium_M5 (p < 0.01), and Lactobacillus murinus (p < 0.01) were enriched in the NC group. Compared with the NC and BER groups, Lactococcus lactis (p < 0.01) and s_Lactococcus_phage_bIL310 (p < 0.01) were enriched in the MC group. Moreover, in contrast to the NC and MC groups, the abundance of gut microbiota such as Akkermansia muciniphila (p < 0.01), s_Akkermansia_sp_UNK_MGS_1 (p<0.01), s_Akkermansia_muciniphila_CAG_154(p<0.01), s_Eubacterium _sp_UNK_MGS_25(p<0.01), s_Eubacterium_sp_UNK_MGS_26 (p < 0.01), s_Ruminococcaceae_bacterium_585_1 (p < 0.01), s_Ruminococcaceae_bacterium_cv2 (p < 0.01), and s_Ruminococcaceae_bacterium_668 (p < 0.01) in the BER group was significantly increased.
Altogether, these results indicate that an increase in Lactococcus, Porphyromonas, Holdemania, and Enterorhabdus is the most important feature of gut microbiota dysbiosis in mice with disturbances in glucose and lipid metabolism. In addition, these findings highlighted the possibility of Akkermansia, Eubacterium, and Ruminococcus as the key genera associated with berberine’s interference with glucose and lipid metabolism disturbances.
Functional Alteration in the Gut Microbiota of NC, MC, and BER
Changes in the gut microbiota structure are often accompanied by changes in intestinal microbial function. To clarify the functional characteristics of gut microbiota in mice with disturbances in glucose and lipid metabolism and the effect of berberine, we evaluated gut microbial functions across groups using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Principal component analysis (PCA) based on KEGG orthology revealed striking differences in microbial functions in the first principal component among the NC, MC, and BER groups (Figure 4A). We observed that compared with the NC group, the gut microbiota function of mice with disturbances in glucose and lipid metabolism had significant changes, and berberine could affect it (Supplementary Figure S1C). The KEGG level 1 pathway analysis revealed BER-induced changes (Figure 4B). The relative abundances of KOs associated with metabolism and environmental information processing significantly increased after the model mice were fed berberine. The KEGG level 2 bar plot showed that compared with the NC group, bacterial genes associated with glucose, lipid, amino acid and energy metabolisms, metabolism of cofactors and vitamins, and glycan biosynthesis and metabolism increased significantly in the MC group, whereas bacterial genes associated with cell motility were significantly reduced. In addition, compared with the MC group, bacterial genes associated with glucose, lipid, and amino acid metabolisms, membrane transport, and signal transduction were significantly increased after berberine intervention, whereas those associated with the biosynthesis of other secondary metabolites were significantly decreased (Figure 4C). Although functional annotation analyses are predictive, they indicate that impairment of glucose and lipid metabolism disturbances may evoke a disease-linked state by interfering with physiologic and metabolic functions.
[image: Figure 4]FIGURE 4 | Microbial gene functions annotation in each group. (A) PCA based on the relative abundance of KEGG orthology groups in samples. (B) Abundance classification plot of level 1 in each group. (C) Abundance classification plot of level 2 in each group.
Effect of Berberine on Faecal Metabolomics in Mice With Disturbances in Glucose and Lipid Metabolism
Given the above, metagenomic functional annotation analysis revealed that berberine could alter the gut microbiota function of mice with disturbances in glucose and lipid metabolism. We further used gas chromatography-mass spectrometry to detect the metabolomics of faecal samples.
PCA (Supplementary Figure S2A), partial least-squares discriminant analysis (PLS-DA) (Supplementary Figure S2B) and orthogonal partial least-squares discriminant analysis (OPLS-DA) (Supplementary Figure S2C) were performed on faecal metabolites in the NC and MC groups. The compositional changes in faecal metabolites in the mice involved 202 significantly different analytes between the two groups (Supplementary Figure S2D). PCA (Supplementary Figure S2E), PLS-DA (Supplementary Figure S2F) and OPLS-DA (Supplementary Figure S2G) were performed on faecal metabolites in the NC and BER groups. The compositional changes in faecal metabolites in the mice involved 213 significantly different analytes between the two groups (Supplementary Figure S2H). PCA (Supplementary Figure S2I), PLS-DA (Supplementary Figure S2J) and OPLS-DA (Supplementary Figure S2K) were performed on faecal metabolites in the MC and BER groups. The compositional changes in faecal metabolites in the mice involved 50 significantly different analytes between the two group (Supplementary Figure S2L).
Next, we refined the multigroup differential metabolite analysis (Supplementary Figure S1D). Notably, differential metabolites such as isoleucine, phenylalanine, and arbutin were the key points of our attention, because these metabolites are closely related to the gut microbiota. Accordingly, isoleucine (p < 0.01), phenylalanine (p < 0.05), and arbutin (p < 0.05) were significantly increased in mice with disturbances in glucose and lipid metabolism, and berberine intervention significantly reduced them. The arbutin content in the BER group was even lower than that in the NC group (Figures 5A–C).
[image: Figure 5]FIGURE 5 | Metabolomic characteristics of the NC group, MC group and BER group. (A,B,C) Boxplot of differential metabolites.
Through metabolic pathway analysis of differential metabolites, including enrichment analysis and topological analysis of the pathway in which the differential metabolites are located, we can further screen out the pathway with the highest differential correlation with the metabolites. The differential metabolites among the MC, NC, and BER groups were significantly related to the phenylalanine, tyrosine and tryptophan biosynthesis and glycolysis/gluconeogenesis pathway.
These compounds may be derived from gut microbiota or their fermented products. To explore this idea, the relationship between metabolites and bacteria was examined by correlation analysis.
Association Analysis Between Metagenomics and Metabolomics
To illustrate the relationship between faecal metabolites and gut microbiota in mice with disturbances in glucose and lipid metabolism, and the internal relationship between the representative metabolites and the enrichment genera after berberine intervention, the metabolomic and metagenomic data were further analyzed.
MaAsLin analysis (NC group vs. MC group) results showed that enriched isoleucine was positively correlated with Lactococcus (e.g., s_Lactococcus_phage_bIL310) (q < 0.05), and Porphyromonas (e.g., s_Porphyromonas_sp_31_2) (q < 0.01) in the MC group, whereas the metabolites were significantly negatively linked to a variety of bacteria in the NC group, such as Bacteroides (e.g., s_Bacteroidales_bacterium_M9 and s_Bacteroidales_bacterium_M5) (q < 0.01) (Figure 6A). Additionally, in the heat map based on Spearman’s correlation analysis (MC group vs. BER group), we found that arbutin, a significantly reduced metabolite in the BER group, was negatively correlated with a variety of bacteria enriched in the BER group, such as Eubacterium (e.g., s_Eubacterium_sp_UNK_MGS_25 and s_Eubacterium_sp_UNK_MGS_26) (p < 0.05) and Ruminococcus (e.g.,s_Ruminococcaceae_bacterium_585_1, s_Ruminococcaceae_ bacterium_cv2, and s_Ruminococcaceae_bacterium_668) (p < 0.05). In contrast, the above metabolites were significantly positively linked to the bacteria enriched in the MC group, such as Porphyromonas (e.g., s_Porphyromonas_sp_31_2) (p < 0.01) (Figure 6B).
[image: Figure 6]FIGURE 6 | Association analysis between metagenomics and metabolomics. (A) Maslin analysis heat map of bacteria and metabolites (NC group vs. MC group). +q < 0.05; *q < 0.01. (B) Heat map of correlation between differential species and differential metabolites (BER group vs. MC group). +p < 0.05; *p < 0.01.
Collectively, these findings provide novel evidence that the changes in faecal metabolites in mice with disturbances in glucose and lipid metabolism were significantly related to the changes in the gut microbiota, and there was a correlation between specific faecal metabolites and the enrichment of gut microbiota in mice with disturbances in glucose and lipid metabolism after berberine intervention.
Associations of Gut Microbial Species With Clinical Indices
Spearman’s correlation analysis was used to explore the correlation between gut microbiota composition and clinical features in mice (Figure 7). The results demonstrated that Lactococcus(e.g.,Lactococcuslactis and s_Lactococcus_phage_ bIL310)(p<0.05),Porphyromonas(e.g., s_Porphyromonas_sp_31_ 2) (p < 0.01), Holdemania (e.g., s_Holdemania_massiliensis) (p < 0.05) and Enterhabdus (e.g., s_Enterorhabdus_caecimuris) (p < 0.01) that were significantly enriched in the MC group were positively correlated with body weight and the area under the curve during oral glucose tolerance test, TG, TC, and Eubacterium(e.g.,s_Eubacterium_sp_UNK_MGS_25, s_Eubacterium_ sp_UNK_MGS_26) (p < 0.05) that were significantly enriched in the BER group were negatively correlated with the area under the curve during oral glucose tolerance test, TG, TC and body weight.
[image: Figure 7]FIGURE 7 | Correlation between structural characteristics of gut microbiota and clinical characteristics in each group. AUC, area under the curve (AUC) during OGTT; TG, triglycerides; TC, total cholesterol; LDL, low-density lipoprotein; HDL, high-density lipoprotein.
DISCUSSION
The conditions used in this study showed similar results to dose-response studies, which indicated that berberine has hypoglycemic and lipid-lowering effects. The blood glucose, TC, TG, and bodyweight of the mice decreased after berberine intervention. Our results indicated that the beneficial effects of berberine on glucose and lipid metabolism disturbances were associated with changes in the gut microbiota and metabolites. Based on metabolomic and metagenomic analyses, we observed significant dysbiosis of gut microbiota in the MC group. Berberine could improve glucose and lipid metabolism disturbances by regulating gut microbiota and metabolites. Firstly, it seems that at the genus level, the α-diversity of the MC and BER groups was significantly lower than that of the NC group, which means that glucose and lipid metabolism disturbances can reduce the diversity of gut microbiota. Meanwhile, compared with the MC group, the species diversity of the gut microbiota in the BER group decreased significantly. It is worth mentioning that berberine significantly downregulated the diversity and abundance of the gut microbiota in mice with disturbances in glucose and lipid metabolism, which may be explained by the fact that it is a natural antibacterial agent (Han et al., 2020) and inhibits bacteria associated with diseases. Our finding, berberine reduced gut microbiota diversity, is consistent with previous reaserches (Zhang et al., 2015b; Xu et al., 2017). The PCA and the relative abundance bar plot of gut microbiota indicated that the composition of gut microbiota in each group was significantly different, implying that berberine could not completely reverse the gut microbiota structure in mice with disturbances in glucose and lipid metabolism in the current study, which may be related to the short intervention period, or the inhibition of diseases related bacteria. In particular, based on LEfSe differential analysis of species, we observed that the increasein Lactococcus, Porphyromonas, Holdemania, and Enterorhabdus was the most important feature of gut microbiota in the MC group, and Akkermansia, Eubacterium, and Ruminococcus were the three pivotal genera of berberine that improved glucose and lipid metabolism disturbances. Concomitant with the alteration of the gut microbial composition, we observed a dysbiosis in bacterial gene functions. Functional differences in the gut microbiota between the NC, MC, and BER groups mainly existed in glucose, lipid, and amino acid metabolisms. Moreover, based on metabolomic analysis and its combined analysis with metagenomic, we found that the faecal metabolomic characteristics in the MC and BER groups changed significantly, and the association between the representative metabolites and specific bacteria should not be ignored. The metabolomic analysis results suggested that the contents of isoleucine, phenylalanine, and arbutin in the MC group were upregulated. The three metabolites, particularly arbutin, were significantly downregulated after berberine intervention. The arbutin content of the BER group was lower than that of the NC group. Correlation analysis showed that the level of isoleucine was positively correlated with Lactococcus and Porphyromonas in the MC group, and negatively correlated with Bacteroides in the gut microbiota of the NC group. The level of arbutin was negatively correlated with Eubacterium and Ruminococcus in the BER group, and positively correlated with Porphyromonas in the gut microbiota of the MC group. Finally, one of the most significant findings of this study is that the bacteria enriched in the MC group (e.g., Lactococcus, Porphyromonas, Holdemania, and Enterhabdus) were positively correlated with body weight, blood glucose, TG and TC. The bacteria enriched in the BER group (e.g., Eubacterium) were negatively correlated with the above-mentioned clinical indices.
By analyzing the metagenomic results, we found that the relative abundance of gut microbiota such as Bacteroides, Lactobacillus, and Prevotella in the NC group was higher than that in the other groups. Consistent with the results of this study, previous studies have revealed that the enrichment of these three bacteria has a protective effect against glucose and lipid metabolism disturbances. Genera such as Akkermansia and Clostridiales were overrepresented in individuals with type 2 diabetes mellitus, whereas Bacteroides, Clostridium, and Prevotella decreased (Shapiro et al., 2018). Additionally, recent studies have found that Lactobacillus, as a probiotic, has a strong glycolysis ability (Newman et al., 2020; Rodrigues et al., 2021). Accumulating evidence suggests that the gut microbiota contributes to the development of glucose and lipid metabolism disturbances. Thus, characterization of the gut microbiota in glucose and lipid metabolism disturbances and identification of microbial therapeutic targets are warranted. We found that the increase in Lactococcus, Porphyromonas, Holdemania, and Enterrhabdus is the most important feature of the gut microbiota in mice with disturbances in glucose and lipid metabolism. Previous studies have suggested that these four genera are closely related to disturbances in glucose and lipid metabolism. For example, Streptococcus sp. and Lactococcus sp. are abundant in the gut microbiota of infants with type 1 diabetes mellitus (Stewart et al., 2018). It was originally reported that compared with the control group, participants who developed type 2 diabetes had a higher abundance of Roseburia hominis, Porphyromonas bennonis and unclassified Paraprevotella (Wang et al., 2021), and it has been reported that the Holdemanella genus showed a positive association with the android fat ratio in men (Min et al., 2019). Moreover, a previous study reported that the relative abundance of Enterhabdus was significantly positively correlated with obesity (Li et al., 2019). Our results are consistent with those of previous studies, indicating that glucose and lipid metabolism disturbances may be related to the enrichment of Lactococcus, Porphyromonas, Holdemania, and Enterhabdus.
Notably, our study provides direct evidence that berberine can improve gut microbiota dysbiosis in mice with disturbances in glucose and lipid metabolism. As shown by our data, Akkermansia, Eubacterium, and Ruminococcus in mice with disturbances in glucose and lipid metabolism increased significantly after berberine intervention, indicating that these genera may be involved in berberine’s improvement of glucose and lipid metabolism disturbances. It has been documented that Ruminococcus is an important acetate-producing bacteria in the gut (Moreno-Navarrete et al., 2018). Akkermansia is considered a new biomarker of intestinal health and can improve obesity and glucose homeostasis by secreting glucagon-like peptide-1-inducing protein (Yoon et al., 2021). Until now, Akkermansia is associated with a reducion in intestinal inflammation, improvement in impaired glucose tolerance, dyslipidemia and insulin resistance, and alleviation of type 2 diabetes mellitus (Bodogai et al., 2018; Foley et al., 2018; Nie et al., 2019; Gurung et al., 2020). In agreement with our findings, previous studies have revealed that berberine can significantly improve obesity and diabetes by enriching Akkermansia and Ruminococcus. Evidence suggests that both dihydroberberine and berberine can enrich Akkermansia (Li et al., 2020). Berberine reduced the richness and diversity of gut microbiota but increased the abundance of beneficial genera such as Bacteroides, Bifidobacteria, Lactobacillus, and Akkermansia (Fang et al., 2021). Researchers have also shown that berberine intervention can increase the abundance of Ruminococcus and improve obesity and inflammatory responses induced by a high-fat diet (Zhang et al., 2012). Earlier studies have shown that Eubacterium is a representative genus that produces butyrate, which can alleviate intestinal inflammation, type 2 diabetes mellitus and obesity symptoms by producing SCFAs (Louis et al., 2014; Mukherjee et al., 2020). However, whether berberine improve glucose and lipid metabolism disturbances is associated with the enrichment of Eubacterium in the gut requires further in‐depth verification.
Analysis of faecal metabolomics revealed that isoleucine, phenylalanine and arbutin levels increased significantly in the MC group. Further studies are warranted to delineate phenylalanine, tyrosine, and tryptophan biosynthesis and glycolysis/gluconeogenesis metabolic pathways, which were the most correlated pathways of differential metabolites in mice with disturbances in glucose and lipid metabolism. Previous studies have indicated that isoleucine, a BCAA is positively correlated with insulin resistance, obesity and diabetes (Tillin et al., 2015; Gannon et al., 2018). Recent studies have shown that amino acid metabolism-related pathways involved in the biosynthesis of phenylalanine, tyrosine and tryptophan are highly enriched in obese individuals (Liu et al., 2017), and the abundance of the glycolysis/gluconeogenesis pathway is significantly increased in the gut microbiota of obese mice (Song et al., 2019). It is worth noting that the levels of faecal metabolites such as isoleucine, phenylalanine, and arbutin significantly decreased after berberine intervention. Our findings suggest that berberine’s improvement of glucose and lipid metabolism disturbances may be related to the reduced synthesis of isoleucine, phenylalanine, and arbutin, thereby regulating phenylalanine, tyrosine, tryptophan biosynthesis and glycolysis/gluconeogenesis. According to a relevant report, arbutin is a natural compound found in a number of plants, and alpha arbutin is an isomer produced by some microbial enzymes (Zhu et al., 2018). We confirmed the identity of the metabolites by LECO-Fiehn Rtx5 database information comparison, which was unable to distinguish isomers. Therefore, what we detected might be alpha arbutin. We plan to conduct further experiments in the future, using targeted metabolomics for detection and identification.
Notably, the metagenomics and metabolomics correlation analyses of our study revealed that the level of isoleucine in the MC group increased significantly, which was positively correlated with the abundance of genera enriched in the gut, such as Lactococcus and Porphyromonas. After berberine intervention, the level of arbutin in the BER group decreased, and was significantly negatively correlated with the abundance of genera enriched in the gut, such as Eubacterium and Ruminococcus. Recent studies have found that in the process of Alzheimer’s disease, dysbiosis of gut microbiota (such as an increase in the abundance of Firmicutes and Verrucomicrobia) can lead to an abnormal increase in phenylalanine and isoleucine in peripheral blood (Wang et al., 2019). Prevotella copri and Bacteroides vulgatus are involved in the synthesis and degradation of BCAAs (Pedersen et al., 2016). The increase in gut Lactococcus may be caused by high-fat feed pollution (Bisanz et al., 2019). Porphyromonas gingivalis can influence fatty acid metabolism by increasing the level of free fatty acids in mice (Wu et al., 2018). Collectively, these findings suggest that isoleucine might be related to gut microbiota such as Firmicutes, Verrucomicrobia, Prevotella copri, and Bacteroides vulgatus. Lactococcus might be associated with high-fat feed pollution, and Porphyromonas is possibly related to metabolites such as free fatty acids. However, the relationship between Lactococcus, Porphyromonas and the metabolite isoleucine has not been reported, which calls for further exploration. Lee et al. reported that primary bile acids in faeces and Ruminococcaceae were negatively correlated (Lee et al., 2020). An investigation found that Eubacterium can use lactic acid to produce butyric acid, which is conducive to the healthy and stable development of the intestinal micro-ecosystem in infants (Wopereis et al., 2018). To date, no negative correlation has been found between Ruminococcus, Eubacterium and arbutin. Further in‐depth and effective research is needed to verify and explore the results of our study.
Further analysis of the correlation between the gut microbiota and clinical indices in each group showed that the bacteria enriched in the MC group were positively correlated with body weight, blood glucose, TG, and TC. The number of bacteria enriched in the BER group was negatively correlated with these indices. This particularly encouraging finding indicated that the abnormal metabolic indicators of mice with disturbances in glucose and lipid metabolism were related to the enrichment of Lactococcus, Porphyromonas, Holdemania, and Enterhabdus, and berberine may reduce the clinical indices related to glucose and lipid metabolism by interfering with the gut microbiota in mice with disturbances in glucose and lipid metabolism (such as Eubacterium), to regulate host metabolism.
In summary, this is the first study to simultaneously detect the effects of berberine on the gut microbiota and metabolites. Since microbial and metabolic changes are highly significant, they are worth reporting and a full dosing follow-up study might be performed. Our results showed that berberine significantly improved the blood glucose, blood lipid and bodyweight of mice with disturbances in glucose and lipid metabolism. In this study, metagenomics and metabolomics were used to demonstrate that Lactococcus and Porphyromonas were significantly enriched in mice with disturbances in glucose and lipid metabolism, and the genera closely related metabolites such as isoleucine were found. More importantly, our study is the first to reveal that berberine reduces the production of arbutin and downregulates the glycolysis/gluconeogenesis metabolic pathway by enriching Eubacterium and Ruminococcaceae, thereby, decreasing clinical indices (body weight, blood glucose, TG, and TC). In conclusion, we clearly described the disordered profiles of gut microbiota and metabolites in mice with disturbances in glucose and lipid metabolism disturbances and analyzed the relationship between metabolomic changes and gut microbiota changes. Additionally, we provided important evidence that berberine causes gut microbial and metabolic changes which are correlated with improving the disturbances of glucose and lipid metabolism. Berberine is known as an AMP-activated protein kinase activator and can directly activate AMP-activated protein kinase which is a well-known antidiabetic mechanism (Yin et al., 2012). Notably, berberine-induced gut microbial and metabolic changes may also improve the disturbances of glucose and lipid metabolism, which need to be acknowledged and studied in the future. Further studies are needed to confirm these direct mechanistic effects. Our findings point towards a new strategy aimed at glucose and lipid metabolism disturbances interventions targeting the gut microbiota and provide new evidence for the potential mechanism of berberine in the treatment of glucose and lipid metabolism disturbances by restoring the homeostasis of gut microbiota. Follow-up research is still needed to test its causality further and explore the specific mechanisms involved.
METHODS
Study Design
The experiments carried out in this study were approved by the animal research ethics committee of Guang’anmen Hospital. All animal care and experiments were conducted following the provisions and regulations of the national regulations on the administration of experimental animals (China, July 2013) and the regulations of Beijing Municipality on the administration of experimental animals (Beijing, China, December 2004). In this study, male C57BL/6J mice (Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China), weighing 20–25 g, were raised in a specific pathogen-free laboratory during the whole experiment, and they can drink water freely. Mice were placed in a restricted room, the temperature was controlled at 22–25°C, and the photoperiod was 12 h of light and 12 h of darkness. C57BL/6 J mice were fed either a sterile maintenance feed (≥18% crude protein, ≥4% crude fat, ≤5% crude fiber, and ≤8% crude ash; SPF-F02-001; SPF (Beijing) Biotechnology Co., Ltd., Beijing, China) as the NC group or high fat diet (HFD; 60% energy from fat; D12492; Research Diets, Inc., New Brunswick, NJ, United states) ad libitum for 8 weeks to induce obese diabetic mice, defined as fasting blood glucose level ≥7.0 mmol/L and gaining more than 20% body weight compared to the NC group (Aye et al., 2015; Yang et al., 2016; Son et al., 2019; Son et al., 2022). Then, mice were randomized into three groups: the NC group (n = 8), the MC group (n = 8), and the BER group (n = 8). Mice in the BER group raised with distilled water (the same water as the NC group and MC group) and administered with berberine (200 mg/kg). The weight of mice was measured every week. After the experiment, the mice fasted overnight, underwent cervical dislocation, and then examined the glucose and lipid metabolism.
Stool Sample Collection and DNA Extraction
Stool samples freshly collected from each mouse were immediately frozen at −20°C, transported to the laboratory with an ice pack, and frozen in the refrigerator at −80°C. Bacterial DNA was extracted at Real Biotechnology Co., Ltd using DNA Stool Kit (Qiagen Bioinformatics Co., Ltd, Hilden, Germany) according to the manufacturer’s recommendations.
Metagenomic Sequencing
All samples were sorted using the Illumina HiSeq 4000 platform (Illumina, Inc., United states). A paired‐end library was constructed using 500 bp as the insert of each sample. The quality of the libraries of each sample was evaluated using DNA LabChip 1000 Kit and Agilent Bioanalyzer (Agilent Technologies, United Kingdom). The Illumina raw reads were screened as follows: 1) removal of reads containing three ambiguous N bases; 2) trim the reads containing low‐quality (Q < 20) bases; and 3) delete the reads containing< 60% high‐quality bases (Phred score ≥20). Then, a SOAPaligner (version 2.21) was used for the alignment of the clean reads to the National Center for Biotechnology Information GenBank bacterial genomes.
Microbial Relative Abundance Profiling and de novo Assembly
The NCBI database was used for the alignment of the clean reads for the detection of known bacteria, fungi, viruses, and archaea. The aligned reads were classified by genus and species to determine classification and abundance. The taxonomy profile was constructed at different levels. Reads were assembled using SOAPdenovo (Version 2.04). For each sample, the reads were assembled using a series of k‐mers (51, 55, 59, 63). At ambiguous Ns, the assembled scaffolds were split, and contigs above 500 bp were selected for further analysis. MetaGeneMark software (http://exon.gatech.edu/GeneMark/metagenome/Prediction/, version 3.26) was used to predicted genes. BLAST with default parameters compared the predicted open reading frames with the NCBI nonredundant sequence database.
Gene Functional Annotation and Functional Profiling
The databases, Kyoto Encyclopedia of Genes and Genomes (KEGG), was applied for the comparison between the assembled protein sequences and the annotated gene functions. In the case of similar protein sequences (E‐value<1 × 10−5 and score ≥60) for another protein sequence in the database, the assembled proteins were deemed to function in line with the proteins in the database. The most effective BLAST hit was used in the analysis. Therefore, the different levels of functions were used to create the gene clusters.
Metabolomic Analysis Based on Gas Chromatography-Mass Spectrometry
Faecal sample: transfered 50 ± 1 mg faecal sample to 2 ml EP tube, added 0.4 ml extract (methanol chloroform volume ratio = 3:1) to precipitate the protein in the sample, and added 10 μL L-2-chlorophenylalanine. Grinded the sample at 45 Hz for 4 min and centrifuged at 4°C at 12000 r/m for 15 min. Sucked 0.35 ml supernatant and transfered it to the bottle with silylated methane for subsequent detection. The instrument analysis platform was Agilent 7890 gas chromatography-mass spectrometry.
For metabolomic detection of faecal samples, the parameters of gas chromatography were as follows: Sample Volume was 1 μL, Front Inlet Mode was Splitless Mode, Front Inlet Septum Purge Flow was 3 ml min−1, Carrier Gas was Helium, Column was DB-5MS (30 m × 250 μm × 0.25 μm), Column Flow was 1 ml min−1, Oven Temperature Ramp was 80°C hold on 1 min, raised to 290°C at a rate of 10°C min−1, holded on 13 min, Front Injection Temperature was 280°C, Transfer Line Temperature was 295°C, Ion Source Temperature was 220°C, Electron Energy was −70 eV, Mass Range was m/z: 50–600, Acquisition Rate was 10 spectra per second, Solvent Delay was 7.9 min.
Chromatof software (V 4.3x, LECO) was used to analyze the mass spectrometry data, such as peak extraction, baseline correction, deconvolution, peak integration and peak alignment. The mass spectra and retention time indices based on metabolites were matched in the LECO-Fiehn Rtx5 database to identify metabolites.
Statistical Analyses
All statistical analyses were performed by R software (version 3.4.2). A Nonparametric Wilcoxon test was used to determine the statistical significance of the genes, KEGG orthologs (KOs), enzymes and different taxonomic (phylum, genus, and species) levels. Determine the enrichment characteristics with a p-value of <0.1 after adjustment, and the determination of the enrichment group was accorded to the higher rank value. Benjamini and Hochberg’s methods were used to adjust the p‐values of the false discovery rate (FDR). Ade4 (Thioulouse et al., 2018) and vegan (version 2.5-1) were used for non-metric multidimensional scale (NMDS), principal coordinate analysis (PCoA), and other Multivariate community diversity analyses, while ggpubr55 (Kassambara, 2020) and ggplot2 (Wickham, 2016) were used to visualize the results. Calculation of species richness and the Shannon diversity index were conducted using the same software packages. The similarity index used was the Bray-Curtis distance matrix. Hierarchical clustering was carried out by heat map, and the distance matrix was established by Pearson correlation. The most likely explanation for the difference between the NC, MC, and BER groups (organisms or KOs) was determined through linear discriminant analysis (LDA) effect size (LEfSe) analysis.
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Supplementary Figure S2 | (A,E,I) PCA score plots based on the metabolic profiles in faecal samples from the NC group and MC group, the NC group and BER group, the MC group and BER group. (B,F,J) PLS-DA score plots based on the metabolic profiles in faecal samples from the NC group and MC group, the NC group and BER group, the MC group and BER group. (C,G,K) Score scatter plots of OPLS-DA comparing the metabolic differences identify the separation between the NC group and MC group, the NC group and BER group, the MC group and BER group. (D) Metabolites significantly changed in the MC group as compared to the NC group at VIP>1 and P-value (t-test) <0.05 are identified. Venn diagrams demonstrate the number of altered metabolites shared between the NC group and the MC group by the overlap. (H) Metabolites significantly changed in the BER group as compared to the NC group at VIP>1 and P-value (t-test) <0.05 are identified. Venn diagrams demonstrate the number of altered metabolites shared between the NC group and the BER group by the overlap. (L) Metabolites significantly changed in the BER group as compared to the MC group at VIP>1 and P-value (t-test) <0.05 are identified. Venn diagrams demonstrate the number of altered metabolites shared between the MC group and the BER group by the overlap.
Supplementary Table S1 | Clinical data of the NC group, MC group and BER group.
Supplementary Table S2 | The median and quartile of the Shannon-Weiner index and the Simpson index in each group.
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Insulin resistance (IR) is a pivotal pathological characteristic that affects the occurrence and development of type 2 diabetes mellitus (T2DM). Thus, the effective control of IR is of great significance for diabetes prevention and treatment. Traditional Chinese medicine (TCM) represents a valuable tool handed down to the world by the Chinese nation and has a long history of use for diabetes clinical therapy. In this study, we focused on a self-drafted TCM-patented formula, Sanghuang Tongxie Formula (SHTXF), which exhibits clinical efficacy in the treatment of diabetes. To explore the effect and molecular mechanism of SHTXF on IR in vivo, Drosophila melanogaster was used and a (Collagen) Cg > InRK1409A diabetic IR fly model was established. SHTXF water extract was found to contribute toward carbohydrate clearance from the circulating system by converting it into triglycerides (TAG), not glycogen, for nutrient storage. In addition, SHTXF activated phosphatidylinositol-3-kinase (PI3K) activity and improved protein kinase B (PKB, also termed Akt) phosphorylation. Finally, SHTXF promoted Drosophila Forkhead Box O (dFoxO) cytoplasmic localization and inhibited its transcriptional activity. Taken together, these findings not only highlight the positive role of SHTXF in ameliorating IR via the PI3K/Akt pathway but also provide potential drug targets and key insights for use in T2DM clinical treatment strategies.
Keywords: Sanghuang Tongxie formula, insulin resistance, Drosophila, PI3K/AKT signaling, T2DM
INTRODUCTION
Diabetes mellitus (DM) is a chronic metabolic disorder characterized by sustained hyperglycemia due to insulin resistance (IR) or deficiency. According to the latest data released by the IDF (10th edition), as many as 537 million adults (20–79 years old) worldwide have diabetes in 2021. Among these, type 2 diabetes mellitus (T2DM) accounts for 90%–95% of diabetic patients and is the result of the interaction between genetic and environmental factors (Pearson, 2019; Sun et al., 2022). With the rapid growth of the worldwide incidence, T2DM has become a serious threat to public health. IR is a significant pathological feature of T2DM, occurring throughout the occurrence and development of T2DM (Gutiérrez-Rodelo et al., 2017). The development of insulin resistance typically results in a compensatory increase in endogenous insulin production. The elevated levels of endogenous insulin, an anabolic hormone, are associated with insulin resistance and result in weight gain, which in turn exacerbates insulin resistance. This vicious cycle continues until pancreatic beta-cell activity can no longer adequately meet the insulin demand created by insulin resistance, resulting in hyperglycemia. With the continued mismatch between insulin demand and insulin production, glycemic levels rise to levels consistent with T2DM (Freeman and Pennings, 2020). Therefore, the mitigation, prevention, and control of metabolic abnormalities caused by IR are the main measures for the treatment of T2DM. Although great progress has been made in the study of oral hypoglycemic drugs and insulin, the effective rate of some general medicines for treating diabetes is only 41%, which is far from satisfactory (Nagpal and Bhartia, 2006; Agarwal et al., 2014). In addition, an increasing number of potential toxicities and side effects have been observed in drugs for the treatment of diabetes, including weight gain, bone loss, and increased risk of cardiovascular disease (Valerón and de Pablos-Velasco, 2013; Pang et al., 2015).
Traditional Chinese medicine (TCM) has a long history of use in the prevention and treatment of diabetes in China and other East Asian regions. In contrast to Western medicines, TCM exerts its action via multiple ingredients and multiple target regulatory networks, based on their composition, the functional characteristics of targets, and overall regulation (Tian et al., 2019). Moreover, TCM has the advantages of having low toxicity, fewer side effects, and low cost. Therefore, the research and development of TCM for the prevention and treatment of diabetes is an important area of interest. Sanghuang Tongxie Formula (SHTXF) is a self-drafted patent prescription by Professor Ji-an Li, created based on a combination of the theory of TCM and clinical experience in the treatment of diabetes (Chinese invention patent no. ZL201510724687.8). This formula contains 10 herbal drugs and has the function of clearing the stomach and purging the lung, regulating Qi and turbidity, tonifying the spleen, and benefiting the kidney. The details on the drug composition, as well as the amount of each herb in one dose, are provided in Table 1. In this study, SHTXF was evaluated for its molecular mechanism in the treatment of IR diabetes.
TABLE 1 | Details of SHTXF (one dose).
[image: Table 1]Insulin resistance is a key risk factor and an important source of T2DM, the development of which involves the dysregulation of various signaling pathways, such as the PI3K/Akt, protein kinase C (PKC), AMP-activated protein kinase (AMPK), and nuclear factor κB (NF-κB) pathway (Yaribeygi et al., 2019). PI3K/Akt signaling is a highly conserved and important cellular transduction pathway involved in the regulation of glucose transport, glycogen synthesis, glycolysis and gluconeogenesis, protein synthesis, and lipolysis, playing a vital role in cell migration, differentiation, and apoptosis (Huang et al., 2018). For the past two decades, Drosophila melanogaster has been shown to be an appropriate model organism for T2DM modeling (Musselman et al., 2011; Pasco and Léopold, 2012) in view of the conserved insulin-like peptides (dILPs)/insulin receptor (InR)/insulin receptor substrate (IRS) module and downstream components involved in glycolipid homeostasis. Thanks to powerful genetic tools and reduced genome redundancy (Reiter et al., 2001; Garofalo, 2002), flies have been found to have a nutrition-sensing mode and intracellular signaling pathway (e.g., PI3K/Akt axis) similar to that of mammals at the cellular level. Phosphatidylinositol-3-kinase (PI3K) phosphorylates the D3 hydroxyl group of the inositol ring on PI to form the second messenger phosphatidylinositol-3,4,5-triphosphate (PIP3), which promotes protein kinase B (Akt/PKB) recruitment at the cell membrane and induces allosteric activation (Britton et al., 2002). Finally, activated Akt can lead to the phosphorylation of a large number of important substrates, including the transcription factor FoxO, to execute specific physiological activities (Klöting and Blüher, 2005).
In this study, we established a Cg > InRK1409A diabetes fly model to analyze the effects of SHTXF extract on InR/PI3K/Akt-mediated IR in Drosophila, providing a potential molecular mechanism and theoretical basis for SHTXF in the clinical treatment of T2DM.
MATERIALS AND METHODS
Sanghuang Tongxie Formula Extract Preparation
To prepare Sanghuang Tongxie Formula (SHTXF), ten herbs (Morus alba L. [Moraceae] and Coptis chinensis Franch. [Ranunculaceae], Magnolia officinalis Rehder & E. H. Wilson [Magnoliaceae], Pueraria montana var. Thomsoni (Benth.) M.R.Almeida [Fabaceae], Astragalus mongholicus Bunge [Fabaceae], Cornus officinalis Siebold & Zucc. [Cornaceae], Raphanus raphanistrum subsp. Sativus (L.). Domina [Brassicaceae], Anemarrhena asphodeloides Bunge [Asparagaceae], Polygonatum odoratum (Mill.) Druce [Asparagaceae], and Atractylodes lancea (Thunb.) DC. [Asteraceae]) (Figure 1) were purchased from Beijing Tongrentang Tangshan Chain Store Drug Store Co., Ltd., and authenticated by Prof. Chunyu Tian at the College of Traditional Chinese Medicine, North China University of Science and Technology. The manufacturer, batch number, and weight of each crude herb used for each dose are listed in Table 1.
[image: Figure 1]FIGURE 1 | Composition of Sanghuang Tongxie Formula. The photographs show the composition of SHTXF (Sanghuang Tongxie formula). Morus alba L. [Moraceae] Sangbaipi, (A), Coptis chinensis Franch. [Ranunculaceae] [Huanglian, (B)], Magnolia officinalis Rehder and E. H. Wilson [Magnoliaceae] [Houpo, (C)], and Pueraria montana var. Thomsoni (Benth.) M.R.Almeida [Fabaceae] [Gegen, (D)], Astragalus mongholicus Bunge [Fabaceae] [Huangqi, (E)], Cornus officinalis Siebold & Zucc. [Cornaceae] [Shanzhuyu, (F)], Raphanus raphanistrum subsp. Sativus (L.) Domin [Brassicaceae] [Laifuzi, (G)], Anemarrhena asphodeloides Bunge [Asparagaceae]; Zhimu, (H), Polygonatum odoratum (Mill.) Druce [Asparagaceae] [Yuzhu, (I)], and Atractylodis rhizama [Cangzhu, (J)].
Combined drugs of one dose (75 g) were weighed and soaked in 1.5 L of double-distilled water (ddH2O) for 12 h (Wang et al., 2020), followed by heating for 2 h. Next, the extract was separated and centrifuged at 4,200 × g for 30 min at 4°C, and the residue was collected to repeat the abovementioned steps. The two supernatants were then mixed and filtered by vacuum filtration with a 0.45-µm filter. Finally, the pumped liquid was placed in a beaker with medium fire to obtain a stock extract at a concentration of 0.5 g/ml, when the volume of the liquid reached 150 ml (Supplementary Figure S1). The prepared extract was directly mixed in the regular food to obtain a final concentration of 0.0125, 0.025, 0.05, or 0.1 g/ml SHTXF medium. Water alone was used as a control food.
Quality Control by High-Performance Liquid Chromatography
Standard chemicals (berberine, magnolol, and morroniside) were purchased from the National Institutes for Food and Drug Control (NIFDC). Briefly, the quality of SHTXF was determined using a high-performance liquid chromatography (HPLC) system equipped with a UV-visible detector (Kamal et al., 2015). The analysis was performed using a Shimadzu LC-20A instrument. All chromatographic separations were carried out on an Agilent Eclipse XDB-C18 column (4.6 mm × 250 mm, 5 μm) at 35°C. The mobile phase for berberine was acetonitrile (A) and 0.1% phosphoric acid (B) (A: B = 50:50) by adding 0.1 g of sodium dodecyl sulfonate per 100 ml. A gradient system consisting of methanol (C) and water (D) (C:D = 78:22) was used to elute the magnolol. The mobile phase of morroniside was acetonitrile (E) and 0.3% phosphoric acid solution (F), and the elution gradients were 0–20 min (E: 7%, F: 93%) and 20–50 min (E: 7%–20%, F: 93%–80%).
Drosophila Strains
Flies were maintained on a diet of cornmeal and sucrose medium (100°ml medium preparation: 5 g of sucrose, 1 g of agar, 6 g of cornflour, 3 g of yeast, 0.6 ml of propionic acid, and 100 ml of ultra-pure water) at 25°C in a 12 h light-dark cycle incubator with 50%–60% relative humidity. The Drosophila stocks used included: w1118 (#3605), Cg-Gal4 (#7011), UAS-InRK1409A (#8253), tGPH (#8164), and dFoxO-GFP (#37585) obtained from Bloomington Drosophila stock center (BDSC) in Indiana University. The crossing scheme for all the groups is shown in Supplementary Figure S2. For all fly crossing assays, healthy, unmated male and female parents were randomly assigned to different groups.
Food Intake
Early third-instar larvae were starved for 2 h under adverse food conditions (0.8% agar in PBS) and then transferred to fresh dye-containing food (0.5% Brilliant Blue FCF) for 20 min. After feeding, the larvae were washed with phosphate-buffered saline (PBS), dried on tissue paper, and homogenized in an Eppendorf (EP) tube containing 100 µl of lysis buffer using a micro high-speed homogenizer (HR-68; Shanghai Hutong Industrial Co., Ltd.). After boiling and centrifuging for 3 min, followed by clearing by a high-speed refrigerated centrifuge (5430R; Eppendorf), 2 µl of the supernatant was analyzed with a spectrophotometer at 630 nm. A small amount of dye-containing food was weighed, processed as described above, and used as the standard to calculate the amount of ingested food (Matsuda et al., 2015).
Hemolymph Glucose and Trehalose Measurement
The larvae were collected, rinsed with phosphate-buffered saline (PBS), and dried on tissue paper. The cuticle was carefully torn to release hemolymph on the parafilm membrane. Two microliters of hemolymph were collected using a micropipette, diluted 20 times with cold PBS, centrifuged for 3 min, and cleared by a high-speed refrigerated centrifuge. The supernatant was boiled at 75°C for 10 min and cleared by centrifugation. Next, glucose was measured after 15 min of incubation at 37°C using HK reagent (G3293; Sigma). A plate reader (M200PRD; Tecan) was used to measure absorbance at 340 nm.
Trehalose was converted using porcine trehalase (T8778; Sigma) overnight at 37°C, and the total amount of glucose was measured in the same way. The hemolymph trehalose concentration was determined by subtracting the value of free glucose from the untreated sample.
Protein, Triglyceride, and Glycogen Measurement
Six third-instar larvae were collected and rinsed several times with PBS to remove traces of food. The frozen samples were homogenized using a pellet pestle in 200 µl of cold 0.05% PBST (PBS + 0.05% Tween-20) on ice, immediately heat-inactivated at 75°C for 10 min, and then cooled to room temperature (RT). This was followed by homogenization in an EP tube containing 100 µl of lysis buffer using a high-speed homogenizer. Next, 10 μl of homogenate were centrifuged for 3 min, cleared by a high-speed refrigerated centrifuge, and used for the measurement of free glycerol. Ten microliters of homogenate were used to determine the protein content using a bicinchoninic acid assay (BCA) protein assay kit (P0010; Beyotime).
Ten microliters of the homogenate were mixed with 10 µl of a triglyceride reagent (T2449; Sigma) including lipase for hydrolysis of triglycerides to glycerol, incubated at 37°C for 60 min, centrifuged for 3 min, and cleared by a high-speed refrigerated centrifuge. Ten microliters of the supernatant were used for the measurement of triglycerides (TAG) using free glycerol reagent (F6428; Sigma) at 540 nm. A triolein-equivalent glycerol standard (G7793; Sigma) was used as the standard. The TAG concentration for each sample was determined by subtracting the values of free glycerol from the untreated samples.
Five microliters of the sample were incubated with 10 µl of buffer A [5 mM Tris-HCl (pH 6.6), 137 mM NaCl, and 2.7 mM KCl] containing amyloglucosidase (10115-1 g; Sigma) at 50°C for 60 min to digest glycogen. Ten microliters of the sample were incubated with 5 µl of buffer A without enzymes in parallel for the determination of glucose levels. Glycogen was used as a standard (10901393001; Sigma). The glycogen concentration for each sample was determined by subtracting the values of free glucose in the untreated samples. The amounts of TAG and glycogen per fly were normalized to soluble protein levels per fly (Li and Tennessen, 2017).
Lipid Droplet Staining
For Nile red staining, larvae were quickly inverted and dissected in 0.3% PBST. The tissues were incubated for 5 min with 0.001% Nile Red (72485; Sigma) in 0.3% PBST and washed twice with PBS at room temperature. The stained samples were mounted in 75% glycerol for microscopic analysis.
Immunostaining
The larval discs were dissected and fixed in 4% formaldehyde for 20 min at room temperature (RT). After several washes with 0.3% (v/v) PBST, the discs were stained with primary antibodies at 4°C overnight and then with secondary antibodies at RT for 2 h. The following antibodies were used: mouse anti-Dlg1 (1:100) (4F3 anti-discs large; Developmental Studies Hybridoma Bank), rabbit anti-Akt (1:400) [4,691; cell signaling technology (CST)], rabbit anti-p-Akt (1:400) (4,060; CST), goat anti-mouse-cyanine3 (Cy3) (1:1000) (A10521; Life Technologies), and goat anti-rabbit Alexa 488 (1:1000) (4,412; CST). Vectashield medium (H-1500; Vector Laboratories) with DAPI (4’,6-diamidino-2-phenylindole) was used for mounting.
Western Blotting
Whole larvae were lysed in radioimmunoprecipitation assay (RIPA) buffer (P0013; Beyotime) containing phosphatase inhibitor cocktail A (P1082; Beyotime) and phenylmethanesulfonyl fluoride (PMSF). Equal amounts of protein (10–30 µg, measured by BCA assay) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred to a polyvinylidene fluoride (PVDF) membrane, and subjected to the standard western blot protocol, as previously described (Roth et al., 2018). The antibodies used in this study were rabbit anti-Akt (1:1000) (4,691; CST), rabbit anti-p-Akt (1:1000) (4,060; CST), rabbit anti-α-tubulin (1:1000) (2,125; CST), and goat anti-rabbit IgG (H + L, HRP) (1:10000) (5220-0336; Sera Care).
qRT-PCR
TRIzol (Invitrogen) and PureLinkTM RNA Mini Kit (12183018A; Life Technologies) were used to isolate total RNA from third-instar larvae of the indicated groups, followed by qRT-PCR as previously described (Wang et al., 2003). The relative amounts of transcripts were calculated using the comparative CT method with ribosomal protein 49 (rp49) as the reference gene. The following primers were used:
For rp49 Sense: 5’- TCC​TAC​CAG​TTC​AAG​ATG​AC—3’
Antisense: 5’- TCC​TAC​CAG​TTC​AAG​ATG​AC—3’
For 4EBP Sense: 5’- TGA​TCA​CCA​GGA​AGG​TTG​TCA​TCT​C—3’
Antisense: 5’- GAG​CCA​CGG​AGA​TTC​TTC​ATG​AAA​G—3’
Statistical Analysis
All data were verified using at least three independent experiments. The results were processed using GraphPad Prism 8.0 software as bar graphs. One-way analysis of variance (ANOVA) with Bonferroni’s multiple comparison test was employed for statistical analysis. The p value was set at p < 0.05, and the center value was considered the mean. The error bars indicate standard deviation. “ns” denotes “not significant” values (p ≥ 0.05); ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001.
RESULTS
Sanghuang Tongxie Formula Preparation and High-Performance Liquid Chromatography Analysis
The Sanghuang Tongxie Formula (SHTXF) is composed of 10 herbal medicines, including Morus alba L. [Moraceae] (Sangbaipi) and Coptis chinensis Franch. [Ranunculaceae] (Huanglian), Magnolia officinalis Rehder and E. H. Wilson [Magnoliaceae] (Houpo), Pueraria montana var. Thomsoni (Benth.) M.R.Almeida [Fabaceae] (Gegen), Astragalus mongholicus Bunge [Fabaceae] (Huangqi), Cornus officinalis Siebold & Zucc. [Cornaceae] (Shanzhuyu), and Raphanus raphanistrum subsp. Sativus (L.) Domin [Brassicaceae] (Laifuzi), Anemarrhena asphodeloides Bunge [Asparagaceae]; Zhimu, Polygonatum odoratum (Mill.) Druce [Asparagaceae] (Yuzhu), and Atractylodes lancea (Thunb.) DC. [Asteraceae] (Cangzhu) (Figure 1; Table 1). To examine the quality of SHTXF, three representative compounds were selected as the quality standards. When the SHTXF high-performance liquid chromatography (HPLC) chromatogram was compared with the standard control (Supplementary Figure S3), we observed distinguished test peaks of berberine, magnolol, and morroniside in the chemical fingerprints of the SHTXF aqueous extract (Figure 2). Additionally, the proportions of the three ingredients determined by HPLC were 1.4%, 0.34%, and 0.022%, respectively (Table 2). This suggests that the prepared SHTXF contains the necessary active components and is suitable for further study.
[image: Figure 2]FIGURE 2 | HPLC chromatogram of SHTXF. Three major compounds (berberine, magnolol, and morroniside) of SHTXF were identified and compared with the standards using HPLC. The peaks of berberine [(A), 26 nm], magnolol [(B), 294 nm], and morroniside [(C), 240 nm] are indicated by red arrows.
TABLE 2 | HPLC analysis of SHTXF representative components.
[image: Table 2]Impaired Insulin Signal in the Fat Body Exacerbates Insulin Resistance and Diabetic Phenotypes
To better dissect the effect of drugs on IR, we employed the GAL4/upstream activation sequence (Gal4/UAS) system and generated an IR model in Drosophila third-instar larvae (Brand and Perrimon, 1993), which was achieved by expressing a dominant-negative (DN) form of Drosophila InR (carrying the amino acid replacement K1409A, InRK1409A, FBtp0018596, http://flybase.org/reports/FBtp0018596) under the control of the fat body (equivalent to mammalian adipose and liver tissues)-specific Collagen (Cg) promoter (FBti0027802, https://flybase.org/reports/FBti0027802) (Wu et al., 2005; Hennig et al., 2006). Misexpression of the InR antimorphic allele (UAS-InRK1409A)-driven Cg-Gal4 (Cg > InRK1409A) interfered with the physiological function of endogenous InR and undermined the downstream response of the insulin signaling cascade. As a result, both the hemolymph glucose level and the hemolymph trehalose (a glucose disaccharide that constitutes the major form of circulating sugar in insects) were significantly increased by 67.57% and 40.00%, respectively, in the larval stage (Figures 3A,B, Supplementary Figure S2). This suggests that fat body impairment in insulin signaling triggers insulin resistance (IR) and diabetic phenotypes.
[image: Figure 3]FIGURE 3 | SHTXF reduced the increased level of glucose and trehalose in Cg > InRK1409A files. (A,B) Assays for circulating the metabolites were performed on the wandering third-instar larvae of indicated groups: hemolymph glucose [(A), 10–12 larvae per pool, n = 5], hemolymph trehalose [(B), 6–8 larvae per pool, n = 5]. (C) Measurement of 20-min food intake by early third-instar larvae as calculated by blue food ingestion (6–8 larvae per pool, n ≥ 3). (D) Amount of protein indicates the soluble fraction in 0.05% PBST after heat inactivation (3 larvae per pool, n = 5). Error bars indicate the standard deviation (SD). One-way ANOVA with Bonferroni’s multiple comparison test was used to compute the p values: ****p < 0.0001, ***p < 0.001, and **p < 0.01. ns, no significant difference.
Sanghuang Tongxie Formula Ameliorates Diabetic Phenotypes of Cg > InRK1409A Flies
To determine whether there was an inhibitory effect, we prepared feeding media consisting of SHTXF aqueous extract and raised flies with genotype Cg > InRK1409A from the egg stage to the third-instar larval stage. The results showed that the dominant-negative InR-induced elevated circulating glucose was significantly suppressed by SHTXF extract at the concentrations of 0.025, 0.05, and 0.1, but not 0.0125 g/ml (Figure 3A). For circulating trehalose, SHTXF at a concentration of 0.025 g/ml displayed a stronger inhibitory effect than 0.0125 and 0.05 g/ml, while the concentrations of 0.1 g/ml did not show an obvious inhibitory effect (Figure 3B). Next, to exclude the possibility that changes in feeding rate may interfere with the metabolic phenotypes, we evaluated the level of food intake and observed a normal ingestion rate of drug-addled groups or compared with that of the control group (Figure 3C).
The protein content of larvae in each group was similar, with no significant statistical difference (Figure 3D). In addition, the hyperglycemic diabetic phenotypes of Cg > InRK1409A larvae were notably inhibited by treatment with metformin (10 mM, a positive control) (Shirazi et al., 2014), which is one of the most popular oral glucose-lowering medications and is widely considered to be the optimal initial therapy for patients with T2DM (Figures 3A,B) (Lv and Guo, 2020). Collectively, SHTXF displayed a dose-dependent effect on Cg > InRK1409A-triggered diabetic high circulating sugar in the Drosophila larval stage.
Sanghuang Tongxie Formula Rescues the Insulin Resistance-Induced Lipid Homeostasis Disorder
Consistent with the widely investigated roles of the insulin pathway in promoting anabolism, the downregulation of insulin signal activity by expressing InRK1409A in the fat body reduced the total body storage sugar glycogen level by 17.48% during development compared with the Cg-Gal4/+ genetically matched controls (Supplementary Figure S4). However, we found that neither SHTXF (0.0125 and 0.025 g/ml) nor metformin significantly altered the overall larval glycogen content in the Cg > InRK1409A background. Intriguingly, SHTXF extract at a concentration of 0.05 g/ml or 0.1 g/ml even decreased the level of stored glycogen (Supplementary Figure S4).
To examine the effect of SHTXF on lipid metabolism, we first checked the whole body TAG content and found that fat body showed low activity of the insulin pathway (Cg > InRK1409A) decreased the storage lipid TAG level by 15.67% compared with the control (Figure 4A). Moreover, the reduced TAG level in the IR model was restored by treatment with metformin or 0.025 g/ml SHTXF (Figure 4A). Taken together, these data indicate that SHTXF may contribute toward carbohydrate clearance from the circulatory system by converting it into TAG, not glycogen, for nutrient storage. Ultimately, a concentration of 0.025 g/ml for the SHTXF water extract was chosen, which showed a strong inhibitory effect, to further explore the mechanisms.
[image: Figure 4]FIGURE 4 | SHTXF rescues the IR-induced lipid homeostasis disorder. (A) Assays for stored triglycerides (TAG) contents of Drosophila larval stage, which are presented relative to the protein contents of the tissue sample to normalize the weight difference between control and other indicated groups (3 larvae per pool, n = 5). (B–E) Nile red staining of lipid storage droplets in the larval fat body adipose tissue. (F–H) Quantification of lipid droplet size (F), lipid droplets number (G), and total area of lipid droplets in Cg-Gal4/+ (control) larvae and Cg > InRK1409A larvae in normal, metformin-, or SHTXF-added diets (n = 10). The error bars indicate the standard deviation. p values were calculated by one-way ANOVA followed by Bonferroni’s multiple comparison test: ****p < 0.0001, ***p < 0.001, and *p < 0.05. ns, no significant difference. Scale bar, 20 µm (B–E).
To further determine the role of SHTXF in modulating lipid storage, we analyzed the distribution and lipid content in the fat body visualized by Nile Red staining. Consistent with a previous study (Fischer et al., 2017; Lourido et al., 2021), we observed that Cg > InRK1409A-promoted IR enlarged the fat body cell lipid droplet size and reduced the lipid droplet number, total area of lipid droplets, and cell size when compared with the control (Figures 4B,C,F–H; Supplementary Figure S5). SHTXF partially reversed the increase in the size of lipid droplets and the decrease in lipid droplet number, total area, and cell size (Figures 4E–H; Supplementary Figure S5). Except for lipid droplet size, metformin displayed a similar effect on IR-mediated lipid storage disorder as SHTXF (Figures 4D,F–H; Supplementary Figure S5). These results indicate that SHTXF reverses insulin resistance-induced lipid homeostasis.
Sanghuang Tongxie Formula Improves the Activity of PI3K
As phosphoinositide 3-kinase (PI3K) plays a pivotal role in the insulin pathway, we introduced an in situ fluorescent reporter termed tGPH (a fusion protein containing a tubulin promoter, GFP, and PH domain) (Britton et al., 2002), which recognizes PI (3,4,5)P3 and visualizes PI3K activation by observing cell membrane-associated GFP, to check whether insulin signaling was truly impaired in IR diabetic files and the effect of SHTXF. Consistent with our previous work, compared with the control, the fat body cells of the IR model showed decreased cell membrane localization, indicating reduced PI3K activity and the downstream signaling cascade (Figures 5A–A’’’,B–B’’’). While Cg > InRK1409A flies were raised on metformin- or SHTXF-added medium, the GFP signal of fat body cells was recruited to the membrane, indicating that PI3K activity was restored (Figures 5C–C’’’,D–D’’’). These results indicate that SHTXF may improve PI3K activity to ameliorate insulin resistance.
[image: Figure 5]FIGURE 5 | SHTXF improves the PI3K activity in vivo. The representative merged fluorescence micrographs show the third-instar larval fat body carrying the tGPH reporter stained with anti-Dlg, which outlines the cell membranes. The individual channels detect only Dlg signal [red, (A’–D’)], and only tGPH [green, (A’’’–D’’’)]. Nuclei were labeled with DAPI [blue, (A’–D’)]. Scale bar, 20 μm. Genotypes: (A) Cg-Gal4/+; tGPH/+ and (B–D) Cg-Gal4/+; tGPH/UAS-InRK1409A.
Sanghuang Tongxie Formula Enhances the Phosphorylation Level of Akt
To further identify the effect of SHTXF on insulin resistance, we monitored Akt phosphorylation using an in vivo immunostaining assay and a western blotting (WB) assay in vitro. As expected, the misexpression of InRK1409A in the larval fat body (Cg > InRK1409A) led to reduced Akt Ser505 (equivalent to Ser473 in human Akt1) phosphorylation (p-Akt) in this organ compared with the control (Figures 6A–A’’’,B–B’’’,E,F), while total Akt levels were unchanged (Figure 6E; Supplementary Figure 6A–A’’’,B–B’’’). The decreased p-Akt level in the Cg > InRK1409A IR model was largely rescued by SHTXF or moderately inhibited by metformin (Figures 6C–C’’’,D–D’’’,E,F). However, the expression of total Akt protein was unaffected by SHTXF or metformin (Supplementary Figures S6C–C’’’,D–D’’’). Taken together, these data confirmed that SHTXF enhanced Akt phosphorylation.
[image: Figure 6]FIGURE 6 | SHTXF increases the level of Akt phosphorylation. (A–D) Merged fluorescence micrographs of Drosophila third-instar larval fat body are shown. The individual channels detect only Dlg [red, (A’–D’)], only DAPI [blue, (A’’–D’’)], and only p-Akt [green, (A”’–D”’), fluorescent dots]. (E) Western blot analysis of whole-body extracts from third-instar larvae for phosphorylated Akt, total Akt, and α-tubulin (9 larvae per time). α-tubulin was used as a loading control. Groups (from left to right): Control (Cg-Gal4/+), Model (Cg-Gal4/+; UAS-InRK1409A/+), Metformin (Cg-Gal4/+; UAS-InRK1409A/+ files treated with 10 mM metformin), SHTXF (Cg-Gal4/+; UAS-InRK1409A/+ files treated with 0.025 g/ml SHTXF). (F) Statistical analysis of the p-Akt/Akt relative level from three independent experiments is shown in (E) (n = 3). The error bars indicate the standard deviation. One-way ANOVA with Bonferroni’s multiple comparison test was used to compute p values: ****p < 0.0001, ***p < 0.001, and *p < 0.05. Scale bar, 20 μm (A–D). Genotypes: (A) Cg-Gal4/+ and (B–D) Cg-Gal4/+; UAS-InRK1409A/+.
Sanghuang Tongxie Formula Blocks dFoxO Transcriptional Activity
To address whether SHTXF modulates the nuclear–cytoplasmic shuttling of Drosophila FoxO (dFoxO), we examined the subcellular localization of the dFoxO-GFP fusion protein in fat body cells (Wu et al., 2015). We observed that the nuclear localization of dFoxO-GFP was significantly increased when InRK1409A was expressed in fat body cells by Cg-Gal4 (Figures 7A–A’’’,B–B’’’). SHTXF, similar to metformin, hindered the nuclear localization of dFoxO-GFP (Figures 7C–C’’’,D–D’’’). In addition, to monitor dFoxO activity directly, we detected the transcription of the well-characterized dFoxO target gene 4E-BP using a quantitative reverse transcription-polymerase chain reaction (qRT-PCR) assay. Compared to the control, the upregulated 4E-BP mRNA level in Cg > InRK1409A larvae was appreciably blocked by SHTXF and metformin (Figure 7E), indicating that SHTXF promotes dFoxO cytoplasmic localization and inhibits its transcriptional activity.
[image: Figure 7]FIGURE 7 | SHTXF remedies Cg > InRK1409A-triggered dFoxO nuclear localization and transcriptional activity. (A–D) Representative merged fluorescence micrographs showing the third-instar larval fat body carrying dFoxO-GFP reporter. The individual channels detect only Dlg [red, (A’–D’)], only DAPI [blue, (A’’–D’’)], and only dFoxO-GFP [green, (A”’–D”’)]. (E) Histogram shows the 4EBP mRNA transcription level as measured by qRT-PCR. Total RNA of Drosophila third-instar larvae was extracted and normalized for cDNA synthesis. Groups (from left to right): control (Cg-Gal4/+), model (Cg-Gal4/+; UAS-InRK1409A/+), metformin (Cg-Gal4/+; UAS-InRK1409A/+ files treated with 10 mM metformin), SHTXF (Cg-Gal4/+; UAS-InRK1409A/+ files treated with 0.025 g/ml SHTXF) (n = 3). The error bars indicate the standard deviation from three independent experiments. The p values were calculated by one-way ANOVA and Bonferroni’s multiple comparison test: ****p < 0.0001, ***p < 0.001 and *p < 0.05. Scale bar, 20 μm (A–D). Genotypes: (A) Cg-Gal4/+; dFoxO-GFP/+ and (B–D) Cg-Gal4/+; dFoxO-GFP/UAS-InRK1409A.
DISCUSSION
Drosophila melanogaster has become an ideal model organism for the study of disorders of glucose and lipid metabolism caused by insulin resistance (IR), thanks to the presence of evolutionarily conserved metabolic signaling pathways (insulin and insulin-like growth factor signaling pathways) and hormone regulation processes (the antagonistic regulation of insulin-like peptides and adipokine hormones). More importantly, the successful application of the GAL4/UAS binary expression system has made it possible to reveal complex gene functions (Musselman et al., 2018). As only one InR and insulin receptor substrate (IRS, encoded by chico) is expressed in Drosophila, we employed the GAL4/UAS system to specifically express the dominant-negative form of InR (UAS-InRK1409A) in the fly fat body (Cg-Gal4) by genetic hybridization (Supplementary Figure S2). Logically, the misexpression of the InR antimorphic allele interferes with the physiological functions of endogenous InR and reduces the transduction activity of insulin signaling, resulting in IR, and establishing the Cg > InRK1409A diabetic model. A previous study reported that a high-sugar diet (HSD) could induce obesity and insulin resistance in wild-type Drosophila with type 2 diabetes (Pasco and Léopold, 2012). However, the Cg > InRK1409A IR model generated in our study did not present an adiposity phenotype with reduced total TAG content (Figure 4A). Given the complicated relationship between fat and IR during diabetes occurrence and development, applying the Cg > InRK1409A model could better elucidate the roles of IR in diabetes and screen potential drugs or ingredients.
The sugars in Drosophila mainly participate in nutrient circulation in the form of glucose (monosaccharide) and trehalose (disaccharide), provide energy for growth and development through glycolysis, and store energy in the form of glycogen (Heydemann, 2016). As a major nutrient, lipids store energy, participate in cell membrane structure, and synthesize hormones and vitamins, which are essential for normal life activities. When apolipoprotein binds to its receptor, triglycerides (TAG) are generated and enter the body’s adipocytes to form lipid droplets and organelles which are common in animal and plant cells that store neutral fat (Heier and Kühnlein, 2018). Therefore, we analyzed glucose and lipid metabolism in fruit flies fed SHTXF aqueous extract. As a result, it was found that SHTXF may contribute to sugar clearance from the circulating system by transforming it into TAG, but not glycogen, for nutrient storage. Moreover, our results showed that SHTXF could improve the activity of PI3K, promote the phosphorylation of Akt, and impede dFoxO transcriptional activity. Overall, these results indicate that SHTXF activates the central factors of the PI3K/Akt signaling pathway to ameliorate IR.
As a self-drafted patent prescription based on TCM theory and clinical experience, SHTXF contains 10 herbs and has shown a notable effect on the treatment of IR diabetes with its active ingredients (Chinese invention patent No. ZL201510724687.8). Coptis chinensis Franch. [Ranunculaceae] (Huanglian) has been used for centuries as an anti-diabetic drug in TCM, and its main bioactive base berberine can reduce blood glucose, regulate lipids, and improve insulin resistance to alleviate T2DM (Abd El-Wahab et al., 2013). Berberine has been found to show potential in acting on block lipid transport-1 (BLT1), modulating the leukotriene B4-Block lipid transport-1 (LTB4-BLT1) axis to ameliorate insulin resistance and inflammation. It has also been found to increase the peroxisome proliferator-activated receptor γ co-activator 1α (PGC1α), activate the phosphorylation of adenosine monophosphate (AMP), protein kinase (p-AMPK), and liver kinase B1 (p-LKB1), and reduce the adenosine monophosphate/adenosine triphosphate (AMP/ATP) ratio rate, thereby reversing fructose-induced insulin resistance (Li et al., 2020; Gong et al., 2021). In addition, magnolol exerts antioxidant activity by inhibiting the liver activity of cytochromeP450, family2, subfamily E, and polypeptide1 (CYP2E1) to improve glucose tolerance, thereby reducing IR and improving glucose and lipid metabolism disorders (Wang et al., 2014). Cornus officinalis Siebold & Zucc. [Cornaceae] extract can promote the expression of peroxisome proliferator-activated receptor γ (PPAR-γ) in adipocytes, increase the expression of recombinant glucose transporter 4 (GLUT4) and adiponectin, improve insulin resistance, and increase glucose utilization, ultimately achieving the effect of lowering the blood sugar levels (Kim et al., 2009). Thus, SHTXF treatment in diabetic IR appears to be the result of multiple factors, multiple pathways, and multi-target regulatory networks.
Based on previous research, our work focuses on the positive effect of SHTXF on IR by modulating the InR/PI3K/Akt signaling pathway, not only indicating potential drug targets but also providing key insights for the clinical treatment of T2DM and related metabolic diseases.
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Objective: Traditional Mongolian Medicine Qiqirigan-8 (MMQ-8) is a Chinese botanical drug with effective pharmacological properties in obesity. However, the pharmacological mechanism of MMQ-8 remains unclear. This study aimed to determine the active metabolites of MMQ-8 and its therapeutic effects on lipid metabolism and inflammation.
Methods: The active metabolites of MMQ-8 were identified by ultrahigh-performance liquid chromatograph Q extractive mass spectrometry (UHPLC-QE-MS) assay and network analysis. An obesity rat model induced by high-fat diet was used in the study. Serum levels of lipids and inflammatory factors were detected using biochemical analysis and enzyme-linked immunosorbent assay (ELISA). Pathological analysis of liver tissues and arteries was conducted with hematoxylin and eosin (H&E) staining and immunohistochemistry. Protein expression of the tumor necrosis factor (TNF) signaling pathway was investigated by Western-blot. Simultaneously, bone marrow cells were used for RNA sequencing and relevant results were validated by cell culture and quantitative real-time polymerase chain reaction (RT-qPCR).
Results: We identified 69 active metabolites and 551 target genes of MMQ-8. Of these, there are 65 active metabolites and 225 target genes closely related to obesity and inflammation. In vivo, we observed that MMQ-8 had general decreasing effects on body weight, white adipose tissue weight, and serum lipids. MMQ-8 treatment notably decreased the liver function markers and hepatic steatosis, and significantly decreased inflammation. In serum, it notably decreased TNF-α, interleukin (IL)-6, and inducible nitric oxide synthase (INOS), while elevating IL-10 levels. MMQ-8 treatment also significantly inhibited proteins phosphorylation of nuclear factor-kappa B inhibitor alpha (IκBα), mitogen-activated protein kinase (p38), extracellular regulated kinase 1/2(ERK1/2), and stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), and decreased vascular endothelium damage and macrophage infiltration and polarization to M1. These findings coincide with the RNA-sequencing data of bone marrow cells and results of in vitro experiments.
Conclusion: We determined the pharmacological actions and relevant metabolites of MMQ-8 in obesity for the first time. Our study revealed MMQ-8 can optimize lipid metabolism and reduce chronic inflammation in obesity. However, more in-depth research is needed, for example, to understand the principle of compound compatibility and the inhibition effects on hepatic steatosis, T cell differentiation, and inflammatory signal transduction.
Keywords: traditional Mongolian medicine Qiqirigan-8, pharmacodynamic evaluation, metabolites, obesity, anti-inflammation, optimize lipid metabolism
INTRODUCTION
Obesity is a chronic metabolic disease that has become a major health problem worldwide. Furthermore, it is a significant risk factor for insulin resistance, Type 2 diabetes (T2D), non-alcoholic fatty liver disease (NAFLD), cancer, and cardiovascular diseases (CVD) (Malik et al., 2020). In the clinic, statins are commonly used to lower blood lipids and control the occurrence of secondary disease (Tramacere et al., 2019; Cai et al., 2021). However, there are still no radical treatments for obesity and related diseases. Therefore, it is necessary to continue exploring ways to reduce and address the secondary diseases associated with obesity.
Numerous studies indicate that obesity is not only weight gain and abnormal lipid metabolism but also includes systemic chronic low-grade inflammation that has a critical role in the initiation and development of several human illnesses (Furman et al., 2019). In obesity, adipose tissue is an important initiator of the inflammatory response (Heijden et al., 2015). Studies have shown that hypertrophy, hyperplasia, and oxygen depletion of adipose tissue will result in adipocyte dysfunction and inflammation, and the secretion of cytokines such as hypoxia-inducible factor 1 (HIF-1), interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α, and C-C motif chemokine 2 (CCL2). These cytokines have been shown to activate immune cells and the inflammatory signal transduction of adjacent non-immune cells. This occurs through c-Jun N-terminal kinase (JNK), an inhibitor of nuclear factor kappa B kinase subunit beta (IKKβ)/nuclear factor-kappa B (NF-κB), and other signaling pathways, causing immune cell infiltration and aggravating inflammation (Lee et al., 2014; Shin et al., 2017; Jaiswal et al., 2019).
Obesity causes great harm to the liver and cardiovascular system. The liver is a key site of metabolic homeostasis and its inflammation is closely related to the occurrence and development of obesity. Epidemiological investigations have found that 50%–90% of people with obesity have NAFLD (Divella et al., 2019). In the liver, IKK-β/NF-κB signaling pathways are activated by obesity and a high fat diet (HFD), and higher levels of inflammatory cytokines are released (Dou et al., 2018; Heida et al., 2021). Furthermore, in obesity, the abnormal lipid metabolism and the chronic inflammation can cause direct damage to the vascular endothelium, leading to vascular endothelial dysfunction, inflammation, and a large amount of lipid and immune cell infiltration, resulting in lipid plaques that lead to atherosclerosis (AS), a direct cause of cardiovascular diseases (Kobiyama and Ley, 2018).
Mongolian medicine has a long history of clinical application as part of Traditional Chinese Medicine (TCM). In Mongolian medicine, many classical compound preparations are especially effective in treating chronic metabolic diseases. The Traditional Mongolian Medicine Qiqirigan-8 (MMQ-8) composed by 8 botanical drugs including Kaempferia galanga L. (Zingiberaceae; K. galanga rhizome; Chinese name: Shannai), Inula helenium L. (Compositae; I. helenium rhizome et root; Chinese name: Tumuxiang), Dolomiaea costus (Falc.) Kasana and A.K. Pandey (Asteraceae; D. costus root; Chinese name: Muxiang), Rheum palmatum L. (Polygonaceae; R. palmatum radix et rhizome; Chinese name: Dahuang), Hippophae rhamnoides L (Elaeagnaceae; H. rhamnoides fruit; Chinese name: Shaji), Piper longum L. (Piperaceae; P. longum fruit; Chinese name: Biba), Biancaea sappan (L.) Tod. (Leguminosae; Caesalpinia sappan heart wood; Chinese name: Sumu), and Sus scrofa L. (Suidae; S. scrofa processed feces; Chinese name: Heibingpian). In the clinic, MMQ-8 has great therapeutic effects on obesity, dyslipidemia, hypertension, AS, and coronary heart disease. Numerous studies have demonstrated that the botanical drugs such as K. galanga L., H. rhamnoides L., R. palmatum L., and P. longum L. have anti-inflammatory, antioxidant, and anti-hyperlipidemia effects (Yang et al., 2016; Tkacz et al., 2019; Arunachalam et al., 2020; Wahyuni et al., 2022). These botanical drugs are rich in terpenoids, flavonoids, alkaloids, phenolic acids, fatty acids, and other substances that have multiple pharmacological effects. Baicalein, boldine, scutellarein, quercetin, and conjugated linoleic acid are all known to optimize lipid metabolism and decrease inflammation by regulating NF-κB, peroxisome proliferator-activated receptor (PPAR), and the phosphatidylinositol 3-kinase (PI3K) signaling pathway (Yang et al., 2018; den Hartigh, 2019; Lin et al., 2019; Yang et al., 2019; Dai et al., 2021). Therefore, we believe that MMQ-8 has a regulatory effect on lipid metabolism and inflammation. However, the active metabolites and pharmacological mechanism of MMQ-8 have not been characterized.
In this study, we first determined the active metabolites of MMQ-8 using ultrahigh-performance liquid chromatograph Q extractive mass spectrometry (UHPLC-QE-MS) and network analysis. Bioinformatics analysis and experimental validation were performed to examine the treatment effects of MMQ-8 on lipid metabolism and inflammation.
MATERIALS AND METHODS
Animal Models and Treatment
Wistar rats (male, 6–8 weeks old, 180 ± 20 g) were purchased from SiPeiFu Co. (Beijing, China). Rats were maintained in a normal environment on a 12-h light/dark cycle (lights on 06:00–18:00 h) with ad libitum access to food and water and were fed a standard diet in the control group. The other groups were fed an HFD (70% normal chow, 10% lard oil, 10% yolk powder, 5% sugar, 4.5% cholesterin, and 0.5% cholate) for 10 months. All animal experiments were permitted by the Institutional Animal Care and Use Committee of Inner Mongolia Medical University.
All rats were randomly divided into six groups (n = 8): Control, Model, MMQ-8 (A&B), and Simvastatin (ST) (A&B). The model group was given saline (2 ml) daily for 10 months; the control group had no treatment. The MMQ-8(A) group was given MMQ-8 (312.5 mg/kg) daily for 10 months. The MMQ-8(B) group was given MMQ-8 (312.5 mg/kg) daily for 5 months after 5 months of modeling. The ST(A) group was given Simvastatin tablets (2.08 mg/kg) daily for 10 months. The ST(B) group was given Simvastatin tablets (2.08 mg/kg) daily for 5 months after 5 months of modeling.
Preparing drugs and dose calculations: MMQ-8 botanicals ratio are K. galanga L. (21062907, Anguo Jiuwang Pharmaceutical Co., Ltd., China) is 207 g; I. helenium L.(C20071008, Anguo Runde Pharmaceutical Co., Ltd., China) is 66 g; D. costus (Falc.) Kasana and A.K. Pandey (2106011212, Hebei Liankang Pharmaceutical Co., Ltd., China) is 66 g; R. palmatum L. (21042603, Anguo Jiuwang Pharmaceutical Co., Ltd., China) is 41 g; H. rhamnoides L. (C201021612, Anguo Runde Pharmaceutical Co., Ltd., China) is 248 g; P. longum L. (C790210101, Anguo Ronghua Materia Medica Co., Ltd., China) is 165 g; B. sappan (L.) Tod (C480201202, Anguo Ronghua Materia Medica Co., Ltd., China) is 124 g; S. scrofa L. (20022701, Inner Mongolia Muxin Pharmaceutical Co., Ltd., China) is 83 g. The decoction pieces of these botanicals were mixed according to the ratio. Then, the mixture was smashed using a pulverizer and filtered with a 70-mesh sieve. If the decoction pieces could not be filtered, we continued to pulverize and sieve the mixture until all pass through the filter. Finally, it was carefully dried and stored in a cool, dry place. Clinical administration requires an MMQ-8 dose of 3 g each time with an adult body weight of 60 kg, which means the dose was 50 mg/kg body weight. The equivalent dose ratio of human to rat based on body surface area is 6.25. Therefore, the MMQ-8 dose given to rats per kg of body weight was 312.5 mg (Formula: MMQ-8 50 mg/kg*6.25 = 312.5 mg/kg). In addition, the simvastatin dose for hyperlipidemia is 20 mg, which means the adult dose was 0.33 mg/kg body weight. Thus, the dose given to rats per kg of body weight was 2.08 mg (formula: 0.33 mg/kg*6.25 = 2.08 mg/kg). Finally, after calculating the dose for each rat, the drugs were dissolved in 2 ml of pure water. All the treatments were administered orally once a day at a fixed time.
Cell Culture and Treatment
Mouse T lymphocyte cells (CTLL-2; BeNa Culture Collection, China) were used in this study and routinely cultured in 1640 (Gibco, United States). CTLL-2 cells were supplemented with 10% fetal bovine serum (FBS; Biological Industries, United States) and 1% penicillin/streptomycin (Sigma, United States) and cultured at 37°C in a humidified atmosphere containing 5% CO2. The CTLL-2 cell treatment was supplemented with 1% MMQ-8 rat serum and normal rat serum, respectively, and cultured for 24 h at 37°C in a humidified atmosphere containing 5% CO2.
CCK-8 Assay
CTLL-2 cells were cultured in 96-well plates. Then cells were incubated with different concentrations of MMQ-8 serum: 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10%. After 24 h, CCK-8 was added and cultured for 4 h. Then absorption values were calculated using a microplate reader at 450 nm. Inhibition rate = [(Ac-As)/(Ac-Ab)] 100% (As: including cell, medium, CCK-8 and MMQ-8 serum; Ac: including cell, medium and CCK-8; Ab: including medium and CCK-8).
UHPLC-QE-MS
Metabolite extraction: 100 mg of TCM sample was added to 500 μl of the extracted solution containing 1 μg/ml of internal standard. The samples were then homogenized at 40 Hz for 4 min and sonicated for 1 h in an ice-water bath. After resting for 1 h at −20°C, the samples were centrifuged at 12,000 rpm [RCF = 13,800 (×g), R = 8.6 cm] for 15 min at 4°C. Finally, 300 μl of the supernatant was carefully filtered through a 0.22 μm microporous membrane and placed in a fresh 2 ml tube for LC-MS/MS analysis.
LC-MS/MS conditions: LC-MS/MS analysis was performed on an Agilent ultra-high performance liquid chromatography 1290 UPLC system with a Waters UPLC BEH C18 column (1.7 μm 2.1*100 mm). The flow rate was set at 0.4 ml/min and the sample injection volume was set at 3 μl. The mobile phase consisted of 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The multi-step linear elution gradient program was as follows: 0–3.5 min, 95%–85% A; 3.5–6 min, 85%–70% A; 6–6.5 min, 70%–70% A; 6.5–12 min, 70%–30% A; 12–12.5 min, 30%–30% A; 12.5–18 min, 30%–0% A; 18–25 min, 0%–0% A; 25–26 min, 0%–95% A; 26–30 min, 95%–95% A.
An AQ Exactive Focus mass spectrometer coupled with Xcalibur software was used to obtain the MS and MS/MS data based on the IDA acquisition mode. During each acquisition cycle, the mass range was between 100 and 1,500. The top three of every cycle were screened and the corresponding MS/MS data were acquired. Specifications were as follows sheath gas flow rate: 45 Arb; Aux gas flow rate: 15 Arb; Capillary temperature: 400°C; Full ms resolution: 70,000; MS/MS resolution: 17,500; Collision energy: 15/30/45 in NCE mode; Spray Voltage: 4.0 kV (positive) or −3.6 kV (negative).
Network Analysis
The chemical compositions of MMQ-8 detected by UHPLC-QE-MS were screened according to the Percent Human Oral Absorption rate (≥30%) and drug likeness (DL) (≥0.185). Then chemical component targets of MMQ-8 were obtained from the CHEMBL database (https://www.ebi.ac.uk/chembl/). In the Gene Cards Database (https://www.genecards.org) and the Therapeutic Target Database (TTD) (https://db.idrblab.net/ttd/), the keywords “inflammation,” “obesity,” and “lipid metabolism” were input to obtain relevant target genes. Then the UniProtKB search function of the UniProt database (http://www.uniprot.org/) was used to standardize the names of those predicted target genes. Finally, Venn analysis was performed on MMQ-8 target genes, obesity-related genes, and inflammation-related genes to obtain common target genes. This took place using GO (http://www.geneontology.org/) and KEGG pathway (www.kegg.jp/kegg/pathway.html) analysis.
Serum Sampling and ELISA Assay
To detect the activities of serum blood lipids, liver enzymes, and inflammatory factors, the levels of triglyceride (TG), total cholesterol (TC), low-density lipoprotein (LDL-C), high-density lipoprotein (HDL-C), alanine aminotransferase (ALT), and aspartate aminotransferase (AST) were assessed using commercially available diagnostic kits (Nan Jing Jian Cheng Bio Co., Ltd., China). The serum levels of inflammatory factors TNF-α, inducible nitric oxide synthase (INOS), IL-6, and IL-10 were detected using an enzyme-linked immunosorbent assay (ELISA) kit (Jiang Su Mei Biao Bio Co., Ltd., China). While strictly following the ELISA kit instructions, detection was performed using a Multi-Plate Reader (Biotek Synergy, United States) with Gen5 software. Serum TNF-α, IL-1β, IL-6, and IL-10 contents were calculated according to the standard curve.
Histology and Immunohistochemistry
Liver tissue sections from the same part of the liver lobe were cut, fixed in 4% buffered formalin at room temperature for 24 h, embedded in paraffin, and sliced into 4-μm sections. Sections were stained with hematoxylin and eosin (H&E). Histopathological changes were checked under a microscope. Furthermore, we assigned NAFLD activity scores (NAS) to liver H&E images. The scoring criteria are shown in Table 1. The arcus aorta was stained with H&E and methods were the same as those for liver tissues.
TABLE 1 | The scoring criteria of NAS.
[image: Table 1]Histological visualization of lipid deposition in rat hepatic tissues was performed using oil red O staining. Briefly, frozen sections of rat liver tissue were first incubated in distilled water for 2 min, then 60% propylene glycol for 2 min, and finally in oil red O solution for 5 min. Then the sections were soaked in 60% propylene glycol until the interstitial tissue was colorless. After rinsing for 2 min with distilled water, the slides were incubated at 37°C with hematoxylin for 1 min and mounted with gelatin mounting medium.
Immunohistochemistry was performed on the arcus aorta sections. The sections were immersed in distilled water at room temperature for 25 min. The sections were blocked with 3% rabbit serum and then incubated overnight at 4°C with primary antibodies: anti-CD68 (ab283654, Abcam) and anti-Mannose receptor CD206 (ab64693, Abcam). The sections were washed followed by incubation with corresponding goat anti-rabbit IgG H&L (HRP) (ab6721, Abcam) for 50 min at room temperature. They were then immersed in PBS for 5 min and stained with DAB and hematoxylin. The histopathological changes were checked under a microscope.
RNA Sequencing
Muscle tissue was removed from the femur and tibia and rinsed with PBS. Tissue scissors were used to cut off both ends of the bone, and marrow cells were flushed out using a syringe containing PBS. The cell suspension was centrifuged at 1000 rpm for 5 min to collect bone marrow cells. Then red blood cell lysis buffer was added in moderation to the bone marrow cells to remove all red blood cells. They were then cleaned with PBS and an appropriate amount of TRIZOL UP was added. Cells were then frozen at −80°C after complete mixing. Finally, the total RNA was extracted to synthesize cDNA sequenced using an Illumina platform and the information was analyzed. The genes that displayed a >1.5-fold change in expression—and based on at least two pairwise comparisons with the same trend—were selected for further examination in the test phase (p ˂ 0.01).
Quantitative Real-Time PCR
Total RNA was isolated from cultured cells using RNAiso Plus reagent (TAKARA, Japan) according to the manufacturer’s instructions. The total RNA was directly used for RT-qPCR by Trans Script Green One-Step qRT-PCR Super Mix reagent (Trans Gen Biotech, China) following the manufacturer’s protocol on an ABI Prism7500 instrument (ABI, United States). Details of the mRNA—specific primers for GAPDH, TNF-α, interferon regulatory factor 1(IRF1), T-bet, signal transducer and activator of transcription (STAT)1, STAT3, STAT4, STAT6, GATA binding protein 3 (GATA3), IL-10, RORγt, nuclear factor-kappa B inhibitor alpha (IκBα), and IL-17A are shown in Table 2. The relative mRNA levels were determined using the comparative Ct method with GAPDH as the reference gene, and the formula 2−ΔΔCt.
TABLE 2 | Primers used in this study for RT-PCR.
[image: Table 2]Western Blot
The vascular and liver tissues that were frozen at −80°C were removed from the refrigerator and rinsed twice with PBS. Tissues were then cut into small pieces and put into a glass grinder with an appropriate amount of TPEB to be ground for half an hour on ice. Protein samples were obtained by centrifugation at 12,000 rpm for 10 min at 4°C. Protein concentrations were determined by BCA protein assays (Thermo Scientific, United States), and approximately 25 μg of total protein was used for SDS-PAGE through a 12% running and 5% stacking gel. Samples were transferred to a nitrocellulose transfer membrane (66485, Pall) using the wet transfer method. Membranes were blocked with 5% non-fat dry milk and then incubated overnight at 4°C with primary antibodies and corresponding secondary antibodies: anti-p38 (1:1000; 8690, CST), anti-IκBα (1:1000; 4814, CST), anti-SAPK/JNK (1:1000; 9252, CST), anti-ERK1/2 (1:1000; 4695, CST), anti Phospho-p38 (1:1000; 4511, CST), anti Phospho-IκBα (1:1000; 2859, CST), anti Phospho-SAPK/JNK (1:1000; 4668, CST), anti Phospho-ERK1/2 (1:1000; 4370, CST), GAPDH (1:1000; 5174, CST), and anti β-Actin (1:1000; 4970, CST). Membranes were washed, followed by incubation with corresponding IRDye® 800LT goat anti-rabbit (1:20,000; 5151, CST) and anti-mouse (1:20,000; 5257, CST) for 1 h at approximately 25°C. The primary antibody and corresponding secondary antibody were evaluated separately. After scanning, successive secondary rounds of incubation were performed for each membrane using seven different antibodies recognizing seven different proteins. Detection and quantification were performed using an Infrared Imaging System (Odyssey; LI-COR Biosciences). Band intensities were determined using the median background method. The mitogen-activated protein kinase (p38), IκBα, extracellular regulated kinase 1/2(ERK1/2), stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), Phospho-p38, Phospho-IκBα, Phospho-SAPK/JNK, and Phospho-ERK1/2 levels were normalized to β-actin or GAPDH.
Statistics
All data are represented as mean ± SEM. Significance was tested using one-way ANOVA, followed by Dunnett’s multiple comparisons, when appropriate (GraphPad Prism 7, United States). Results with p-values < 0.05 were considered statistically significant.
RESULTS
MMQ-8 Chemical Composition
TCM is characterized by multi-component, multi-target integration and regulation. Thus, it is important for research to determine the active metabolites of drugs (Zhang et al., 2020). In this study, we set out to use the UHPLC-QE-MS assay to determine the chemical composition of MMQ-8. As shown in Figures 1A,B, we obtained 303 chemical components in the negative (NEG) electrospray ionization modes of UHPLC-QE-MS, and 404 in the positive (POS) electrospray ionization modes. A total of 642 chemical components were obtained that contained 51 types of compounds and the content of flavonoids, terpenoids, phenylpropanoids, phenols, and alkaloids were the largest of all the chemical components of MMQ-8 (Figure 1C). These compounds are widely present in plants and most have anti-inflammatory, antioxidant, anti-cancer, antibacterial, liver protection, cardiovascular protection, and other pharmacological effects (Zhang et al., 2019; Liao et al., 2020; Yuan et al., 2021). These results suggest that MMQ-8 has multiple pharmacological effects. We performed a network analysis of MMQ-8 chemical components to confirm the medicinal values.
[image: Figure 1]FIGURE 1 | An overview of MMQ-8 chemical components was detected by UHPLC-QE-MS assay. (A) The fingerprint of MMQ-8 total chemical components in NEG electrospray ionization modes. We marked 33 active metabolites screened according to the Percent Human Oral Absorption and drug likeness values (B) The fingerprint of MMQ-8 total chemical components detected in POS electrospray ionization modes. We marked 43 active metabolites screened according to the Percent Human Oral Absorption and drug likeness values. (C) In total, 642 chemical components of MMQ-8 were obtained, among which flavonoids, terpenoids, phenylpropanoids, phenols, and alkaloids were the most abundant.
The Relationship Between MMQ-8 Metabolites, Obesity, and Inflammation
The therapeutic effects of TCM involve complex processes that operate through the synergistic action of various compounds on different targets (Zhao et al., 2021). To explore the pharmacological action of MMQ-8, we carried out network analysis based on the MMQ-8 components detected in the UHPLC-QE-MS assay. We obtained a total of 69 potentially active metabolites of MMQ-8 that were screened according to the Percent Human Oral Absorption (≥30%) and drug likeness values (≥0.185). As shown in Figures 1A,B, we marked the potentially active metabolites in fingerprints and more details are shown in Tables 3, 4. In the ChEMBL database, we identified 551 target genes relating to the active metabolites of MMQ-8. There were 2,061 obesity-related genes and 2,239 inflammation-related genes obtained from TTD. A total of 225 common target genes were identified among MMQ-8 target genes, obesity related genes, and inflammation related genes (Figure 2A). These 225 common target genes were regulated by the 65 active metabolites of MMQ-8 (Figure 2B). GO and KEGG enrichment analyses were then performed on these 225 target genes. GO analysis indicated that enrichment of oxidative, inflammation, and lipid metabolism was highly significant (Figure 2C). In KEGG enrichment analysis, enrichment of lipid, AS, T cell receptor signaling pathway, TNF signaling pathway, NAFLD, and T-helper (Th) 17 cell differentiation signaling pathways were the most significant (Figure 2D). The TNF signaling pathway is a classic inflammatory signal transduction pathway, which is very large and includes many downstream signaling pathways, such as NF-κB, mitogen-activated protein kinase (MAPK), and PI3K (Kalliolias and Ivashkiv, 2016). In addition, we have observed that MMQ-8 has significantly inhibiting effects on the inflammatory signaling pathway TNF and Th cell differentiation related signaling pathway in vivo and in vitro. Therefore, we performed further analysis on TNF signaling pathway, Th1 and 2 cell differentiation, and Th17 cell differentiation signaling pathways and obtained 37 active metabolites of MMQ-8 that directly participate in regulating these signaling pathways, as shown in Figure 2E. These findings suggest that MMQ-8 has regulatory effects on lipid metabolism and inflammation.
TABLE 3 | Thirty-three MMQ-8 active metabolites have been detected in NEG electrospray ionization modes of UHPLC-QE-MS assay and screened by the Percent Human Oral Absorption and drug-likeness values.
[image: Table 3]TABLE 4 | Forty-three MMQ-8 active metabolites have been detected in POS electrospray ionization modes of UHPLC-QE-MS assay and screened by the Percent Human Oral Absorption and drug-likeness values.
[image: Table 4][image: Figure 2]FIGURE 2 | continued
MMQ-8 Optimizes Lipid Metabolism
Based on the clinical effects, components and network analysis results of MMQ-8, we decided to establish obesity rat models through HFD and verify the effects of MMQ-8 on lipid metabolism and inflammation. HFD is an important factor that causes obesity. Long-time exposure to an HFD increases the amount of adipose tissue in humans, leading to obesity, weight gain, and steatosis of other tissues and organs. Moreover, studies have confirmed that expansion and anoxia of adipose tissue cause an inflammatory response that is a systemic chronic inflammation closely related to insulin resistance, T2D, AS, NAFLD, and some cancers (González-Muniesa et al., 2017).
We observed that MMQ-8 could optimize lipid metabolism. As shown in Figures 3A–C, compared with the control group, the body weight and white adipose tissue weight of rats in the model group were significantly increased. In the MMQ-8(A) group, the body weight and white adipose tissue weight were significantly decreased compared with the model group. These weights were also reduced in other treatment groups but the difference was not statistically significant compared with the model group.
[image: Figure 3]FIGURE 3 | MMQ-8 optimizes lipid metabolism in obesity. (A) Statistics of body weight in each month. (B) Results of body weight in the 10th month. (C) White adipose tissue weight, which includes adipose tissue above the epididymides and around the kidneys. MMQ-8 treatment significantly decreased body weight and white adipose tissue weight. (D) Levels of serum lipids measured every 3 months. Serum levels of TC, TG, and LDL-C were decreased and the serum levels of HDL-C were increased after MMQ-8 treatment in obese rats with hyperlipidemia. Data are presented as means ± SD, n = 8, *p < 0.05, **p < 0.01.
In addition, blood lipid levels are an important target for observing lipid metabolism. Lipids exist in the blood in the form of TG, cholesterol, and lipoids binding with VLDL, LDL, and HDL. Blood lipid levels change with the absorption of lipids (Yuan et al., 2019). In this study, we tested serum lipid levels three times during the modeling process. As shown in Figure 3D, compared with the control group, TC, TG, and LDL-C levels in the model group were significantly increased, and HDL-C content was significantly decreased in the 10th month. In comparisons between the treatment group and model group, simvastatin significantly down-regulated the levels of TC, TG, and LDL-C, but did not increase HDL-C level. In contrast, MMQ-8 only increased the level of HDL-C. These results suggest that MMQ-8 optimizes lipid metabolism in obese rats.
MMQ-8 Improved Liver Function and Reduced Hepatic Steatosis and Inflammation
The liver is a key site for lipid metabolism. Lipids accumulate in hepatocytes when the cellular input of fatty acids, via either ingestion or synthesis, surpasses fatty acid output, via oxidation or export. This is the case with an HFD. Histologically, when more than 50% of the liver cells have steatosis, this is termed NAFLD. In addition, hepatic steatosis is closely related to hepatic insulin resistance, endoplasmic reticulum, autistic autophagy, mitochondrial dysfunction, apoptosis, and inflammation (Chanclón et al., 2020; Loomba et al., 2021). Therefore, to observe the effect of MMQ-8 on the livers of obese rats, we performed tests on liver function, pathological changes, and inflammatory signaling pathways. As shown in Figures 4A–C, MMQ-8 did not influence liver weight, but it did decrease serum levels of AST and ALT compared with the model group. In contrast, each ST treatment group showed decreased liver weights while the serum levels of AST and ALT remained similar to the model group. H&E staining results (Figure 4E) showed that the model group had more hepatocyte steatosis, cytoplasmic vacuolation, ballooning, necrosis, and lobular inflammation than the control group. However, compared with the model group, the hepatocyte steatosis, cytoplasmic vacuolation and ballooning were significantly reduced, and there was lower necrotic or lobular inflammation in each MMQ-8 group. The pathological changes in each ST group were similar to the model group.
[image: Figure 4]FIGURE 4 | MMQ-8 significantly reduced hepatic steatosis and improved liver function in obese rats fed an HFD. (A) Levels of serum hepatic functional marker AST. (B) Levels of serum hepatic functional marker ALT. Serum hepatic functional markers were reversed by MMQ-8 treatment. This suggested that MMQ was safe and did not cause liver toxicity. (C) Liver wet weights. (D) NAS of liver H&E staining images. (E) Representative H&E staining of liver (n = 6). (F) Representative Oil red O staining of liver (n = 6). MMQ-8 treatment significantly reduced hepatic steatosis. (G) MMQ-8 treatment decreased the phosphorylation levels of IκBα in liver tissue (H) MMQ-8 treatment decreased the phosphorylation levels of ERK1/2 in liver tissue. (I) MMQ-8 treatment decreased the phosphorylation levels of p38 in liver tissue. (J) MMQ-8 treatment decreased the phosphorylation levels of SAPK/JNK in liver tissue. MMQ-8 reduced liver protein phosphorylation levels of the TNF signaling pathway in obese rats. Data are presented as means ± SD, n = 8, *p < 0.05, **p < 0.01.
Meanwhile, we performed NAS on the liver H&E images and the scoring results are shown in Figure 4D. The NAS score of the model group was significantly higher than that of the control group. However, in each MMQ-8 group, NAS was significantly decreased compared with the model group. In ST groups, the NAS score was lower than in the model group, but there was no statistical difference. Moreover, to better observe hepatic steatosis, we performed liver oil red O staining and the results are shown in Figure 4F. Compared with the control group, the model group had significant fat deposition, while the MMQ-8 treatment group had significantly less fat deposition than the model group. The ST treatment group had the same results as the MMQ-8 group. Most importantly, we used the Western-blot method to detect the phosphorylation levels of the main regulatory proteins of the TNF signaling pathway, including IκBα, p38, ERK1/2, and SAPK/JNK in the liver. The results (Figures 4G–J) showed that the phosphorylation levels of IκBα, p38, ERK1/2, and SAPK/JNK proteins in the model group were significantly higher than for the control group. However, in the MMQ-8 and ST treatment groups, the phosphorylation levels of these proteins were significantly lower than those in the model group. These results demonstrated that MMQ-8 improved liver function and reduced hepatic steatosis and inflammation in obese rats. Moreover, MMQ-8 treatment showed no hepatotoxicity.
MMQ-8 Decreased IL-6, TNF-α, and INOS, and Elevated IL-10 Level in Serum
Inflammation is also a key surveillance target for obesity. Compelling evidence reveals that white adipose tissue will secrete pro-inflammatory factors that induce a permanent state of systemic inflammatory response in obesity caused by an HFD (Xu et al., 2017). Therefore, we tested the serum levels of pro-inflammatory factors IL-6, TNF-α, and INOS, and anti-inflammatory factor IL-10. The results (Figures 5A–D) showed that these pro-inflammatory factors were significantly increased in the model group compared with the control group. In the MMQ-8 treatment group, the level of pro-inflammatory factors IL-6, TNF-α, and INOS was significantly decreased, and the level of anti-inflammatory factor IL-10 was increased compared with the model group. Compared with the model group, IL-6, and TNF-α were significantly reduced and the IL-10 was increased in each ST treatment group. These findings suggest that MMQ-8 has an anti-inflammatory action in obesity.
[image: Figure 5]FIGURE 5 | MMQ-8 treatment significantly inhibited inflammation and vascular injury. MMQ-8 treatment significantly decreased serum levels of pro-inflammatory factors TNF-α, IL-6, and INOS and elevated the serum level of anti-inflammatory factor IL-10. (A) Serum levels of TNF-α. (B) Serum levels of IL-6. (C) Serum levels of INOS. (D) Serum levels of IL-10. (E) MMQ-8 treatment reduced vascular endothelium damage, smooth muscle cell proliferation, and foam cell formation. Representative H&E staining of arteries (n = 6). (F) MMQ-8 decreased the number of macrophages and increased macrophage polarization to M2 in artery walls. Representative images of artery immunohistochemistry staining for CD68 and CD206 (n = 6). (G) MMQ-8 treatment decreased the phosphorylation levels of IκBα in blood vessels (H) MMQ-8 treatment decreased the phosphorylation levels of ERK1/2 in vasculature. (I) MMQ-8 treatment decreased the phosphorylation levels of p38 in vasculature. (J) MMQ-8 treatment decreased the phosphorylation levels of SAPK/JNK in vasculature. MMQ-8 reduced the vascular protein phosphorylation levels of the TNF signaling pathway in obese rats. Data are presented as means ± SD, n = 3, *p < 0.05, **p < 0.01.
MMQ-8 Inhibited Vascular Injury and Inflammation
Obesity is a main cause of AS. Although the mechanism of AS has not been fully revealed, it is generally believed that abnormal lipid metabolism, oxidative stress, and chronic inflammation caused by obesity lead to vascular endothelial damage and inflammation. Inflammatory cells such as mononuclear macrophages gather and infiltrate into the vascular wall, where they engulf large volumes of lipids, and then turn into foam cells. This vicious cycle and eventually forms multiple atherosclerotic plaques on the vascular wall (Kobiyama and Ley, 2018). Network analysis also suggests that MMQ-8 has certain therapeutic effects on AS. Therefore, to explore the effects of MMQ-8 on vascular injury and inflammation in greater detail, we first performed H&E staining on the aortic arches. As shown in Figure 5E, we observed vascular wall thickening, smooth muscle cell disturbance and migration, and foam cell formation in the model group compared with the control group. A small number of foam cells were present underneath endovascular cells in the MMQ-8 and ST groups compared with the model group.
Macrophages have an important role during the initiation and development of AS, and studies have shown that these differ with phenotype. CD68, a glycoprotein highly expressed by mononuclear phagocytes, is used as a marker for macrophages. Mannose receptor (CD206) is highly expressed in M2-like macrophages that play an anti-inflammatory role during inflammation (Nawaz et al., 2017). Thus, to observe the infiltration and phenotypic changes of macrophages in vascular walls, we next detected the expression of CD68 and CD206 by immunohistochemistry. As shown in Figure 5F, CD68 was significantly expressed in the model group, while CD206 was only slightly expressed compared with the control group. Furthermore, compared with the model group, the expression of CD68 in each ST and MMQ-8 group was reduced, while CD206 was significantly expressed in the ST(B) and MMQ-8(A) groups.
AS is a disease characterized by low-grade chronic inflammation of the arterial wall. Network analysis suggested that MMQ-8 significantly regulated inflammatory signaling pathways, including TNF, NF-κB, and MAPK. TNF is a classic, pleiotropic pro-inflammatory cytokine. It regulates cell survival, apoptosis, and differentiation, and promotes immune and inflammatory responses through the TNF receptor (TNFR1/2), activating multiple downstream signals transduction pathways, such as NF-κB, MAPK, and PI3K (Kalliolias and Ivashkiv, 2016; Ben et al., 2019). In addition, MMQ-8 significantly regulates the expression of serum inflammatory factors such as TNF-α, IL-6, INOS, IL-10, and the phenotype of macrophages. Therefore, to explore more details of the effect of MMQ-8 on vascular inflammation, we detected the phosphorylation levels of proteins in the TNF signaling pathway by Western-blot assay on aorta samples. These included IκBα, p38, ERK1/2, and SAPK/JNK. As shown in Figures 5G–J, compared with the control group, the phosphorylation levels of IκBα, p38, ERK1/2, and SAPK/JNK were significantly increased in the model group. In contrast, in the ST and MMQ-8 groups, the phosphorylation levels of these proteins were significantly lower than in the model group. These findings demonstrate that MMQ-8 inhibited vascular injury and inflammation.
MMQ-8 Inhibited Bone Marrow Cell Inflammation
Bone marrow is the main site for blood cell formation. It is a primary lymphoid organ that supports lymphoid development and a host of naive and memory immune cells, plasma cells, regulatory T cells, and myeloid immune cells. The cellular niches of bone marrow can regulate hematopoietic stem cells (HSCs) and immune cell behavior through direct cell contact, growth factors and cytokines, and components of the extracellular matrix (Mercier et al., 2012; Liu et al., 2018). Studies have revealed that obesity can destroy bone marrow homeostasis and reduce the number of primitive HSCs (Hermetet et al., 2019). These findings suggest that bone marrow is closely related to the chronic inflammation induced by obesity. Therefore, to fully understand the regulatory effects of MMQ-8 on the bone marrow of obese rats, we performed bone marrow cell transcriptome sequencing. As shown in Figure 6A, using different expression analyses, we found that MMQ-8 treatment downregulated 35 genes that were different from the model group regarding immune response and lipid metabolism. Moreover, the expression of these 35 genes in the ST groups was no different than in the model groups, especially in the ST(A) group. We then performed KEGG enrichment analysis on these 35 genes and found that ST down-regulated genes that were different from the model group. As shown in Figure 6B, in the 35 MMQ-8 down-regulated genes, we obtained many inflammatory signaling pathways that were significantly enriched, including TNF signaling pathway, Th1 and Th2 cell differentiation, Th17 cell differentiation, and NF-κB. Although many inflammatory signaling pathways were down regulated in ST group, including TNF signaling pathway, toll-like receptor signaling pathway, and chemokine signaling pathway, the enrichment was not significant, as shown in Figure 6C. These results demonstrate that MMQ-8 inhibited inflammation in bone marrow cells in obese rats.
[image: Figure 6]FIGURE 6 | Continued
MMQ-8 Inhibited the NF-κB Signaling Pathway and Th1, Th2, and Th17 Cell Differentiation Signaling Pathways In Vitro
Adaptive immune cells and innate immune cells play a key role in obesity-induced chronic low-grade inflammation. Many studies have shown that CD4+T cells exist in adipose tissue, NAFLD, and atherosclerotic plaques in obesity. These cells are implicated not only in inflammation but also in the development of insulin resistance and T2D. CD4+T cells mainly include Th1, Th2, Th17, and Treg cells. Of these, Th1 and Th17 cells are pro-inflammatory cells, while Th2 and Treg cells have the opposite effect. Th1 and Th17 cells promote macrophage migration and phenotypic differentiation to M1 by secreting inflammatory factors, while Th2 and Treg cells secrete anti-inflammatory factors such as IL-4, IL-10, and transforming growth factor-beta (TGF-β) (Kawasaki et al., 2012; McLaughlin et al., 2017). In our study, the network analysis and RNA sequencing of bone marrow cells in obese rats showed that MMQ-8 significantly regulated the signaling pathways involving NF-κB and Th1, Th2, and Th17 cell differentiation. Therefore, to further verify the effect of MMQ-8 on these signaling pathways, we used RT-qPCR to detect the effect of MMQ-8 drug-containing serum on the level of related mRNA in CTLL-2 cells in vitro (Figure 6D). The MMQ-8 serum concentration was 1% based on the inhibition rate (Figure 6E). Compared with normal rat serum, MMQ-8 medicated serum significantly lowered STAT1, STAT3, STAT4, STAT6, T- bet, TNF-α, IRF-1, and IL-17A mRNA levels; and significantly raised IκBα and IL-10 mRNA levels (Figure 6F). However, in each group, there was no significant difference in mRNA levels of RORγt and GATA3. T-bet, STAT1, and STAT4 are important in the differentiation process of CD4+T cells into Th1 cells. GATA3, STAT5, and STAT6 are the key to differentiation of CD4+T cells into Th2 cells, while RORγt and STAT3 are keys to the differentiation of CD4+T cells into Th17 cells (Kanhere et al., 2012). In addition, the activation of the NF-κB signaling pathway encourages the activation and differentiation of inflammatory T cells (Das et al., 2001). These results suggest that MMQ-8 has inhibitory effects on the NF-κB signaling pathway and the Th1, Th2, and Th17 cell differentiation signaling pathways. We demonstrated that MMQ-8 may potentially inhibit CD4+T cell differentiation into Th1 and Th17 cells, but more studies are needed to confirm this point.
DISCUSSION
Currently, statins are the primary choice for treating hyperlipidemia and preventing secondary diseases caused by obesity. However, there are still no radical treatments available. Therefore, greater attention is being paid to botanical drug studies. In a holistic and synergistic way, Chinese botanical drugs possess superior pharmacological properties for treating obesity (Chang et al., 2015; Chang et al., 2018). Our study revealed that MMQ-8 was able to optimize lipid metabolism and reduce inflammatory responses by inhibiting the TNF signaling pathway and the differentiation of Th1 and Th17 cells.
As a branch of TCM, Mongolian medicine has its own independent theoretical system and therapies. Mongolian medicine cures diseases by maintaining the balance of homeostasis in vivo in a holistic and synergistic way. The main sources of Mongolian medicines are botanical drugs (Qiburi et al., 2020). Botanical drugs are gaining increasing acceptance worldwide, for example, using Yin-xin-tong-mai, Huang-qi san, or Danning tablets. These TCMs have been shown to positively affect obesity (Hao et al., 2020; Ma et al., 2021; Zheng et al., 2021). The present study results also confirmed that MMQ-8 has positive effects on obesity.
The excessive fat deposition associated with obesity has multiple etiological factors but is widely considered the result of disequilibrium between energy intake and expenditure. As an energy source, the excessive intake of lipids is one of the main causes of obesity. Lipids absorbed into the body take the form of TG, cholesterol, and lipoids in the blood and are transported as VLDL, LDL, and HDL. VLDL and LDL are the main vehicles for carrying cholesterol to extra-hepatic tissues. At the same time, HDL plays the reverse role of cholesterol transport, carrying excess cholesterol from peripheral tissues to the liver (Pirillo et al., 2021). The liver is the main site of lipid metabolism, converting the cholesterol returned by HDL into bile acids for excretion. Furthermore, the liver is also one of the major sites for synthesizing triglycerides from the absorption of sugars; if these triglycerides are not transported away, NAFLD will develop (Friedman et al., 2018; Watt et al., 2019). Therefore, in addition to BMI, changes in blood lipid levels and liver pathology can also reflect lipid metabolism. In our study, MMQ-8 treatment not only reduced body weight, white adipose tissue weight, and liver steatosis, and also increased serum HDL levels. These results indicate that MMQ-8 can optimize lipid metabolism, but the mechanism by which this takes place still needs further research.
Nowadays, it is widely considered that obesity is a type of inflammatory disease. Studies indicate that chronic low-grade inflammation induced by obesity is systemic, including multiple organs such as adipose tissue, the pancreas, liver, skeletal muscle, artery, heart, and brain. This chronic inflammation is closely associated with insulin resistance, AS, T2D, and the development of some cancers (Chen et al., 2018). It involves the activation of multiple inflammatory signaling pathways, such as the T cell receptor signaling pathway, NF-κB, PI3K, and TNF and the secretion of many pro-inflammatory cytokines, e.g., TNF-α, IL-6, INOS, and monocyte chemoattractant protein 1 (McP-1), and IL-1 (McLaughlin et al., 2017; Malik et al., 2020; Wu and Ballantyne, 2020). In our study, network analysis showed that MMQ-8 significantly regulated these inflammatory signaling pathways. At the same time, in vivo experiments, demonstrated that MMQ-8 can significantly reduce the activation of TNF signaling pathways in the liver and blood vessels. It also decreased secretion of the pro-inflammatory factors TNF-α, IL-6, and INOS. In addition, MMQ-8 increased the levels of anti-inflammatory factor IL-10 in serum. These results show that MMQ-8 has wide-ranging anti-inflammatory effects.
Inflammation induced by obesity is one of the main causes of the occurrence and development of AS. In obesity, the increasing levels of LDL, triglycerides, and inflammatory factors in circulating blood cause hemodynamic changes and an oxidative stress reaction. These induce dysfunction and an inflammatory reaction in the vascular endothelium. Then lipids and inflammatory cells infiltrate vascular walls. Macrophages are the main inflammatory cells involved in this process. After infiltrating vascular walls, the macrophages engulf lipids and turn into foam cells, causing inflammation of vessels. This creates a vicious cycle of inflammation and foam cell accumulation, eventually leading to AS (Kobiyama and Ley, 2018; Xu et al., 2019; Barrett, 2020). During the pathological process of AS, the polarization of macrophages to M1 will promote the local inflammatory response of blood vessels, while polarization to M2 will have the opposite effect. M2-type macrophages can promote the repair of damaged blood vessels and the stabilization of plaques. Studies have shown that CD68+CD206+M2 phenotype macrophages are a main sub-type of macrophage, which play an anti-inflammatory role in inflammatory diseases (Nawaz et al., 2017). In our study, MMQ-8 inhibited endothelial injury and macrophage infiltration, and promoted the polarization of macrophages to M2. In addition, MMQ-8 significantly decreased the protein phosphorylation of IκBα, p38, ERK1/2, and SAPK/JNK in the TNF signaling pathway in the aorta. TNF, as a classical pleiotropic pro-inflammatory cytokine, is produced by a range of immune and non-immune cells and is the first cytokine to appear within minutes of any injury or stress caused by pro-inflammatory stimuli. TNF activates the downstream signaling pathway, including NF-κB, MAPK, and PI3K through binding with TNFR1 and TNFR2 to regulate cell survival and inflammation. Therefore, this signaling pathway is closely related to metabolic inflammation, AS, and insulin resistance (Kalliolias and Ivashkiv, 2016; Dou et al., 2018; Jaiswal et al., 2019). It can therefore be understood that MMQ-8 inhibited vascular injury and macrophage polarization. Moreover, MMQ-8 played a vital role in metabolic inflammation via down-regulating the TNF signaling pathway.
Both adaptive and innate immunity play important roles in obesity-induced systemic inflammation (McLaughlin et al., 2017; van der Zalm et al., 2020). HSCs are a source of leukocytes critical to innate and adaptive immunity. It has been observed that traces of immune cells are activated in bone marrow, including CD4+T cells, CD8+T cells, CD11c+ dendritic cells (DCs), B cells, plasma cells, NKT cells, mesenchymal stem cells (MSCs), and myeloid-derived suppressor cells (MDSCs) (Mercier et al., 2012; Hermetet et al., 2019). Mercier et al. (2012) and Hermetet et al. (2019) detected a loss of half of the most primitive HSC in bone marrow cells of HFD-fed mice. Moreover, Liu et al. (2018) found that obese mice exhibit poor emergency immune responses in a toll-like receptor 4-dependent manner. These studies indicate that the bone marrow, an immune regulatory organ, is closely related to the inflammation induced by obesity. In our study, RNA sequencing results of bone marrow cells showed that MMQ-8 inhibited TNF, the NF-κB signaling pathway, and Th1, Th2, and Th17 cell differentiation signaling pathways. In addition, it was further confirmed via in vitro experiments. These findings revealed that the TNF signaling pathway and CD4+T cell differentiation were necessary to promote the effect of MMQ-8. In network analysis, we observed 37 active metabolites of MMQ-8 directly regulating these signaling pathways.
In summary, we determined the pharmacological actions and relevant metabolites of MMQ-8 in obesity for the first time. Our study revealed that MMQ-8 can optimize lipid metabolism and reduce chronic inflammation in obesity. Its anti-inflammatory effect was accomplished by promoting macrophage polarization to M1, reducing macrophage infiltration, and inhibiting the signaling pathways regarding TNF, NF-κB, Th1, and Th2 cell and Th17 cell differentiation. However, we focused only on pharmacodynamic evaluation and relevant metabolites of MMQ-8. There remains a great deal of in-depth research to be done, for example, to understand the principle of compound compatibility and the inhibition effects on hepatic steatosis, T cell differentiation, and inflammatory signal transduction. We believe that it is necessary to continue exploring these potential mechanisms of MMQ-8.
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Polycystic ovary syndrome (PCOS) is a very common, complex, and heterogeneous endocrine disorder of women that involves a combination of environmental and genetic factors. PCOS affects women of growing age particularly at the early to late reproductive stage (15–35 years). Currently, PCOS affects 1 in every 10 women worldwide. It is characterized majorly by a raised level of androgens such as testosterone and a large number of ovarian cysts (more than 10) that cause anovulation, infertility, and irregular menstrual cycle. PCOS is also related to other endocrine and metabolic abnormalities, such as obesity, hirsutism, acne, diabetes, insulin resistance, and glucose impairment. PCOS can be treated with allopathic, ayurvedic, and natural or herbal medications along with lifestyle modifications. Herbal medicines remained in demand for numerous reasons such as high cost and side effects associated with the use of allopathic medicine and our traditional norms, which have helped humans to use more herbal products for their health benefits. Estrogenic and nonestrogenic phytochemicals present in various plant species such as Glycyrrhiza glabra L. [Fabaceae], Aloe vera (L.) Burm. f. [Asphodelaceae], Silybum marianum (L.). Gaertn. [Asteraceae], Serenoa repens (W.Bartram) Small [Arecaceae], Actaea racemosa L. [Ranunculaceae], and Angelica sinensis (Oliv.) Diels [Apiaceae] are effective and harmless. Herbal medicines are found to be cost-effective, efficacious, and a highly esteemed source of management/treatment for PCOS than allopathic medicines. In this literature review, diagnosis, signs, and symptoms of PCOS; causes of hormonal imbalance; and risk factors associated with PCOS and their management are discussed briefly, and the focus was to find out the role of herbal remedies in PCOS management.
Keywords: PCOS, endocrine abnormality, metabolic disorder, infertility, reproduction
1 INTRODUCTION
The term PCOS was first used in 1935 by Stein and Leventhal, also named Stein–Leventhal syndrome after the investigators (Knochenhauer et al., 1998; Nagarathna et al., 2014). It is an extremely common and highly prevalent disorder. It affects women of early to late reproductive stage worldwide, but its prevalence is variable among different races and ethnic groups as it is highly prevalent among South Asians than among Caucasians. The occurrence of PCOS is higher among Asian women (52%) than among Western Caucasian women (20%–25%). According to the World Health Organization (WHO), PCOS affects 116 million women (4%–12%) globally in 2012, and in 2020, its ratio increased abruptly to 26% (Carmina et al., 1992; Nagarathna et al., 2014). In Pakistan, 1 in every 10 women is diagnosed with PCOS and this is an alarming situation. In PCOS, follicle-stimulating hormone (FSH) level decreases, and this prevents the maturation of follicles in the final stage. The decreased level of FSH and the increased level of LH and androgens (testosterone) worsen the steroidogenesis. This hormonal imbalance disturbed the normal menstrual cycle of women which makes it difficult for them to get pregnant (Knochenhauer et al., 1998). Among the various causes of infertility, PCOS is considered the commonest and a major cause, accounting for 35%–50% of overall infertility (Carmina et al., 1992). PCOS is not a disease; rather, it is a disorder causing the female ovaries to become enlarged with a large number of cysts (more than 10). These cysts are undeveloped follicles. As the disorder progresses, thickening of the ovary wall occurs, which prevents the release of the ripened follicles known as anovulation (Nagarathna et al., 2014). PCOS is characterized by infertility, disturbance in the normal menstrual cycle, and anovulation (Teede et al., 2010). Women with polycystic ovaries reveal the clinical features of PCOS, including menstrual cycle disturbances, obesity, hirsutism, acne (Archer and Chang, 2004), and abnormality of biochemical profiles, such as elevated serum concentrations of LH, testosterone, androstenedione, and insulin. Insulin resistance is another important factor that contributes to the pathophysiology of PCOS. However, acne, unexpected increase in weight, and increased growth of hair are also clinical manifestations of PCOS (GOLDZIEHER and Green, 1962). Potential factors involved in the pathogenesis of PCOS are generally alterations in neuroendocrine function, steroidogenesis, ovarian folliculogenesis, metabolism, insulin secretion, insulin resistance, adipose cell function, and inflammatory factors, which contribute to the pathogenesis of this disorder. The presence of PCOS is also associated with some cancers, e.g., ovarian cancer and cervical cancer. PCOS is also categorized as endocrine dysfunction in humans because as the disorder develops, it leads to type II diabetes, obesity, ovarian cancer, dysfunctional uterine bleeding, high level of cholesterol, and cardiovascular abnormalities (Dunaif et al., 1989). Moreover, in PCOS, there is imbalance of all the hormones, such as gonadotropin-releasing hormone (GnRH), insulin, the luteinizing/follicle-stimulating hormone (LH/FSH) ratio, androgens, estrogens, growth hormones (GHs), cortisol, parathyroid hormone (PTH), and calcitonin, and all of these hormones are involved in bone metabolism and their imbalance may enhance osteoporosis. Thus, this syndrome also has a relevance with the bone function abnormality (Krishnan and Muthusami, 2017). PCOS is mostly diagnosed when females have trouble in getting pregnant. Diagnosis of PCOS generally consists of detailed family history, appropriate laboratory evaluation, and exclusion of other causes of metabolic disturbances. To treat PCOS, several therapeutic approaches have been tried, comprising diet/lifestyle modifications and the use of medicinal agents, such as oral contraceptive pills or antiandrogens. In recent times, management with inositol has proven to be as rational as beneficial in counteracting the endocrine-metabolic abnormalities associated with this syndrome (Minozzi et al., 2011; Kamenov et al., 2015). As PCOS is a familial condition, it is proving impractical to set up the genetic basis for the syndrome without a clear view of the phenotype. Based on the patient’s response to human corticotrophin-releasing hormone (hCRH), PCOS patients are divided into different classes, e.g., some may show a normal response to hCRH, others may have an exaggerated response of ACTH to hCRH, or some patients may have a high basal level of cortisol and a reduced response to hCRH. PCOS is a complex heterogeneous genetic disorder, and dysregulation of androgen synthesis or androgen excess plays a major role in the pathogenesis of PCOS (Kondoh et al., 1999).
2 ETIOLOGY OF PCOS
The factors associated with the etiology of PCOS may be
2.1 Environmental Factors
The environmental factors associated with the etiology of PCOS are depicted in detail in Figure 1.
[image: Figure 1]FIGURE 1 | Environmental factors affecting PCOS.
The biggest contributor to PCOS is poor diet and disturbed lifestyle which is also proved in a survey (Lydic and Juturu, 2008). An elevated level of androgens prevents the release of the ovum from follicles. So an unhealthy diet and a stressful lifestyle contribute to the worsening of the symptoms of PCOS.
2.2 Genetic Factors
The genetic factors associated with the etiology of PCOS are depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Genetic factors associated with PCOS.
These factors provide an additional insight to determine the epidemiology, prevalence, and presence of PCOS.
Based on these factors, PCOS is divided into four different types.
1) Insulin resistance PCOS: high level of insulin is the common and highly prevalent reason for PCOS (Diamanti-Kandarakis and Christakou, 2009).
2) Adrenal PCOS: stimulation of adrenal secretions during early puberty causes adrenal PCOS; patients with adrenal PCOS generally experience more stress due to excess DHEAS (dehydroepiandrosterone sulfate, an androgen of adrenal glands) (Carmina, 2006).
3) Inflammatory PCOS: chronic low-grade inflammation is generally found in PCOS patients (Duleba and Dokras, 2012).
4) Post pill PCOS: e.g., caused by contraceptive pills and hormonal disturbances (Lara Briden, 2015).
Increased insulin levels and insulin resistance also contribute to the pathogenesis of PCOS.
3 PATHOGENESIS OF PCOS
3.1 Hormonal Imbalance
Some major hormones that play a key role in the pathogenesis of PCOS are discussed as follows, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Hormonal imbalance associated with PCOS.
3.1.1 Androgen
The ovary of an adolescent with PCOS produces androgens excessively (hyperandrogenism), e.g., testosterone, which prevents the maturation of ovarian follicles. So, an immature ovum will be formed that does not release properly, thus leading to anovulation. The ovum and sperm meets for fertilization, and the unavailability of the fully mature ovum is responsible for the conception problem in PCOS patients. A high level of testosterone is also observed in women with PCOS (CHANG et al., 1983; Schneyer et al., 2000; Kumar et al., 2005). However, it is seen in cell function studies of PCOS patients that the androgen response is much exaggerated after its stimulation by exogenous HCG or by endogenous gonadotropin after treatment with exogenous gonadotropin-releasing-hormone (GnRH) analog. It was also observed that the human theca cells culture of PCOS patients produces 20 times more androstenedione than similar cells of normal people (Schneyer et al., 2000).
3.1.2 Insulin
Hyperinsulinemia and insulin resistance are two common contributing factors of anovulation in PCOS patients. Hyperinsulinemia is higher insulin levels in blood, and it mostly happens when production of insulin is higher than its clearance. Androgens also cause insulin resistance, as described in Figure 3 (CHANG et al., 1983). A study conducted in non-obese or less obese PCOS patients suggested that therapy with antiandrogens or androgen suppression improved the insulin sensitivity to a great extent but did not fully restore the insulin sensitivity to normal. Reduction of abdominal adiposity and weight loss in obese patients with PCOS also improved the insulin sensitivity when compared with the weight-matched controlled subjects (Dunaif et al., 1989). The exact causes of metabolic abnormalities remain unclear, but abnormalities in insulin secretion and signaling remain the major cause which was studied in female rhesus monkeys, in which impairments in insulin secretion and action were observed when exposed to androgen excess in vitro.
3.1.3 Luteinizing Hormones
It was suggested from different studies that an increased level of insulin is also a contributing factor for anovulation in women with PCOS; it induces premature arrest of follicle development by interacting with LH to augment steroidogenesis. If an unexpected ovulatory cycle occurs and the LH level was monitored regularly for several weeks, it could be seen that the serum LH concentrations suddenly dropped to the standard range (ADASHI et al., 1981). It was also observed in rhesus monkeys and ewes (prenatally androgenized) that the LH secretion remains higher than normal (although significantly lower than in anovulatory subjects). When animals are exposed in utero to androgens, a permanent decline in hormonal negative feedback on the hypothalamic-pituitary axis occurs, thus stimulating the androgen’s hypersecretion. The mechanism behind this hypersecretion is not clear; however, recent studies have suggested that in anovulatory patients, the major reason for hypersecretion of LH is irregular negative feedback on LH secretion that is mediated by either estradiol or progesterone (Liu et al., 2012).
4 SIGNS AND SYMPTOMS OF PCOS
The signs and symptoms of PCOS have a lot of variations and also have interindividual differences. The major symptoms are presented in Figure 4.
[image: Figure 4]FIGURE 4 | Sign and symptoms of PCOS.
5 HISTOPATHOLOGICAL FEATURES OF PCOS
In polycystic ovary syndrome (PCOS), the following changes take place in the ovarian tissues (Abbott et al., 2006): enlarged, sclerotic, and multiple cystic follicles, whole ovarian hypertrophy, thickened capsule >100 μm, increased number of subcapsular follicle cysts, scarcity of corpora lutea or albicantia, hyperplasia and fibrosis of the ovarian stroma, and premature luteinization of theca cells. Figure 5 represents the microscopic view of a female ovary tissue affected with PCOS.
[image: Figure 5]FIGURE 5 | Rotterdam criteria for diagnosis of PCOS and severity of the disorder.
6 MAJOR ORGANS INVOLVED IN PCOS
The following organs are involved in the pathophysiology of PCOS (Astrup, 2005; Khanage et al., 2019):
1) Ovary: ovary is a female reproductive organ that is present on either side of the uterus and releases the main hormones estrogen and progesterone.
2) Pancreas: it produces insulin in our body.
3) Adrenal gland: this gland is located over both the kidneys and releases an excess of adrenal hormone in patients with PCOS.
4) Pituitary gland: all the hormonal release is controlled by this gland.
7 DIAGNOSIS OF PCOS
The diagnosis of PCOS is made according to the recommendation of the meeting of the National Institutes of Health Science (NIH) US, which was held in 1990, which states that PCOS should comprise anovulation, hyperandrogenism, or both. However, in 2003, an ESHRE/ASMR joint meeting which was held in Rotterdam suggested that ultrasonography of polycystic ovaries along with hyperandrogenism and anovulation would be sufficient for the diagnosis of PCOS. This was further confirmed in 2006 by The Androgen Excess PCOS Society (AEPCOS). PCOS is mainly a disorder associated with hypogonadism, and secondly, the diagnosis of PCOS is made by either chronic anovulation or ultrasonography of polycystic ovaries (Franks, 2006; Conway et al., 2014; Cappelli et al., 2017).
7.1 Criteria for Diagnosis of PCOS
Diagnosis of PCOS is mostly carried out based on the criteria described in Figure 6.
[image: Figure 6]FIGURE 6 | Histopathological features of PCOS ovarian cross section representing changes in the ovary after PCOS. CF, cystic follicles; AF: atretic follicles.
Clinical symptoms of PCOS vary from irregular menstrual cycle or hyperandrogenism to severe metabolic and reproductive disturbances. Currently, pelvic ultrasound is the major tool for the diagnosis of a polycystic ovary. However, Rotterdam criteria as mentioned in Figure 6 are also used when there are multiple symptoms and the condition is worse (Azziz, 2006; Nagarathna et al., 2014). Women with PCOS may not necessarily have a polycystic ovary; similarly women with ovarian cysts may not be diagnosed with PCOS. Clinically, PCOS is diagnosed by:
1. Amenorrhea
2. Sonography
3. Rotterdam criteria (presence of more than two symptoms of PCOS)
If an ultrasound report presents with 12 or more follicles ranging in diameter 2–9 mm or even more in an ovary, then PCOS is confirmed. Even if these follicles are present in one ovary only, it will be sufficient to define PCOS [1].
Women with PCOS also observed other conditions that contribute to low fertility, e.g., anovulation, increased risks of early miscarriages, and obesity. The risk of developing the following complications increased in PCOS patients as explained in Figure 7 (Shroff et al., 2007).
1. Type II diabetes
2. Cardiovascular disorders
3. Obesity
4. Metabolic syndrome
5. Endometrial carcinoma
[image: Figure 7]FIGURE 7 | Associated risk factors of PCOS.
8 COMPLICATIONS ASSOCIATED WITH PCOS
Patients with PCOS are at a high risk of developing some more serious health problems listed as follows in Figure 7.
8.1 Diabetes Mellitus and Insulin Resistance in PCOS
It is found that type II diabetes is more prevalent in women with PCOS than in women without PCOS. In most cases, PCOS patients had inherent insulin resistance. Metformin is the most extensively used drug for treating type II diabetes even before insulin secretagogs (Hussain et al., 2014b) and studies suggest that its use throughout pregnancy also reduces the chances of gestational diabetes from 30% to 3% in women with PCOS (Tarkun et al., 2005). In addition to medication, lifestyle improvements have also shown promising results and decreased the risk of diabetes mellitus up to 58% (Conn et al., 2000).
8.2 Cardiovascular Diseases in PCOS
The chances of hypertension increases in women with polycystic ovaries. Other complaints in PCOS patients that studies revealed include the following:
• High level of LDL
• Decreased level of HDL
• Disturbance in triglycerides homocysteine
• Type 1 plasminogen activator inhibitor
• Decrease in vascular relaxation
• Disturbance in endothelial function.
Chances of developing coronary artery disease and myocardial infarction also increased more than 7-fold in PCOS patients when compared to the same-age group population without PCOS (Dokras, 2013).
8.3 Endometrial Cancer and Endometrial Hyperplasia
Amenorrhea is a major complaint of PCOS patients; if left untreated for a long time, it will develop into endometrial hyperplasia and endometrial cancer. Endometrial hyperplasia is a condition of the female reproductive system. The lining of the uterus becomes unusually thick because of having too many cells (hyperplasia). But in certain women, it increases the risk of endometrial cancer development (Holm et al., 2012).
8.4 Metabolic Abnormality
One of the most common metabolic defects in PCOS patients is dyslipidemia. It is reported in multiple studies that the lipid profile of PCOS patients indicates a decrease in HDL (high-density lipoprotein) level and an increase in LDL (low-density lipoprotein) and triglycerides levels (Wild, 2012).
8.5 Obesity
Obesity is among the most common metabolic and reproductive abnormalities in patients with PCOS. Clinically, 50% of the cases of PCOS are generally observed to be obese. Lifestyle modifications can reduce obesity because its prevalence is associated with the type of diet intake, less activity, and geographic location (Astrup, 2005).
9 MANAGEMENT OF PCOS
Polycystic ovary syndrome is not completely curable to date. The treatment used clinically is only to manage the symptoms associated with PCOS (Leena et al., 2016). Hormonal imbalance associated with PCOS is not reversed; improvements in symptoms are mostly associated with lifestyle modifications. Currently, attempts are made to target anovulation, infertility, or management of PCOS-related symptoms.
At present, management options for PCOS are
1. Allopathic therapy
2. Herbal therapy
3. Lifestyle and dietary modifications
9.1 Long-Term Management of PCOS (Allopathic Therapy)
Anovulation is accountable for the higher rate of infertility, approximately 75%. It is very difficult for PCOS patients to get pregnant, and if pregnancies occur, chances of miscarriages remain, especially in the first trimester (Homburg, 2004). Anovulation is associated with hormonal imbalance which is an increase in the production of testosterone.
The testosterone level is increased due to (Singh et al., 2010):
• increased LH stimulation,
• hyperinsulinemia; high insulin in blood can impair ovulation and cause the ovaries to make excess testosterone
Level of testosterone hormone can be decreased by the use of the following.
9.1.1 Combined Oral Contraceptives
Oral contraceptives decrease gonadotropin production and thus decrease the testosterone level. The Task Force and the Endocrine Society, the Australian Alliance, and the PCOS Consensus Group recommend combined therapy with hormonal contraceptives for the long-term management of symptoms, such as hyperandrogenism, amenorrhea, or other menstrual irregularities associated with PCOS (Cappelli et al., 2017). These follow the same mechanism comprising suppression of pituitary LH, ovarian androgen secretion, and decrease the testosterone level. Individual oral contraceptives are also effective but at different doses. Antiandrogenic agent, e.g., neutral progestin, is considered effective for symptomatic treatment (Falsetti et al., 2000). Some risk factors, including the elevated blood pressure level, smoking and clotting history, and obesity, associated with the use of oral contraceptives must be considered (Korytkowski et al., 1995).
9.1.2 Clomiphene Citrate
Clomiphene citrate is an antagonist of estrogen receptors, considered as a first-line agent for ovulation induction in PCOS patients. Clomiphene citrate initiates ovulation by stimulating ovarian follicles growth and secretes FSH and LH from the brain’s pituitary gland. After binding to the estrogen receptor, it produces an anti-estrogen effect on the endometrium and cervical mucus. Being economical, with fewer side effects, requiring less monitoring makes it a drug of choice. After the initiation of treatment, pregnancies occur within 6 cycles of ovulation. At high doses, it produces side effects like an increase in the rate of multiple gestations, while in obese patients a high dose is required as they did not respond to therapy (Legro et al., 2007).
9.1.3 Tamoxifen
It works by blocking estrogen receptors in the hypothalamus, which causes ovarian stimulation. Its mechanism of action is similar to CC and hence is used as an alternative to it (Dhaliwal et al., 2011).
9.1.4 Aromatase Inhibitors
These are very potent in inducing ovulation (e.g., anestrazole and letrozole) by stopping the enzyme aromatase in fat tissues (Nugent et al., 2015). Aromatase is necessary for the production of follicles, and it is suggested that in PCOS patients, there is a significant decrease in aromatase level. Decreased estrogen production from the hypothalamus is accountable for increasing the level of gonadotropin-releasing hormone (GnRH) and FSH. Aromatase inhibitors (letrozole) inhibit the conversion of androgens to estrogen by blocking other peripheral pathways, producing positive feedback in the pituitary to increase the FSH level to enhance ovulation (Misso et al., 2012).
9.1.5 Gonadotropins
Exogenous gonadotropins are considered second-line therapy for ovulation in PCOS patients. When treatment with clomiphene fails, then it is the preferred choice to use gonadotropins. These help to induce ovulation, their proper growth, and maturation, so that they are capable of being fertilized. Multiple pregnancies, multiple follicles development, and ovarian hyperstimulation syndrome (hCG-mediated production of vasoactive mediator) are the main drawbacks of gonadotropins use (Nugent et al., 2000).
9.2 Drugs for Management of Comorbid Symptoms of PCOS
In PCOS patients, excess androgen level presents symptoms like hirsutism, acne, or alopecia, which may differ among patients.
9.2.1 Metformin
Metformin is an antidiabetic agent used for type II diabetes. It also helps in weight loss and has a lesser effect on lowering testosterone levels. Hirsutism was also improved by metformin (Legro et al., 2007). It improves ovulation and decreases androgen levels. The level of testosterone is generally decreased by weight loss because it will reduce the insulin level by improving insulin sensitivity. Lifestyle modification generally helps in weight reduction.
9.2.2 Troglitazone
It is also an antidiabetic agent found recently to have promising effects on testosterone levels (Dunaif et al., 1996).
9.2.3 Spironolactone (an Aldosterone Antagonist)
Studies suggest that diuretic spironolactone as single-drug therapy reduces hirsutism (up to 40%) by binding to testosterone receptors with general complaints of nausea and menstrual irregularities. Its combination with oral contraceptives further augments the effects up to 75% with a fall in hirsutism up to 45%. It also inhibits adrenal and ovarian steroidogenesis (Cappelli et al., 2017). All these drugs have a promising effect on testosterone, but no drug fully suppresses the testosterone level.
9.2.4 Flutamide
Flutamide belongs to the class nonsteroidal antiandrogens and was found to block the action of both endogenous and exogenous testosterone. For the management of PCOS, combined use of flutamide with metformin shows a synergistic effect; it is also effective against hirsutism. Side effects associated with flutamide, such as dry skin and teratogenicity, limit its use in women with PCOS (Gambineri et al., 2006).
9.2.5 Finasteride
Finasteride is a 5-reductase inhibitor. This enzyme is present in the skin and reproductive tissues. It blocks the production of androgens by inhibiting other forms of this enzyme. By blocking androgens in the hair follicles, it lessens the PCOS-related hair loss (Swiglo et al., 2008).
Teratogenicity is also associated with finasteride use; it has a renowned risk for teratogenicity in male fetuses which can be avoided by adequate contraception.
9.2.6 Statins
In recent studies, statins are also found to be very effective in cardiovascular and endocrine support for PCOS patients (Cassidy-Vu et al., 2016). Experiments showed a reduction in inflammation and improvement in lipid levels and hyperandrogenism. The risk of teratogenicity is also associated with their use in PCOS patients and is still under trial (Unluhizarci et al., 2009).
9.2.7 IVF (In Vitro Fertilization) Techniques
IVF is also a choice for patients who were unable to get pregnant by using the single-embryo transfer technique; the risk of multiple gestations can also be overcome. It is observed that the success rate of IVF implantations is the same as that of non-PCOS women because PCOS does not intervene in IVF techniques (Badawy and Elnashar, 2011).
9.3 Herbal Therapy for PCOS
The demand for herbal medicines has been increased due to high economic costs and a high number of unfavorable effects associated with the use of allopathic medicines. Since ancient times, herbal plants remain a major source of medicinal preparations (Arentz et al., 2014). Exceptionally, in developing countries, regardless of the great revolution in the pharmaceutical field, the trend of using herbal medicines is increasing day by day (Iqbal et al., 2022). Regardless of the revolution in the field of pharmaceutical chemistry (during the early twentieth century) which makes it easier to synthesize a huge variety of medicinal drug molecules that also allowed the treatment of previously incurable diseases, thousands of medicinal plants that have tremendous action on PCOS symptoms are still in use throughout the world (Badawy and Elnashar, 2011; Arentz et al., 2014; Jazani et al., 2019).
9.3.1 Glycyrrhiza glabra L. [Fabaceae]
Glycyrrhiza glabra L. a natural herb is used in various medical conditions, such as an expectorant and demulcent, to treat various infections and in osteoarthritis. But it also is found to be very effective in reducing the serum concentration of testosterone and against hirsutism in PCOS patients and is used as an adjuvant in various therapies (Yang et al., 2018). Its effect on androgen metabolism was checked in the luteal stage of the cycle. In this study, nine healthy and young females were incorporated and given a formulation of 7.6% of glycyrrhizic acid only, convectively for two cycles on a daily basis. Plasma and serum tests were performed by using radioimmunoassay techniques. Serum tests include aldosterone, cortisol, and adrenal and gonadal androgen levels while plasma tests are performed to check renin activity. Serum testosterone level decreased within two cycles of treatment (Khanage et al., 2019).
9.3.2 Aloe vera (L.) Burm. f. [Asphodelaceae]
The activity of Aloe vera (L.) Burm. f. gel against PCOS was checked in a rat model. In this study, five-month-old Charles Foster female rats were included. To induce PCOS, they were fed with an aromatase inhibitor drug letrozole. Treatment of these rats with an oral formulation of Aloe vera gel for 45 days showed considerable effectiveness against PCOS. In Charles Foster rats (female rats), it restores the steroid status in ovaries and altered the steroidogenic activity and estrus cyclicity (Maharjan et al., 2010).
9.3.3 Linum usitatissimum L. [Linaceae] (Flaxseed)
Flaxseed powder also shows some promising results in PCOS patients by reducing androgen levels and hirsutism (Nowak et al., 2007). This effect was evaluated in a case study and a significant decrease in hirsutism and androgens was observed. In this case study, flaxseed supplementation (at a dose of 30 g/day) was administered to a female patient. The treatment duration was four months; after this period, the effect on her hormones was observed. These four months of follow-up showed a significant improvement in PCOS-related symptoms, especially a decrease in hirsutism, obesity, and insulin and serum concentrations of testosterone.
9.3.4 Cinnamomum verum J. Presl. [Lauraceae] (Cinnamon)
Cinnamon extract was found to be very effective in improving IR and potentiating insulin action (Sun et al., 2004). It exerts its main action on the insulin-signaling pathway by increasing P13-K activity and thus reducing insulin resistance. Its effect was checked in a randomized study trial. In this study, 15 women with PCOS were selected and administered with oral cinnamon extracts daily and then with placebo for eight weeks. The results showed a significantly reduced insulin resistance in the drug-treated group while no effect is seen in the placebo group (Qin et al., 2003).
9.3.5 Curcuma longa L. [Zingiberaceae] (Curcumin)
Effect of Curcuma longa L. on the polycystic ovary was observed in a female rat model that showed very favorable results. In the letrozole-induced female Wistar rat, its extracts were administered. The decrease in androgens level and improvements in ovulation were similar and as good as clomiphene citrate (Nabiuni et al., 2015).
9.3.6 Actaea racemosa L. [Ranunculaceae] (Black Cohosh)
Actaea racemosa L. is used to treat various medical conditions related to hormonal disturbance, e.g., mood swings, anxiety, abdominal cramps related to periods, and menopause (PMS). However, various side effects are associated with its use, including GIT issues, obesity, headache, muscular pain, and vaginal spotting (Fan et al., 2021).
9.3.7 Paeonia lactiflora Pall. [Paeoniaceae] (White Peony)
This herb is used to correct the level of the altered hormone that causes PCOS. In PCOS patients, the progesterone level is suppressed, but its use suppresses the LH and regulates the level of progesterone. When used regularly in the form of tea, it regulates estrogen and prolactin secretion. It contains various phytochemicals that help in hormonal regulation (Takahashi and Kitao, 1994; Westphal et al., 2006).
9.3.8 Vitex agnus-castus L. [Lamiaceae] (Chaste Berry)
This herb has a very prominent effect on the pituitary gland. As various hormones involved in PCOS pathology are released from the pituitary gland, it also has the potential to treat PCOS symptoms like anovulation, amenorrhea, and pelvic pain. It is one of the most commonly used ancient drugs for hormonal regulation. As this herb affects the hormonal level, its use is prohibited in pregnant women or those taking birth control pills and also in people taking Parkinson’s medications or antipsychotics. In a study, 93 women who had tried to conceive for 1–3 years were given a combined formulation containing chaste tree, arginine, vitamins, and minerals in a dose of 1–4 ml of dried berries daily (1:2 dried plant tincture of 500–1,000 mg) and the effect was observed in the supplementation and placebo groups. After three months, increased mid-luteal progesterone was observed in the supplementation group with normalized menstrual cycles and there were no significant changes in the placebo group. The supplementation group contained 53 women of whom 14 become pregnant, while in the placebo group four of the forty women conceived and three other women conceived after 6 months in the supplementation group (Westphal et al., 2006; Goswami et al., 2012).
9.3.9 Urtica dioica L. [Urticaceae] (Stinging Nettle)
In patients with polycystic ovary syndrome, the sex hormone-binding globulin (SHBG) level is very low and the production of the male hormone testosterone is more. This plant is used to decrease the testosterone level and increase the production of SHBG, and thus, correct the hormonal imbalance in PCOS patients. The phytochemicals causing the effect are abundantly present in the root of the plant. Long-term use of this plant can cause hypotension (Najafipour et al., 2014; Zare et al., 2015).
9.3.10 Camellia sinensis (L.) Kuntze (Theaceae) (Green Tea)
Green tea is a commonly used herbal remedy for weight loss (Ghafurniyan et al., 2015). Green tea modulated the gonadotropin level, reduced IR and rat’s weight, and also improved the ovarian morphology. Moreover, it reduced the ovarian cyst and also improved the ovarian morphology (Ghafurniyan et al., 2015).
9.3.11 Silybum marianum (L.) Gaertn. [Asteraceae] (Milk Thistle)
Silybum marianum (L.) Gaertn. was found to be very effective in hormonal regulation but its combination with metformin proved more beneficial in treating PCOS symptoms, such as anovulation. Mannerås et al. (2010) studied its effects on the levels of glucose, insulin, progesterone, LH, and testosterone in humans. Sixty patients recruited in a study were divided into 3 groups containing 20 individuals. The first group received Silybum marianum (L.) Gaertn. only in a dose of 750 mg/day in a divided dose. The second group was given metformin 1500 mg/day only in a divided dose, while the third group was given both Silybum marianum (L.) Gaertn. and metformin in combination with the same doses as given to the other groups. After three months of follow-up, a significant increase in progesterone level was found. The combination of Silybum marianum (L.) Gaertn. and metformin was found to be very effective in managing the symptoms of polycystic ovary syndrome, such as the ovulation rate.
9.3.12 Gymnema sylvestre (Retz.) R. Br. ex Sm. [Apocynaceae] (Gymnema)
Gymnema sylvestre (Retz.) R. Br. ex Sm. is a traditional herb known due to its antidiabetic and lipid-lowering action. Its antidiabetic activity is probably due to its nutritive restorative action on the β-cells of the pancreas. It also regulates insulin activity and reduces the increased triglycerides level related to PCOS that was found to be very effective in eradicating the symptoms of PCOS. Its active constituent is gymnemic acids which is a saponin. If gymnemic acid is taken before a meal, it masks the sweet sensation by suppressing the taste. Hypoglycemic activity of Gymnema sylvestre (Retz.) R. Br. ex Sm. has established in various experimental models of diabetes that it regulates blood sugar in hyperglycemic patients at a daily dose of 3.5–11 ml (1:1 liquid extract) (Hywood, 2004; Khanage et al., 2019).
9.3.13 Trifolium pratense L. [Fabaceae] (Red Clover)
Trifolium pratense L. increases the progesterone level in the body. The phytochemical isoflavones are responsible for their medicinal activity. It also has detoxifying properties that was used for the treatment of acne, an associated symptom of PCOS. Side effects associated with the use of Trifolium pratense L. are headaches, vomiting, occasional vaginal bleeding, muscular spasm, and rash. Its use should be avoided in conditions such as endometriosis, breast cancer, and ovarian cancer because it increases the progesterone level in the body which may worsen these conditions. Trifolium pratense L. is also prohibited in pregnancy and breastfeeding or if one has any kind of bleeding disorder because it also increases the chances of bleeding (ABBASIAN and GHANBARI, 2017).
9.3.14 Sesamum indicum L. [Pedaliaceae] (Sesame Seeds)
The plant part used as medicine is seeds which contain many beneficial nutrients effective in the management of PCOS. Its black seeds reduce testosterone levels, increase insulin absorption, and regulate menstruation. Abundant lignans, phytosterol, vitamins B1, B6, calcium, magnesium, and zinc help in hormonal balance (Goswami et al., 2012; Ghasemzadeh et al., 2013).
9.3.15 Cucurbita pepo L. [Cucurbitaceae] (Pumpkin Seeds)
It is found to be very beneficial in eradicating the symptoms associated with polycystic ovary syndrome. It contains omega 3 fatty acids that are useful for hyperinsulinemia and to regulate high cholesterol levels. It is also found to be a very rich source of beta-sitosterol that is involved in the reduction of excess testosterone levels. It is also beneficial in treating other symptoms of PCOS, such as acne, hirsutism, and obesity (Szczuko et al., 2017).
9.3.16 Oenothera biennis L. [Onagraceae] (Evening Primrose Oil)
Studies found that the phytoestrogenic chemicals present in the evening primrose oil are very effective as they act on the hypothalamic-pituitary axis. An experimental study was carried out in 30 rats (female Sprague–Dawley rats) with a regular sexual cycle. Evening primrose oil in 1000 mg/kg and 2000 mg/kg doses were used. Results showed that this oil has wonderful effects on lowering luteinizing hormone/FSH and testosterone levels (Meletis and Zabriskie, 2006; Zand Vakili et al., 2018).
9.3.17 Serenoa repens (W.Bartram) Small [Arecaceae]
Hirsutism is among one of the major symptoms associated with PCOS that occurs due to the increased production of estrogen hormone. Serenoa repens (W.Bartram) Small is a herb that helps to treat hirsutism because of its antiandrogenic activity; in addition, it reduces obesity and increases libido. A combination of Serenoa repens (W.Bartram) Small with Vitex agnus-castus L. helps to restore hormone balance in PCOS patients as described in Table 1 (Vassiliadi et al., 2009; Nagarathna et al., 2014).
TABLE 1 | Combined therapies for the management of PCOS.
[image: Table 1]9.3.18 Tribulus terrestris L. [Zygophyllaceae] (Puncture Vine)
Tribulus terrestris L. is very effective in treating menstrual irregularities, also effective in increasing ovulation, and also has an antidiabetic effect; so it is a wonderful choice for PCOS patients (Arentz et al., 2014; Parikha and Krishna, 2019).
9.3.19 Mentha spicata L. [Lamiaceae] (Spearmint Tea)
This herb has some antiandrogenic properties that were observed in a study. The study was conducted in Turkey at two centers as a thirty-day controlled and randomized trial [59]. Forty-two participants were randomly selected, observed, and compared with a placebo group for a month after giving spearmint tea (bid). Hormone levels of serum androgen and gonadotropin were checked at an interval of 15 days. In the spearmint tea group, all the patients (except one) showed a reduction in hirsutism and testosterone levels over the 30 days while the LH and FSH levels were raised (Grant, 2010; Goswami et al., 2012).
9.3.20 Matricaria chamomilla L. [Asteraceae] (Chamomile)
Matricaria chamomilla L. was found to reduce the testosterone level. Thirty Wistar rats (virgin adult cycling) having weights 200–220 g were distributed into 2 groups and housed in a cage under standard conditions (21 ± 2°C, 12-h light/dark cycles) for at least one week before and throughout the study. Vaginal smears were obtained between 8:00 and 12:00 h to check the estrous cyclicity of virgin rats. An intramuscular (IM) injection of estradiol valerate (2 mg in 0.2 ml of corn oil) was given after about 4 days to induce PCOS. To the control group, only corn oil was injected, and after sixty days of treatment, the experimental group was checked for follicular cysts. PCOS-induced rats were administered intraperitoneally by multiple doses (25, 50, 75 mg/kg) of the alcoholic extract of Matricaria chamomilla L. for 10 days. The results demonstrate that Matricaria chamomilla L. can reduce the total testosterone levels while the LH level was raised. However, no effect was observed on lipid parameters, LH/FSH ratio, and DHEAS level (AMIR et al., 2007).
9.3.21 Astragalus dasyanthus Pall. [Fabaceae] (Astragalus Polysaccharide)
Astragalus polysaccharide aids in the metabolic regulation of PCOS symptoms. It is more beneficial when used in combination with Diane-35. This combination indicated an improvement in insulin resistance, lipid metabolism, and reduction in high testosterone levels. This effect was studied in 35 women with PCOS by giving a combined formulation of Astragalus and Diane-35 for 3 months. Lipid profile, hormonal levels, and insulin sensitivity are checked before and after the administration of drugs. At the end of the treatment, results were a decrease in fasting serum insulin and LH/FSH level which support the reduction of PCOS symptoms (LUO et al., 2009; Nagarathna et al., 2014).
9.3.22 Foeniculum vulgare Mill. [Apiaceae]
Foeniculum vulgare Mill. (fennel) has been traditionally used for the treatment of anovulation/infertility. Fennel has very strong anti-inflammatory, estrogenic, and antioxidant properties due to which it has the potential to treat PCOS. Dr. Karampoor and colleagues evaluated the effects of the hydroalcoholic extract of fennel on female Wistar rats with PCOS. They found that the FSH level was enhanced while the LH and testosterone levels were decreased (Karampoor et al., 2014). Ghavi and colleagues conducted a randomized double-blind, placebo-controlled trial and found that fennel essence was not very effective in abolishing the ovarian cyst symptoms but has some effects on the ovarian follicle and dehydroepiandrosterone sulfate (DHEAS) levels (Ghavi et al., 2019). In another study, researchers loaded the Foeniculum vulgare Mill. extract on chitosan-engaged tripolyphosphate ions as a cross-linking molecule and found that this encapsulated formulation was better in controlling the symptoms of PCOS as compared to fennel-alone extract (Bayrami et al., 2020).
9.3.23 Ferula asafoetida (Falc.) H.Karst. [Apiaceae]
Fatemeh Ghavi and colleagues found the effects of Ferula on androgenic hormone levels and ovarian structure in patients with PCOS. They conducted a triple-blind controlled clinical trial in which 34 students were selected randomly and separated into two groups. The treatment group received 100 mg of Ferula asafoetida (oleo-gum resin), while oral paraffin (placebo) was given to the control group twice daily for 3 months. After three months of administration, the efficacy of this herb was evaluated in the treatment groups. The level of DHEAS, TSH, testosterone, and the number of cystic follicles decreased significantly in the treatment groups; however, there was no significant change in the hormone level of FSH, LH, and prolactin (Ghavi et al., 2020).
10 LIFESTYLE MODIFICATION
A deskbound lifestyle and a diet of fried foods, processed meats, sausages, hot dogs, and a diet rich in fat and carbohydrates, such as intake of too much sugar and carbonated drinks, cause obesity and insulin and hormonal imbalance that cause PCOS by stimulating androgen receptors present outside the ovary. Lifestyle improvements, such as exercising regularly, taking a healthy diet, and avoiding too much dairy and fast food consumption, help lose weight and improve insulin sensitivity in PCOS patients. So lifestyle improvement should be the first-line regimen for PCOS patients. Unfortunately, all these treatments have only a temporary effect and for permanent weight loss, one has to stick with this routine throughout life. It is observed that in 90%–95% of the cases, the results are not sustained. For sustained weight loss in markedly obese individuals, bariatric surgery is the only treatment option. According to the current recommendations of the National Institutes of Health, bariatric surgery is used in patients having a BMI of more than 40 or less than 35 but with some other serious medical conditions. As women with polycystic ovary syndrome also have other symptoms related to hormonal and endocrine abnormalities, bariatric surgery shows a significant improvement in PCOS symptoms, and it may imply a cure for the polycystic ovary syndrome (Norman et al., 2002; Hoeger, 2006).
10.1 Dietary Intake
A diet of low sugar and saturated fat content helps control insulin resistance, cardiovascular abnormalities, and menstrual irregularities in PCOS patients (Lin and Lujan, 2014).
10.1.1 Myo-Inositol
Inositol is a natural molecule found as phosphates in the cell nucleus, phospholipids in cell membranes, and lipoproteins in the plasma. Inositol may promote ovulation in PCOS patients (Unfer et al., 2012; Bevilacqua et al., 2015). Another study carried out in 20 (obese) PCOS patients found that after three months of supplementation with myo-inositol, the menstrual cycle is completely restored in all amenorrheic and oligomenorrheic subjects, and insulin irregularity and reproductive hormone balance are also improved (Kalra et al., 2016). In 2011, experimental research results showed that a combined treatment of myo-inositol and contraceptive pill of four gram of the daily dose is more useful in reducing PCOS symptoms than the contraceptive pill alone, as described in Table 1.
10.2 Exercise
Exercise aids in weight loss as was evaluated in a study carried out in an estradiol valerate PCOS rat model. This was to check the impact of exercise (on computer-monitored wheels) on ovarian structure (morphology) and the change in the hallmarks of PCOS. The rats were separated into 4 groups: 1- a control group given oil; 2- an exercise group given oil + exercise; 3- polycystic ovaries induced group by estradiol valerate administration; and 4- an exercise group of PCOS induced by estradiol valerate. Two groups of rats were selected: in one group PCOS was induced by injecting estradiol valerate (IM) and in the control group, only oil was administered. The effect of exercise on ovarian structure, protein expression of nerve growth factor (NGF), mRNA, and several ovarian cells expressing the p75 neurotrophic receptor in rats (EV-induced PCOS) were evaluated. It was observed from the results that ovarian morphology was normalized in the PCOS exercise group; mRNA, NGF, and protein concentrations were also normalized in the PCOS exercise group; and reduction in NGF receptor-expressing cells in polycystic ovaries was observed. Overall, the study showed a favorable effect of regular exercise in the prevention and management of PCOS (Manni et al., 2005).
11 CRITICAL DISCUSSION
Polycystic ovary syndrome is a heterogenic disorder with complex and uncertain etiology. PCOS patients show some hallmark features, such as ovarian cysts (ovaries with a collection of fluid), irregular or delayed menstrual periods, weight gain, fatigue, thinning of hair, infertility, acne, pelvic pain, headaches, sleep problems, unwanted hair growth, and mood changes. As the disorder progresses, chances of other risk factors also increased, including diabetes mellitus, high blood pressure, and abnormal lipid profile. If PCOS is diagnosed initially, it can be managed properly with lifestyle modification, and the onset of other complications such as type II diabetes may be delayed or prevented. The purpose of PCOS treatment is to correct or normalize ovarian function. Conventional therapeutic options provide only symptomatic relief from these symptoms; no treatment provides complete cure for the disorder. Currently, therapeutic options for PCOS vary from lifestyle changes to pharmacological treatments. Herbal remedies can be considered as a convenient option for PCOS management because they have fewer side effects than allopathic medications. Most recently, herbal remedies have realized a twirling point. If the benefits of herbal therapies are compared with other available treatment options, then herbal therapy will be preferred due to fewer side effects, cost-effectiveness, and the presence of multiple phytochemicals in a single preparation (Hussain et al., 2014a; Hussain et al., 2015; Asif et al., 2022). Administrations of allopathic medicines, such as metformin, oral contraceptives, and clomiphene citrate, are related to several unwanted side effects including nausea, vomiting, and gastric pain that may necessitate the termination of therapy. Thus, the combined treatment with natural products, such as inositols, lipoic acid, evening primrose oil, milk thistle, and saw palmetto, represents a valid and well-tolerated substitute. Antiandrogenic effect of Glycyrrhiza glabra L. was also examined in various clinical studies, such as lowering of testosterone levels in the healthy female during menstrual cycles. Moreover, obese women were treated with Cinnamomum verum J. Presl. and Fagonia indica Burm f (Younas et al., 2022) to alleviate oligo/amenorrhea and other PCOS-related symptoms, and green tea consumption improves the associated symptoms of PCOS, such as obesity, hyperinsulinemia, and hyperandrogenemia. PCOS is a complex heterogeneous metabolic disorder that requires long-term management, and treatment with allopathic drugs of choice can be very costly with a large number of associated adverse effects. Thereby, herbal therapy is useful in the treatment of the implicating factors of PCOS: easy availability to provide relief from symptoms and action as an immune system booster makes it a better choice. The chosen herbal therapy can be aided by combining a PCOS-friendly diet and exercise to attain more promising effects, and a few of these combined treatment/management options are discussed in Table 1.
12 CONCLUSION
Over the past decade, herbal medicine usage by women has increased. In relative studies of allopathy, homeopathy, and ayurveda, allopathic medication does not provide full relief from PCOS but helps in controlling the symptoms; the biggest drawback associated with the use of allopathic medication is that it requires more money and duration. Furthermore, there is a need for more treatment options for this debilitating disorder named polycystic ovary syndrome. All these factors necessitate the development of a combined formulation with reduced cost, duration, and side effects of the prevailing treatments. Herbal medicines are chosen for the management of PCOS depending on their collective synergistic effects in clinical trials. Those drugs that have shown to be more efficacious than an individual herbal agent in numerous clinical trials will be chosen preferably, e.g., Astragalus caprinus L. and Diane-35 or contraceptive pills and myo-inositol when used in combination proved more efficacious. This literature review is useful in understanding the helpfulness of herbal medicinal plants in the cure of PCOS. In this review, we have discussed all the easily available, cost-effective herbal drugs with a potential effect on alleviating the PCOS symptoms.
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Parameters

Groups
TC (mmol/)
Normal Control 45.90 + 4.38%
Diabetic Control 104.25 + 7.50°
Diabetic + Metformin 71.12 + 8.78°

Diabetic + AECPS (4.2 mg/kg) 57.18 + 457°°
Diabetic + AECPS (8.4 mg/kg) 4881 £ 1.82°
Diabetic + AECPS (16.8 mgkg) ~ 41.91  1.67%

Data are expressed as mean + SD (n = 6).

HDL-c (mmol/l)

33.94 £ 5.66”
5.88 +047°
20.23 + 0.67°
2394 + 0.31°°
2529 £ 0.05°¢
2897 + 0.87°¢

TG (mmol/)

2842 + 2.23°
72.37 £ 047°
61.28 £ 0.52¢
51.06 +0.22°
46.00 + 0.07°
39.40 + 1.78°

VLDL-c (mmol/l)

5.68 + 0.44°
14.47 + 0.05°
12.26 + 0.10°
1021 +0.04°
9.20 £ 0.01°
788+ 0.15°

Values with different letters along a column for a given parameter are significanty different (p < 0.05) from each other.
“Values with dilferent letters along a column for a given parameter are signiicantly diferent (p < 0.08) from each other.
“Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
Walues with different letters along a column for a given parameter are signiicantly different (p < 0.05) from each other.

"AECPS: Aqueous extract of C. purpureus shoots.

“TC (Total cholesterol); TG (Triglyceride); *HDL-c (High density lipoprotein-cholesterol)

“Al (Atherogenic index): [(TC-HDL-G)/HDL-c].
"CRY (Coronary index): [(TC (mg/d)/HDL-c (mg/dl)}.

"VLDL-c (Very low density lipoprotein-cholestero): [TG/5].

*LDL-c (Low density liooprotein-cholesterol): [TC-HDL-(TG/5)].

LDL-c (mmol/l)

627 +3.14%

83.90 = 6.98"
38,63 £ 9.10°
23,02 £ 0.82°
14.32 £ 1.63*°
506 +1.44°

Al

035 + 0.08°
17.38 + 1.00°
252 +0.05°
140 £0.01°
094 +0.02°
045 +0.03°

CRI

1.35 £ 0.13°
18.38 + 0.40°
352 £0.47°
240 + 0,05
1.94 + 0.06°
1.45 £ 0.04°
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Treatment groups Hepatic GLYCOGEN®
Normal Control 30.71 £ 1.99°
Diabetic Control 834 +2.97°
Diabetic + Metformin 56.03 = 3.74"
Diabetic + AECPS (4.2 mg/kg) 40,68 + 1.49°
Diabetic + AECPS (8.4 mg/kg) 52,89 x 0.99"
Diabetic + AECPS (16.8 mg/kg) 55.64 + 4.80%

Data are expressed as mean + SD (n = 6).

HEXOKINASE®

592 +0.87°
0.96 +0.07°
429 £0.12%¢
298 +023°
3.11£012°
3.97 £0.12°

FRUCTOSE-1,6-BISPHOSPHATASE"

3.44 £ 0.06°
9.86 + 0.56°
3.78 £ 0.05%
229 0.12°
2.89 £ 0.19°
3.56 + 0.18"

Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
“Values with different letters along a column for a given parameter are signiicantly diferent (p < 0.08) from each other.
Valses with different letters along a column for a given parameter are significanty different (p < 0.05) from each other.
U alues with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
Values with different letters along  column for a given parameter are significanty different (p < 0.05) from each other.

"AECPS: Aqueous extract of C. purpureus shoots.
“*: Unit for glycogen (mg of glucose/g of wet tissue).

" Unit for hexokinase (umole glucose-6-phosphate formed/min/mg protein).
Unit for fuctose-1, 6-bisphosphatase and glucose-6-phosohalase (umal phosphate iberated/min/mg protein).

GLUCOSE-6-PHOSPHATASE"

41.02 + 2.46
77.81 +4.28°
47.04 + 4.01*
63.18 x 3.23¢
67.24 +2.27°
40.88 + 5.51°
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Groups Parameters

MDA (nmol/mg CAT (U/mg SOD (U/mg GPX (U/mg GSH (umol/mg GST (U/mg

protein) protein) protein) protein) tissue) protein)

Normal Control 005 001 1028 002" 4.90 = 0.63° 7.98 £ 0.11° 10.27 £ 1.43° 11.20 = 1.81°
Diabetic Control 2.66 = 0.46° 1.14£001° 1.12 £ 001° 1.66 £ 0.23" 2.18 £ 001° 1.10 £ 0,08
Diabetic + Metformin 007 £001° 7.09 £ 0.02° 4.86 = 0.02° 621 001° 827 £002° 932 £ 0.04°
Diabetic + AECPS (4.2 mg/kg) 0.19 £ 008 561 043" 237 £001° 309 = 008 5.20 £ 0.01° 6.75 + 0.06°
Diabetic + AECPS (8.4 mg/kg) 015+ 002° 6.89 = 0.44° 509 001° 572+ 1.46° 722 £002° 7.58 +1.27°
Diabetic + AECPS (16.8 mg/kg) 0112001 9.14 £ 0.18° 7.15 £ 0.02° 6.19 % 1.72° 10.21 £ 1.22° 1119 £ 1.34>

Data are expressed as mean + SD (n = 6).

Values with different letters along a column for a given parameter are significanty different (p < 0.05) from each other.
“Values with dilferent letters along a column for a given parameter are significantly different (p < 0.08) from each other.
Values with different letters along a column for a given parameter are significanty different (p < 0.05) from each other.
Walues with different letters along a column for a given parameter are significantly diferent (p < 0.08) from each other.
Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.

"AECPS: Aqueous extract of C. purpureus shoots.

"MDA: malondialdehyde, "CAT: catalase, “SOD: superoxide dismutase, "GPX: glutathione peroxidase.

*GSH: Reduced Glutathione. *GST: Glutathione s-transferase.
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Groups Parameters

MDA (nmol/mg CAT (U/mg SOD (U/mg GPX (U/mg GSH (umol/mg GST (U/mg

protein) protein) protein) protein) tissue) protein)

Normal Control 1.56 + 0.25 10.11 = 1.26' 544101 9.18 + 0,03 1212 +1.18° 11.04 + 0.90°
Diabetic Control 484 £021° 2.18 £ 0.01° 0.04 £ 0.01¢ 219 +001¢ 4.18 £0.44° 3.26 +0.03*
Diabetic + Metformin 1.09 £ 0.01* 982 +0.02° 5.11£023° 845 +0.02° 1117 £ 049% 10.14 + 0.51°
Diabetic + AECPS (4.2 mg/kg) 3.05 +0.25° 5.07 £0.11° 3.90 £ 0.10° 5.23 + 0.02° 8.19 = 0.56° 6.23 + 0.33°
Diabetic + AECPS (8.4 mg/kg) 204 £012%° 714 021° 4.44 +005° 7.38 £ 0.01° 9.19 + 0.43>° 814 +0.36°
Diabetic + AECPS (16.8 mg/kg) 1.03 £ 0.41% 8.30 + 0.19%° 5.14£001° 898 +001° 1029 + 0.90° 1032 + 0.67°

Data are expressed as mean + SD (n = 6.

Valses with different letters along  column for a given parameter are significanty different (p < 0.05) from each other.
“Values with diferent letters along a column for a given parameter are signiicantly different (p < 0.05) from each other.
“Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
Yalues with dilferent letters along a column for a given parameter are significantly different (p < 0.08) from each other.
“Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.

"AECPS: Aqueous extract of C. purpureus shoots.

“CAT: catalase; "SOD: superoxice dismutase; “GPX: glutathione peroxidase; "GSH: reduced glutathione.

*GST: Glutathione s-transferase: "MDA: malondialdehyde.
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Gene

Aldh1a3 (NM_053080.3)
Ins1 (NM_008386.4)
Ins2 (NM_001185083.2)
Polx1 (NM_008814.3)
NeuroD (NM_010894.2)
Nkx6.1 (NM_144955.2)
Pc1 (NM_013628.2)
Pc2 (NM_008792.4)
MafA (NM_194350.1)
Geg (NM_008100.4)
MafB (NM_010658.3)
Pax6 (NM_001244198.2)
actin (NM_009609.3)

Forward primer

5'-GAGACCCCTTCGATGCCAAA-3'
5'-CTGGTGGGCATCCAGTAACC-3'
5'-CCATCAGCAAGCAGGAAGGTTA-3'
5'-AGCGTTCCAATACGGACCAG-3"
5'-CCCTACTCCTACCAGTCCCC-3'
5'-GGCTGTGGGATGTTAGCTGT-3'
5'-CTTGCTTCTTTTCTCCCAGCC-3
5'-TTTGGAGTCCGAAAGCTCCC-3"
5'-CCAGCTGGTATCCATGTCCG-3'
5'-CAGAAGAAGTCGCCATTGCC-3'
5'-CAACGGTAGTGTGGAGGACC-3'
5'-CCGAGAAGCGGCTTTGAGAA-3
5'-ACTCTTCCAGCCTTCCTTC-3'

Reverse primer

5'-CCGTGGGTTTGATGAACAGC-3"
5'-CAAAAGCCTGGGTGGGTTTG-3
5'-GCTTGACAAAAGCCTGGGTG-3"
5'-TGCTCAGCCGTTCTGTTTCT-3'
5'-GAGGGGTCCGTCAAAGGAAG-3'
5/-TCATCTC GGCCATACTGTGC-3'
5'-ACCAAACGCAAAAGAAGGCG-3'
5'-GGTGTAGGCTGCGTCTTCTT-3"
5'-CTCTGGAGCTGGCACTTCTC-
5'-GAAGTCCCTGGTGGCAAGAT-3'
5'-CTTCTGCTTCAGGCGGATCA-3"
5'-TCACCGCCCTTGGTTAAAGT-3'
5'-ATCTCCTTCTGCATCCTGTC-3"
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Drug name

Jiangtang Tongmai
capsule
Tangwei capsule

Tangmaikang granule
Qizhi Jiangtang
capsule

Jinlida granule

Jiangtangshu tablet

Jiangtangjia tablet

Dosage/
times (g)

1.05

25

15

1.83

Cases

60

80

102
80

128

165

38

Adverse reactions Index

- HOMA-IST; HOMA-IR|

Nausea and dizziness FBG, 2hPG, HbAlc]

No FPG, 2hPG, HbA1c, TG, TC, LDL-C, IL-6; HDL-CT

No ET-1, TXB2, BUN, SCr[; NOT

Nausea, rash, and heart FPG, 2hPG, HbA1c, TC, TG, LDL-C, IL-6, MDA, HOMA-
palpitations IR}; HDL-C, SOD, HOMA-1

Diarrhea, constipation, and HbA1c, FBG, HOMA-IR; GLP-1 and FINST

abdominal pain

- FBGL

References

Ping (2021)
Chen and Zhang
(2019)

Yong et al. (2019)
Si and Xue (2021)
Fan et al. (2021)
Liand Li (2019)

Fan (2012)
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Drug name

Jangtang Tongmai
capsule

Tangwel capsule

Tangmai Kang
granule

Qizhi Jiangtang
capsule

Jinlida granule

Jiangtang Shu
Tablet

Jiangtang jia Tablet

Sources of prescription

National Chinese patent medicine standard assembly Internal
medicine Qi blood body fluid subvolume

New drug regularization standards 71

Pharmacopoeia of the People’s Republic of China 2020 edition

Pharmacopoeia of the People's Republic of China 2020 edition

Pharmacopoea of the People’s Republic of China 2010 edition of
the third supplement

New drug regularization standards volume 88

Pharmacopoeia of the People's Republic of China 2020 edition

Prescription

Pseudostelaria heterophylia (Miq:) Pax [Caryophyllaceae; Pseudostellaria
Radix], Astragalus mongholicus Bunge [Fabaceae; Astragali mongholici radi],
Polygonatum sibiricum Redouté [Asparagaceae; Polygonati rhizomal,
Asparagus cochinchinensis (Lour.) Merr [Asparagaceae; Asparagi radix],
Ophiopogon japonicus (Thunb.) Ker Gawl [Asparagaceae; Ophiopogonis radix],
Scrophularia ningpoensis Hems| [Scrophulariaceae; Scrophulariae radix],
Trichosanthes kirlowii Maxim [Cucurbitaceae; Trichosanthis radix], Atractylodes
lancea (Thunb.) DC [Asteraceae; Atractylodis rhizoma], Anemarrhena
asphodeloides Bunge [Asparagaceae; Anemarrhenae rhizomal, Pueraria lobata
(Willd.) Ohwi [Fabaceae; Puerariae lobatae radix), Coptis chinensis Franch
[Ranunculaceae; Coptidis rhizomal, Salvia mittiorrhiza Bunge (Lamiaceae;
Salviae mittiorrhizae radix et rhizomal, Leonurus japonicus Houtt [Lamiaceae;
Leonuri herba), Paeonia veitchii Lynch [Paeoniaceae; Paeoniae radix rubra],
Hirudo niponica Whitman [Hirudinidae, Hirudo), Cyathula officinalis K.C.Kuan
[Amaranthaceae; Cyathulae radix], Spatholobus suberectus Dunn [Fabaceae;
Spatholobi caulis], Clematis chinensis Osbeck [Ranunculaceae; Clematidis radix
et rhizomal, Litchi chinensis Sonn [Sapindaceae; Litchi semen], Pheretima
aspergilum (E. Perrier) [Megascolecidae; Pheretimal, Conioselinum
anthriscoides ‘Chuanxiong’ [Apiaceae; Chuanxiong rhizoma],Starch

A. mongholicus Bunge [Fabaceae; Astragali mongholici radix], Panax
quinquefolius L. [Araliaceae; Panacis quinquefoli radix], P. sibiricum Redouté
{Asparagaceae; Polygonati rhizomal, . kinlowii Maxim [Cucurbitaceae;
Trichosanthis radix], P. lobata (Willd.) Ohwi [Fabaceae; Puerariae lobatae radix],
C. chinensis Franch [Ranunculaceae; Coplidis rhizomal, S. miltiorrhiza Bunge
[Lamiaceae; Salviae miltorrhizae radix et hizomal, Glibenclamide

A. mongholicus Bunge [Fabaceae; Astragali mongholici radix], Rehmannia
glutinosa (Gaertn,) DC [Orobanchaceae; Rehmanniae radix], P. veitchii Lynch
[Paeoniaceae; Pagoniae radix rubra), S. miltiorrhiza Bunge [Lamiaceae; Salviae
miltiorrhizae racix et rhizomal, Achyranthes bidentata Blume [Amaranthaceae;
Achyranthis bidentatae radix], O. japonicus (Thunb.) Ker Gawl [Asparagaceae;
Ophiopogonis radix), P. lobata (Willd.) Ohwi [Fabaceae; Puerariae lobatae radix],
C. chinensis Franch [Ranunculaceae; Coptidis rhizomal, Morus alba L.
[Moraceae; Mori folum), P. sibiricum Redouté [Asparagaceae; Polygonati
rhizomal, Epimedium brevicornu Maxim [Berberidaceae; Epimedii foiium]

A. mongholicus Bunge [Fabaceae; Astragali mongholic radix], R.

glutinosa (Gaertn) DC [Orobanchaceae; Rehmanniae radix], P. sibiricum
Redouté [Asparagaceae; Polygonati rhizomal, H. niponica Whitman
[Hirudinidae, Hirudo]

Panax ginseng C.AMey [Araliaceae; Ginseng radix et rhizomal, . sibiricum
Redouté [Asparagaceae; Polygonati rhizomal, A. lancea (Thunb.) DC
[Asteraceae; Atractylodis rhizomal, Sophora flavescens Aiton [Fabaceae;
Sophorae flavescentis radix], O. japonicus (Thunb.) Ker Gawl [Asparagaceae;
Ophiopogonis radix], R. glutinosa (Gaertn.) DG [Orobanchaceae; Rehmanniae
radix], Reynoutria multifiora (Thunb.) Moldenke [Polygonaceae; Polygoni
multifiori radix], Cornus officinalis Siebold & Zucc [Comaceae; Comi fructus],
Poria cocos (Schw.) Wolf [Polyporaceae; Poria), C. chinensis Franch
[Ranunculaceae; Coptidis rhizomal, A. asphodeloides Bunge [Asparagaceae;
Anemarthenae rhizoml, E. brevicornu Maxim [Berberidaceae; Epimedii folium,
S. mittiorrhiza Bunge (Lamiaceae; Salviae miltiorrhizae radix et hizomal, Pueraria
montana var. thomsonii (Benth.) M.R Aimeida [Fabaceae; Puerariae thomsonii
radix], L. chinensis Sonn. [Sapindaceae; Litchi semen), Lycium chinense Mil.
[Solanaceae; Lyci cortex]

P. ginseng C.AMey [Araliacea; Ginseng radix et hizomal, Lycium barbarum L.
[Solanaceae; Lyaii fructus], A- mongholicus Bunge [Fabaceae; Astragali
mongholici radix], Eleutherococcus senticosus (Rupr. & Maxim.) Maxim
[Araliaceae; Eleutherococai senticosi rhizomal, P. sibiricum Redouté
[Asparagaceae; Polygonati rhizomal, Alpinia oxyphylla Miq [Zingiberaceae;
Apiniae oxyphyliae fructus], Ostrea gigas Thunberg [Ostreidae; Ostreae
Conchal, R. glutinosa (Gaertn.) DG [Orobanchaceae; Rehmanniae radix], P.
lobata (Wild.) Onhwi [Fabaceae; Puerariae lobatae radi], S. miltiorrhiza Bunge
[Lamiaceae; Salviae miltorrhizae radix et rhizomal, L. chinensis Sonn.
[Sapindaceae; Litchi semen], A. asphodeloides Bunge [Asparagaceae;
Anemarthenae rhizoma), Gypsum Fibrosum, Euryale ferox Salisb
[Nymphaeaceae; Euryales semen], Dioscorea polystachya Turcz
[Dioscoreaceae; Dioscoreae rhizomal, S. ningpoensis Hems! [Scrophulariaceae;
Scrophulariae radi], Schisandra chinensis (Turcz.) Baill [Schisandraceae;
Chinese magnoliavine frui], O. japonicus (Thunb.) Ker Gaw! [Asparagaceae;
Ophiopogonis radix], Lindera aggregata (Sims) Kosterm (Lauraceae; Linderae
radix], T. kirlowii Maxim [Cucurbitaceae; Trichosanthis radix], Gitrus aurantium L.
[Rutaceae; Auranti fructus]

A. mongholicus Bunge [Fabaceae; Astragali mongholici radix], A.

glutinosa (Gaertn) DC [Orobanchaceae; Rehmanniae radi], P. sibiricum
Redouté [Asparagaceae; Polygonati rhizomal, P. heterophylia (Miq) Pax
[Caryophyllaceae; Pseudostellaria Radix], . kirlowii Maxim [Cucurbitaceae;
Trichosanthis radix]
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Species

Polygonatum sibiricum
Polygonatum kingianum
Polygonatum cyrtonema

Polysaccharide

(mg/g)

40.68~123.58
31.24~140.94
22.34~140.94

Saponin (mg/g)

0.289~2.017
1.303~2.845
0.030~8.920

Flavonoid (mg/g)

0.018~0.035
0.015~0.030
0.004~0.034

Phenol (mg/g)

0.013~0.045
0.007~0.029
0.007~0.038

References

Jiao et al. (2016)
Jiao et al. (2016)
Jiao et al. (2016)
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Number

Homoisoflavones

Isoflavones

20

21

22

23
Chalcones

24

25
Dihydroflavones

2

27
Rosandalanes

28
Flavones

29

30

31

32
33
34

Name

4'5,7-Trihydroxy-6-methyl-8-methoxy-homoisofiavanon
4',5,7-Trinydroxy-6-methyl-homoisofiavanon
4'5,7-Trihydroxy-6,8-cimethyl-homoisoflavanon
4',7-Dinydroxy-3'-methoxy-homoisofiavanon
2,4,5,7-Tetrallydroxy-homoisofivanaone
(3R)-5,7-Dinydroxy-8-methyl-3-(2'-hydroxy-4'-methoxybenzyl)-chroman-4-one
5,7-Dihydroxy-6,8-cimethyl-3-(4'-hydroxybenzyl)-chroman-4-one
5,7-Dihydroxy-6,8-dimethyl-3-(2'-methoxy-4'-hydroxybenzyl)-chroman-4-one
5,7-Dihydroxy-6-methyl-3-(4'-hydroxybenzy)-chroman-4-one
5,7-Dihydroxy-8-methyl-3-(4'-hydroxybenzy)-chroman-4-one
5,7-Dihydroxy-6-methyl-3-(4'-methoxybenzy)-chroman-4-one
5,7-Dihydroxy-6,8-cimethyl-3-(4'-methoxybenzy))-chroman-4-one

5,7-Dihydroxy-3-(4'-hydroxybenzyl)-chroman-4-one
5,7-Dihydroxy-6-methyl-3-(2',4'-dihydroxybenzyl)-chroman-4-one
5,7-Dihydroxy-3-(2'-hydroxy-4'-methoxybenzy)-chroman-4-one

5-Dihydroxy-7-methoxy-6,8-dimethyl-3-(2'-hydroxy-4'-methoxybenzy))-chroman-4-one

5,7-Dihydroxy-3-(4'-hydroxybenzylidene)-chroman-4-one
Disporopsin
Polygonatone H

Tectoridin
2',7-Dihydroxy-3' 4'-dimethoxyisoflavanoside
2,7-Dihydroxy-3,4'-dimethoxyisofiavan
4',7-Dihydroxy-3"-methoxyisoflavone

Isoliquirtigenin
Neoisoliquiritigenin

Liquiritin
Liquirtigenin

Methylnissolin

Apigenin-7-glucoside

Apigenin-8-c-galactoside

Kaemperol

Myricetin

Rutin
Kaempferol-3-O-(2""-O-f-o-glucopyranosy)-p-o-glucopyranoside

Polygonatum sibiricum

P.
4
B

Polygonatum kingianum
Polygonatum cyrtonema

DPVVVODIVVDVIVIIVLID

T® ®UDOD

oo

o

PVOVOVOVD

Source

sibiricum
sibiricum
sibiricum

cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema
cyrtonema

sibiricum
Kingianum
Kingianum
Kingianum

Kingianum
Kingianum

Kingianum
Kingianum

Kingianum

sibiricum
sibiricum
sibiricum
sibiricum
sibiricum
sibiricum

References

Yuetal. (2016)
Yuetal. (2016)
Yuetal. (2016)
Yuetal. (2016)
Jiang et al. (2017)
Gan et al. (2013)
Wang et al. (2019a)
Wang et al. (2019)
Wang et al. (2019a)
Wang et al. (2019)
Wang et al. (2019a)
Wang et al. (2019)
Wang et al. (2019)
Wang et al. (2019)
Wang et al. (2019a)
Wang et al. (2019)
Wang et al. (2019a)
Wang et al. (2019)
Wang et al. (2019a)

Jiang et al. (2017)
Jiang et al. (2017)
Jiang et al. (2017)
Jiang et al. (2017)

Jiang et al. (2017)
Jiang et al. (2017)

Jiang et al. (2017)
Jiang et al. (2017)

Jiang et al. (2017)

Gao et al. (2015)
Yu et al. (2016)
Gao et al. (2015)
Gao et al. (2015)
Wang et al. (2016b)
Wang et al. (2016b)
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Species

Polygonatum
sibiricum

Polygonatum
kingianum

P. sibiricum

P. sibiricum

P. kingianum
P. kingianum

P. kingianum

Polygonatum
cyrtonema
P. sibiricum

P. sibiricum
P. kingianum
P. kingianum
P. sibiricum
P. sibiricum

P. sibiricum

P. sibiricum

P. sibiricum

Part of
plant

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Rhizome

Compounds

Polysaccharide
Polysaccharide
Saponin
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Polysaccharide
Saponin
Saponin
Saponin
Saponin
Flavonoid

Phenolic

Polysaccharide
Polysaccharide

Saponin

Concentration

50, 100, and
250 pg/mi
100 mglL

10,5, 1,05, and
0.1 mg/mi

200, 400, and
800 mgkg

120, 240, and
480 mgkg

1,190 mg/kg

0.1 gkg

450 and 900 mg/kg

1,15, or 2 gkg

100, 200, and
300 mg/kg

0.025 g/kg and

0.1 mg/kg

0.025 and 0.1 gkg

50, 100, and

200 mg/kg
25, 50, and

75 mgkg

200, 400, and
800 mg/kg

0.25, 0.5, and
19kg

35 and 70 mg/kg

Treatment
duration

12, 24, and
48 h
24h

36h
12 weeks
14 weeks
4 weeks
8 weeks
4 weeks
11 weeks
2 weeks
8 weeks
8 weeks
10 days

8 weeks

12 weeks
2 weeks

16 weeks.

Model Index
IR-3T3-L1t IL-1B, IL-6, and TNF-al; Nrf2 and
adipocytes HO-11

IR-HepG2 cells  IRS1/PISK/AKtT
IR-HepG2 cells  Glucose consumption, HK, and PKT

STZ-induced Bax, EGF, p38, VEGF and TGF-B|;

diabetic rats Bel-21

HFD rats FBG, HDL-C, harmful bacterial; TC,
TG, LDL-C, FINS, beneficial bacterial

STZ-induced FBG, HDL-C|; TC, TG, LDL-C and TC/

diabetic rats HDL-CT

HFD rats FBG, harmful bacterial; FINS,
beneficial bacterial

STZ-induced IL-6, IL-1BL; IRS-1T

diabetic rats

STZ-nduced ~ Water consumption, food intake,

diabetic rats blood glucose] body weight

Aloxan-induced  blood glucose|

diabetic rats

STZ-induced  G6P|; GLUT4, PPAR-yT

diabetic rats

HFD rats FBG, harmful bacterial; FINS,
beneficial bacterial

Aloxan-induced  Alpha-amylasel; insulin

diabetic rats

STZinduced TG, TG, LDL-C, FFA, MDA, SOD, CAT,

diabetic rats AST, ALT, ALP, and TGF-p11; HOL-C,
T-AOCT

STZ-induced DR FBG, HbA1c, SODJ; insuiin,

rats C-peptide, MDA |

GM-induced AKI  NGAL, KIM-1, IL-1, IL-6, TNF-a, and

rats 38 MAPK|

STZ-nduced DN Urea nitrogen, serum creatinine, Wntd,

rats p-catenin|

References

Cai et al. (2019)
Li et al. (2020)
Luo et &l. (2020)
Wang et d.
(2019¢)

Gu et al. (2020)
Li et al. (2020)
Yanetal. (2017)
Wang et d.
(2019b)

Luoet al. (2020)
Pang et al.
(2018)

Lu et al. (2016)
Yanetal. (2017)
Shuetal. (2012)

Zhai and Wang
(2018)

Wang et al.
(2017)
Han etal. (2020)

Jing (2019)

Note. IRS, insulin receptor substrate; HK, hexokinase; PK, pyruvate kinase; PPAR-y, peroxysome proliferator-activated receptor-gamma; FFA, fatty acid; CAT, catalase; AST, aspartate
transaminase; ALT, alanine transaminase; ALP, alkaline phosphatase: T-AOC, total antioxidant capacity.
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Groups Parameters

Insulin (U/) HOMA-IR HOMA-p
Normal Control 10.43 £ 0.07° 201 £0.43*° 44.74 + 3.74°¢
Diabetic Control 511+ 069" 6.34 = 0.65° 017 +0.02*
Diabetic + Metformin 825 +1.00° 1.71 £ 0.80* 31.87 + 1.85°
Diabetic + AECPS (4.2 mg/kg) 9.07 +1.05° 1.37 £ 061° 5316 + 1.96°
Diabetic + AECPS (8.4 mg/kg) 967 +0.68° 227 +0.81°° 33.34 + 1.33°¢
Diabetic + AECPS (16.8 mg/kg) 10.29  1.14%° 314 +042° 26.84 x 254°

Data are expressed as mean + SD (n = 6).

Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.

“Values with dilferent letters along a column for a given parameter are significantly different (p < 0.05) from each other.

“Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.

Yalues with different letters along a column for a given parameter are significantly different (p < 0.08) from each other.

“Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.

“AECPS: Aqueous extract of C. purpureus shoots.

“HOMA-IR (Homeostatic model assessment of insuiin resistance): [(Fasting serum insuin in U/i fasting blood glucose in mmol/)/22.5).
“HOMA-f (Homeostatic model assessment of -cell function: [(Fasting serum insuiin in U/ *20/fasting blood glucose in mmol-3.5)).
*Conversion factor: Insulin (1U/1 174 pmol/).
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Compounds Retention time Concentration (ug/10 g)

3-O-rutinoside 1.632 209.9641
Ellagic acid 0.132 3.0359
Catechin 0.095 2.3760
Rutin 0.084 21022
Kaempferol 0.031 0.9120

Legends: AECPS: aqueous extract of cenchrus purpureus shoots.
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Treatment groups Initial
FBG value (mg/dl)

Normal Control 69.91 + 386
Diabetic Control 66.16 + 6.44°
Diabetic + Metformin 63.25 £ 2.13°
Diabetic + AECPS (4.2 mg/kg) 65.00 £ 261
Diabetic + AECPS (8.4 mg/kg) 60.84 + 2.44°¢
Diabetic + AECPS (16.8 mg/kg) 65.93 + 2.43°

Data are expressed as mean = SD (n = 6). Down the column.
“values with diferent letters are significantly different (p < 0.05) from each other.
“Values with diferent letters are significantly different (p < 0.05) from each other.
“values with different letters are significantly diferent (p < 0.05) from each other.
“alses with different letters are significantly diferent (p < 0.05) from each other.
*AECPS: Aqueous extract of C. purpureus shoots; FBG: fasting blood giucose.

FBG value after

48 h of induction

(mgrdi)

69.91 + 3.86°
365.38 + 94.12°
408.15 + 98.51°
44159 + 101.07°
495.30 + 118.55°
496.61 + 133.32°

FBG value after
7 days of treatment
(mgrdi)

69.91 + 386
393.66 + 86.24°
225.13 + 61.22°
20096 + 26.35°
216.20 = 59.44°
194.31 + 52.67°

FBG value after
14 days of treatment
(mg/di)

79.92 + 5.33°
436.14 + 37.83°
87.30 £ 9.93°
160.30 + 26.10°
134.41 + 22.56%
98.32 £ 19.91°
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Treatment groups Initial weight (g) Final weight (g)
Normal Control 243.26 + 24.87 250.45 + 15.83°
Dibetic Control 242.06 + 24.08 222,33 x 20.20°°
Diabetic + Metformin 245.33 + 21.07 216,58 + 26.47°°
Diabetic + AECPS (4.2 mg/kg) 248.15 + 20.60 234.23 + 21.44°
Dibetic + AECPS (8.4 mg/kg) 248,10 + 23.95 271.11 £ 26.27°°
Digbetic + AECPS (16.8 mg/kg) 249,11 + 24.99 256.50 + 27.22°

Data are expressed as mean + SD (n = 6).
“Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
®Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
“Values with diferent letters along a column for a given parameter are significanty different (p < 0.05) from each other.
AECPS: aqueous extract of cenchrus purpureus shoots; * Weight loss (1): *Weight gain (1).

9% weight change

6851
8.15]
11.72]
7.92]
15.251
4841
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Parameters

Groups
Initial body
weight (g)
Normal Control 243.26 + 24.87
Diabetic Control 242.06 + 24.08
Diabetic + Metformin 245.33 + 21.07

Diabetic + AECPS (4.2 mg/kg) 248.15 + 20.69
Diabetic + AECPS (8.4 mg/kg) ~ 248.10 + 23.95
Diabetic + AECPS (16.8 mg/kg)  249.11 + 24.99

Data are expressed as mean = SD (n = 6)

Values with different letters along a column for a given parameter are significantly different (p < 0.05) from each other.
“Values with dilferent letters along a column for a given parameter are significantly different (p < 0.08) from each other.
Values with different letters along  column for a given parameter are significanty different (p < 0.05) from each other.

*AECPS: Aqueous extract of C. purpureus shoots.

Final body
‘weight (g)

250.45 + 15.83°
222.33 £ 20.29°°
216.58 £ 26.47°°

23423 + 21.44°
271.11 £ 26.27*°

25650 + 27.22°

Weight of
liver (g)

6.26 +1.04°
7.04 £ 167°
6.67 + 1.15°
378 +047°
378 +0.49°
7.08 +1.35°

Weight of
pancreas (g)

0.45 + 0.06°
0.37 +0.05°°
0.24 +0.25™°

0.19+0.01°

0.16 +0.02*

0.19 017

LIVER-BODY weight
(%)

248 +0.14°
358 +1.08°
2.91+0.09*
443+067°
3.31£037°
430072

PANCREAS-BODY weight
(%)

0.18 + 0.05*
0.20 + 0.07*
0.11 £ 0.02*
0.19 £ 0.03%
0.12 £ 0.02*
0.14 £ 0.05°
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Number RT (min) Compound M-HI" mg/g

1 07 Quinic acid 191.0561 Ng
2 13 Gallic acid 169.0142 0.1
3 22 Protocatechuic acid 153.0193 10
4 28 3-Caffeoylquinic acid 353.0878 52
5 33 Coumaroylquinic acid isomer 337.0920 Ng
6 35 5-Caffeoylquinic acid (Chiorogenic acid) 353.0878 782
7 37 Caffeic acid 179.035 02
8 39 Epicatechin 289.0718 Na
0 43 Coumaroylquinic acid isomer 337.0020 Ng
10 46 Coumaric acid 163.0401 Na
11 47 Feruoylquinic acid 367.1035 Ng
12 49 Procyanidin B 577.1357 Na
13 5 Quercetin 3-O-rutinoside (Rutin) 609.1461 15
14 52 Quercetin 3-O-galactoside 463.0882 40
15 54 Kaempferol-hexose-rhamnoside 593.1526 0.1
16 55 Isorhamnetin 3-O-glucoside 7-O-hamnoside 623.1618 Ng
17 56 Quercetin 3-O-arabinoside 433.0776 03
18 57 Anthocyanins 477.1039 Ng
19 58 Kaempferol hexoside 447.0033 3.1
20 6 Dicaffeoylquinic acid isomer 515.1195 65
21 66 Dicaffeoylquinic acid isomer 5151195 52
22 75 Quercetin 301.0354 0.1

23 8.4 Isorhamnetin 316.051 Ng
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Hypericum lanceolatum
Ascorbic acid

Total polyphenol content
(mg GAE/g dried
plant)

1032+ 6.1

Chemical antioxidant capacity
ICso-like values (g/L)

0.86 + 0.10
0.08 + 0.01
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Zebrafish gene

fapb10a
gcic

erg
ctgg
Kbps

effa

Gene name

fatty acid binding protein 10a
glutamate cysteine ligase catalytic subunit
ether-a-go-go related gene

connective tissue growth factor

FK506 binding protein 5

elongation factor 1-alpha

Marker of
Hepatotoxicity
Hepatotoxicity
Cardiotoxicity
Nephrotoxicity
Giucocorticoid signaling

Housekeeping gene

Primer sequences

F: CCAGTGACAGAAATCCAGCA
R: GTTCTGCAGACCAGCTTTCC
F: AAMATGTCCGGAACTGATCG
R: AACGTTTCCATTTTCGTTGC
F: CAGATGCTCCGTGTGAAAGA
R: TGCGGTTCAGATGAAGACAG
F: CTCCCCAAGTAACCGTCGTA
R: TCCACCAAACACACAAGTGG
F: CAAAAGGGGGAATGCTGTT
R: TTCTTTTCTGCCCTCTTTGC
F: AGCAGCAGCTGAGGAGTGAT
R: CCGCATTTGTAGATCAGATGG
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Route Dose Model Parameters
Adminsyation AUC 0.y AUC oy TH(M) T Cou(g/m) MRT() Va(kg) CL(UWkg) RC f(%) |
(ng/mit) (ng/mi)

V. 1 mg/kg ICR mice (?) 638.8 + 197.0 639.3+1968 021003 - - 02£007 0302 17£07 - -
1 mg/kg ICR mice (8) 1437.6+271.2 144202710 05:0.08 = - 05+008 02=+007 07 +0.11 - -

p.o. 10 mg/kg ICR mice - 17.7+45 - 04102 29+254 0.76 +0.20 - - - -
50 mg/kg o 61.5+37.0 - 0707 35+43 2012 - - - -

p.o. 200 mg. Healthy 2.476 £ 2.281 2699 +2.284 182+ 119+ 093910549 - - 124.054 + - -

volunteers 0.75 0.44 84.725

V. 152.91 mg/kg Rabbits - - 0.83 - - - 0.246 - 0.61 17

P 1.165 = 072 18

5.C. 12.5 mg/kg SD rats 2 2.963 2.399 1 0.56 - - - - -
25 mg/kg 6.328 8073 2531 1 219 - - - - -
50 mg/kg 12.630 14.295 2157 1 372 = = 2% — -

po. 200 mg/kg SD rats 9,.896.68 + 1183085+ 8343+  09x 170385 14924 25073 032:0044 —  —

1,234.48 2,366.47 6.148 0.22 104.15 5.206 159.7

po. s0mohg  SDrts 6x10Fe1  6x10°41 623  6a1 6x10'22 86+22 120235 1454088 ~—
XSTOT < 10° 10° 10t

p.o. 600 mg/kg SD rats 823.15+97.94 958.34 +157.26 171+ 056 + 41235 = ] - - - -
QxsBP 0.39 0.10 89.16
60 mg/kg 1,764.19 £ 1,906.79 + 132+ 050 + 867.69 +
QxsBP 265.38 239.45 0.38 0.16 108.29

v, 5mikg GGSQ  SD rats 216x10°%  224x10°:  225% = = 145065  39.08% = = =

059 x 10° 0.76 x 10° 084 521
Lv. 7.2 mlkkg SFI SD rats 639.70 + 6563.77 +121.07 014 + - 3176.44 + 0.18+003 029+004 148+028 - -
13461 0.03 515.91
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Effect

Anti-viral

Anti-viral and immune response

Anti-viral
immune response

Osteoblast differentiation

Against VB radiation
Improve skin barrier function
Anti-oxidant

Reguiating Cholesterol Metabolism
Alleviating allergic response
Increasing sperm motilty

Restoring erectie dysfunction
Promoting cyclic growth of hair
folicles

Reducing gastrointestinal motility
dysfunction

Experimental Model

CVB3, and HRV3 infection Hela and Vero
cells
RV-induced ICR mice

H3N2-induced ICR mice

Avian influenza HIN2 infected HUVEC cells
CD* T cells

‘OVA-induced ICR mice

RANKL-induced Zebrafish

MCST3-E1 cells and Zebrafish model
UVB-induced HaCaT keratinocytes
HaCaT keratinocytes

HaCaT keratinocytes

H,0,-induced E.co

H;0; or ATA-induced chick
cardiomyocytes

High cholesterol-induced Wistar rats
Histamine-induced ICR mice

Fertile volunteer, Asthenozoospermic
infertile patients

Ethanol-induced SD rats
Immunodeficient mice, C57BL/6 mice,
HeLa cells

CP SD rats, DP SD rats

Cajal interstitial cells
©48/80-induced Wistar rats

‘Outcome and Proposed
Mechanism

Cytotoxicity|

Splenocyte proiferativet, IL-4, IL-10T, IL-121, IFN-yT,
CD* cels], CD** cells|

Thit, The

miR-15bT, Cell viabilityT, IP-10], DNA damage|

Cell viabiityT, IFN-y, IL-13], IRGM|

Thit, Thet

ERK(, TRAP|, cathepsin K|

ALPT, Runx2T, Collai1, Alpt, Ocnf
GSHI, SODT, ROS|, MMP-2|, MMP-9]

Filaggrinf, Comified envelope formation, Caspase-141
GSHI. SODT, ROS, MMP-2|, MMP-9]

Fpgl, ROS|

Cell viabilty, DCF fluorescence|

CvPeBiT
IL-41, TNF-al, NF-kB, cun|
INOST, NOT

NitriteT, cGMPT, ICPT
Hair shaft growtht, P-Smad 2/31, p-FAKT, p-ERKI,
p-JNKT, TGF-B|, SAMD],

p-MLC201, MLCK], NOT, adrenalinef

Amplitude|, frequency], cGMPT
Hexosaminef, adherent mucust, TBARS|, X0, MPO,
Bax], Bol2]

Reference(s)

Song et al. (2014)
Suetal (2014)

Song et al. (2010)
Chan et al. (2011)
Son et al. (2010)
Sun et al. (2006)
Feng and McDonald,
(2011)

Park et al. (2016)
Kim et al. (2016)
Shin et al. (2018)
Oh et al. (2016)
Lim et al. (2016)
Lee B et al. (2012)

Kawase et al. (2014)
Jang et al. (2012)
Zhang et al. (2006)

Pyo et al. (2016)
Liet al. (206)

Xiong et al. (2014)

Hong et al. (2015)
Lee et al. (2014)
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Inducer

CDDP

CDDP
CTX

Experimental Model

LLC-PK1 cells, Wistar rats

ICR mice
BALB/c mice

SW480 cells
293T, MCF-7, A375, HepG2
cells

Outcome and Proposed
Mechanism

Cell viability, DPPH radical-scavenging activity], Caspase-31, Renal cortex tissue tubular damage|

CAT, GSHT, Bel2/Bax1, CREL, BUN], MDA, 4-HNE], CYP2E1], COX-2|, INOS
Erythropoietint, thrombopoietin, TPOT, RBCsT, hemoglobint, platelets S phaseT, Bai-21, WBCs |,
thymus index], BMNC], spleen index|, Bax|, Caspase-3|

Apoptosist, Cell proliferation |

LDH releasef, Cell viabiity|, ROS], Caspase-3]

Reference(s)

LeeWetal. (2012),
Kim J et al. (2014)
Wang etal. (2018¢)
Han et al. (2019)

X et al. (2011)
Yao et al. (2018)
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Inducer

/R

LADCA
igation

R
Isoproterenol
MI

tBHP, MI/R
GD
HR

Balloon
PDGF-BB
H,O,
Ox-LDL
bFGF

OFGF,
Matrigel

Experimental Model

SDrats

Cardiomyocytes, Guinea pig
ventricular myocytes

Wistar rats, SD rat

SD rats
Wistar rats
SD rats

Hac2 cels, SD rats
HIc2 cells

HL-1 cells

Cat and human cardiomyocytes
Guinea pig ventricular myocytes
VSMCs

HUVEC

HCAEC

SD rats

VSMCs

HUVECs

HUVECs

HUVECS, Wistar rats

HUVECs, C57/BL6 mice

Outcome and Proposed

Haemodynarmic changef, [Ca® *}|
I(Ks) 1, (Call) |

Mechanism

Infarct size, MPO|, PMN infiltration], ICAM-1]

Hemodynamic parameterf, QRS complex|, QT interval], R-R interval], TNF-a

TGF-pl, p-Smad3|, collagen 1|

Heart ratef, LVEFT, LVPWdT, LVPWsT, IVSTdT, IVSTsT, SODT, FAKT, PIBKT, Akt],
AMPKaf, LVDd], LVDs|, EDV], ESV], CK-MB|, cTnT|, MDA|, Ang I}, ANP|,

BNP|, TGF-1], Smad]

miR-30c-6pT, Apoptosis], LDH], p53|

Cell viabilty, SODT, ATP depletionf, LC3B-21, MDA
Gell viabiltyT, ATP LevelsT, LC3B-21, p-AMPKT
[Ca®*); transient amplitudeT, Sarcoplasmic reticulum Ca®* content|

IKsT, eNOST, PI3KT, AktT
KCat, eNOST, PISKT, AktT
[Ca®*}i1, NOT, eNOST

Outward currentsT, SKCa currentst

vessel lument, NOT, cGMPT, eNOST, PCNA positive cells|.
CGMPT, NOT, p-eNOS/eNOST, p211, PCNAL, cyclin D1}, CDK4|

NOT, eNOST, SODT, GSH-PxT, LDH|, MDA|

ERaf, PI3KT, PKBT, LOX-1], NADPH oxidase|, NF-kB|, p-p38|
Cell proliferationt, hemoglobin content in ECMsT, migration, tube formationT, neo-

collagen regenerate]

Cell proliferation and migrationf, tube formationT, neo-vessels density.

Reference(s)

Kim et al. (2011)

Bai et al. (2003), Bai et al.
(2004)

Jing et al. (2010), Li et al.
(2013)

Lim et al. (2013)

Wang et . (2019)

Yu et al. (2020)

Wang et al. (2020)
Zhang et . (2020)
Sun et al. (2020)
Wang et dl. (2008b)
Furukawa et al. (2006)
Nakaya et al. (2007)
Leung et al. (2007)
Sukittanon et al. (2014)
Gao et al. (2018)

Gao et al. (2019)
Huang et al. (2016)
Yang et al. (2018)
Huang et al. (2005)

Yu et al. (2007)
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Inducer Experimental Model Outcome and Proposed Reference(s)

Mechanism

c48/ HMC-1 cell, A549 cell Histamine secretion], IL-1al, IL-8], IL-10], RANTES| Bae et al. (2012)

80, LPS

TPA BALB/c mice, Raw 264.7 cels NOJ, MDA, ear edemal, inflammatory cell infitrationl., IL-1p], TNF-al Paul et al. (2012)

LPS SD rats, BALB/c mice, RAW264.7 cells  WBCsT, neutrophil countst, TNF-al, IL-1p{, IL-6], COX-2, iNOS|, NO production],  Su et al. (2015)
PGE2|

LPS, TNBS ICR mice ZO-11, claudin-1T, occludint, IL-1p], TNF-a|, COX-2|, iNOS, IL-6], colon shortening]  Lee J et al. (2012)

LPS C57BL/6 mice ERsT, PIBK/AKtT, INF-y|, MCP-1], LDH], CK|, AST|, TNF-a|, IL-1], IL-6], p-p65],  Chen et al. (2016)
MAPKs]

LPS ICR mice, A549, MH-S cells Neutrophil|, macrophage infiltration], NF-xkB|, MAPKs|, c-Fos| Lee et al. (2018)

LPS N9 microglia cells NOL, TNF-al, NF-xBL, p-ERK], p-JNKL, p-jun, p-ixB-al Wu et al. (2007))

LPS BV2 microglial cells Cell viabilityT, iNOS], COX-2], p-P38| Lee Ket al. (2012)

LPS RAW264.7 cells and primary rat TNF-al, IL-6], PGE2], NO secreation], MAPKs, NF-xB| Quan et al. (2019)

hepatocytes
TNF-a EAny926, HEK 293 cells Gell viabiityT, LDH], IL-6], p-IKKAKK [, p-ikBl, p-NF-xB| LiZetal. (2016)
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Inducer

Surgery
MCAO model

MCAO model
™T

PCP

RIS

CRS

MPTP

MA

MA

CCls
MA

Rotenone
6-OHDA

Scopolamine

AB-25-35 peptide

Surgery and
microdiialysis

AB+serum free

A

Experimental Model

SD rats, Schwann cell
SD rats

SD rats

IL-6(-/+) C57BL/6 mice

C57BL/BMice, GPx-1 knockout mice

SD rats

C57BL/6J mice

C57BL mice

PKCB(+/-) C57BL6 mice

DYN KO mice

Primary dopaminergic cell

SH-SY5Y cel

Dopaminergic neuronal cell, Hsp6O KD cell
PINK1 null dopaminergic cell lines
SH-SYSY cells

SH-SY5Y cells

CR mice, Wistar rats

Tg2576 mice

CHO 287 cells, Ap-lesioned mice
Kunming mice

SDrats

N2a/APP695 cells

PC12 cells

SH-SYS5Y cells

Neuro-2a cells

Outcome and Proposed
Mechanism

PCNAT, GAP-431, $100, p-ERK1/2], p-JNK1/2|
SOD1, GSH-PxI, Average microviscosity, MDA

H*-ATPase activityl, MDA

c-FOS-IRT, IL-61, p-AktT, IFN-y|, TNF-al, IL-18], MDA|, ROS|

GPx-11, PHOX activity]
BDNFT, Behavioral deficits|, TH|

BDNFT, Nrf21, HO-11, SYPT, PSD95T, NLRP3|, ASC|, Caspase-1|
Bel-21, iINOST, caspase-31, TH-positive neuronsT, Bax|
SODT, catalasel, GPxT, DAT, dopaminergic degeneration|, PKC8|

«x-opioid receptor |, P-mediated NK1 receptor|
Neurites of TH cellsT, Neuritic lengths|

Cell viabiityT, GPxT, GSHT, TH activityl, PKC8].

HspOT, LRPPRCT, Hsp6OT

SODT, GSH/GSSGT, aconitaseT, Nrf21, ROS|, Caspase-3|, Bax/

Bel2], Cytochrome c|.

Cell viabiityT, GPX41, p-AktT, p-ERKT, LDHL, ROS], lipid

peroxidation]
Escape latency|
A-401, AB-42|
Ap-401, AB-42|

phenylalanine]. tryptophant, hexadecasphinganinef,

phytosphingosineT, LPCsT
DAY, Ach, mPFC

PPARYT, AB1-401, AB1-42], p-amyloid, BACE1|

LDH], cell toxicity]

GSH1, SODT, GPxT, ROS|, Bel2/Bax|, Nrf2|, Caspase-3/9],

Cytochrome cl, p-ASK-1], p-JNK|, HO-1|
MAP-21, p751, p211, TrkAT, ChAT/VACHTT

Reference(s)

Wang et al. (2015)
Zhou et dl. (2006)
Chen et al. (2008)
Tuetal. (2017)
Tran et al. (2017)
Lee et al. (2012)
Wang et al. (2021)
Xu et al. (2005)
Shin et al. (2014)
Dang et al. (2018)
Zhang et al. (2016)
Nam et al. (2015)
Kim et al. (2012)

Gonzalez-Burgos et al.
(017)
Lee et al. (2020)

Wang et al. (2010)
Zhou et al. (2020)
Chen et al. (2006)
Li et al. (2018)

Shi et al. (2013)
Ceo et al. (2016)
Jiet al. (2006)

Liu et al. (2019)

Kim M et dl. (2014)
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Inducer

HFD
HFD, GPL

HFD, DIl

HSHF; HSHF+AM;
HSHF+STZ

STZ

s1Z

HFD

HFD

DI

DIl

High glucose

Experimental Model

C57BL/6J ob/ob mice
C57BL/6J ob/ob mice
Wistar rats

C57BL/6J mice, HepG2
cells

Wistar rats, 3T3-L1
adipocytes

Wistar rats

SD rats
SD rats
C57BL/6 mice

C57BL/6 mice
3T3-L1 celis
3T3-L1 cells
RF/BA cells

‘Outcome and Proposed
Mechanism

FBGT, IPGTT]

BGT, FBGT

IRT, GLUT4T

p-LKB11, p-AMPKI, SHP|, SREBP1c|, FAS|, SCD1|

Glucose uptakel, p-IRS-11, p-PIBKT, A/PKCY/AT, p-JNKL, NF-xB|
BG, TCL, TG, Lp-al, VEGF], IL-6], p-p38Linsuii levies], HDL-CT

BGJ, MDA[, TC|, TG|, GSHT

FBG], TNF-al, MDA, GSHT

TG, TCL, LDL-G, GOTL, GPT], MDA, p-JNK|, p-IRS, p-tau], BGT, HDL-CT, Acht,
GSHT, SODT

FG, TG, TC, LDL-C, AChE|, MDA|

Glucose uptakeT, GLUTAT, IRS-1T, PIGKT

TNF-al, TGT, Glucose uptakeT, PPARy-21, ap21, IRS-11, GLUT4], Adiponectin
LDH], MDA|, p-Akt],ROST, CATT, GSH-PxT, HIF-1al, Caspase-31, VEGFT,
Caspase-91

Reference(s)

Attele et al. (2002
X et al. (20053)
Hen et al. (2012)
Quan et al. (2012

Zhang etal. (2008)
Shi et al. (2016)

Cho et al. (2006)
Liu et al. (2012)
Kim et al. (2017)

Park et al. (2015)
Lee et al. (2011)
Gao et al. (2013)
Xe et al. (2020)
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Protein Name®

10 kDa heat shock protein, mitochondrial
14-3-3 protein sigma

285 ribosomal protein 29, mitochondrial
2-iminobutanoate/2-iminopropanoate deaminase

408 ribosomal protein S19

60S ribosomal protein L17

60S ribosomal protein L23a

60S ribosomal protein L27

60S ribosomal protein L34

60S ribosomal protein L35a

60S ribosomal protein L6

60S ribosomal protein L7

7.8-dihydro-8-oxoguanine triphosphatase

Acetyl-CoA acetyltransferase, mitochondial

Activated RNA polymerase Il transcriptional coactivator p15
Acyl-coenzyme A thioesterase 2, mitochondrial
Adapter molecule crk

ADP-ribosylation factor 4

ADP-ribosylation factor 5

Alkaline phosphatase, intestinal

Alkaline phosphatase, tissue-nonspecific isozyme:
Alpha-2-macroglobulin

Alpha-taxilin

Aminopeptidase N

Annexin A1

Annexin A11

ATPase inhibitor, mitochondial

Branched-chain-amino-acid aminotransferase, mitochondrial
Cell division control protein 42 homolog

Charged mulivesioular body protein 1a

Clusterin

Coatomer subunit zeta-1

Cob(lyrinic acid a,c-diamide adenosyltransferase, mitochondrial
Complement decay-accelerating factor
Deoxyribonuclease-2-alpha

Dihydrolipoamide branched chain transacylase E2

DNA polymerase defta interacting protein 2

DnaJ homolog subfamily C member 9

Dynein light chain roadblock-type 1

ERO!1-like protein alpha

Eukaryotic translation initiation factor 5A-1
Fructose-bisphosphate aldolase A

General transcription factor 3C polypeptide 4

Giycylpeptide N-tetradecanoyitransferase 1

Heterogeneous nuclear ribonucleoproteins A2/B1
Heterogeneous nuclear ribonucleoproteins C1/C2
Histone cluster 1 H4 family member f

Histone H2B type 1-A

HLA class | histocompatibility antigen, B-7 alpha chain
Integrin beta-4

Isocitrate dehydrogenase (NAD) subunit beta, mitochondrial
Isocitrate dehydrogenase (NAD) subunit gamma, mitochondrial
Jupiter microtubule associated homolog 1

Keratin, type | cytoskeletal 10

Keratin, type | cytoskeletal 9

Keratin, type Il cytoskeletal 1

Keratin, type Il cytoskeletal 2 epidermal

Lactate dehydrogenase A

LIM and calponin homology domains 1

Macrophage migration inhibitory factor

Metallothionein-1E

Metalothionein-1X

Midasin

Mitochondrial coiled-coil-helix-coiled-coil-helix domain containing proteins
itochondrial fission factor

Mitochondrial import inner membrane translocase subunit TIMSO
itochondrial ribosomal protein L11

Mitochondrial ribosomal protein L39

Mitochondrial ribosomal protein L43

Mitochondrial ribosomal protein S28

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 5

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex subunit 10, mitochondrial

Niban-iike protein 1

N-terminal Xaa-Pro-Lys N-methyltransferase 1

Paired amphipathic helix protein Sinda

PDZ and LIM domain protein 5

Peptidyl-prolyl cis-trans isomerase
Peptidyl-prolyl cis-trans isomerase F, mitochondrial
Phosphoglycerate kinase 1

Plasminogen activator inhibitor 1 RNA-binding protein
Platelet-activating factor acetylhydrolase IB subunit beta
PRAT family protein 2

Prefoldin subunit 3

Pre-mRNA-splicing factor SYF1

Prostaglandin F2 receptor negative regulator

Protein CutA

Protein iin-7 homolog G

Protein phosphatase inhibitor 2

Protein phosphatase methylesterase 1

Protein $100-A11

Protein transport protein Sec1 subunit beta
Pyruvate kinase PKM

Ribosomal protein L 13

Ribosomal protein L19

Ribosomal protein L24

Ribosomal protein L26

Ribosomal protein L31

Ribosomal protein $13

Ribosomal protein S15a

Ribosomal protein S5

$100 calcium binding protein A4

Serine/arginine-rich splicing factor 3
Serine/threonine-protein phosphatase 1 regulatory subunit 10
Serum albumin

SH3 domain-binding glutamic acid-rich-like protein 3
Signal transducer and activator of transcription 58
SRA stem-loop-interacting RNA-binding protein, mitochondrial
Stathmin

Thioredoxin-dependent peroxide reductase, mitochondrial
Thymosin beta-4

Transcription factor BTF3

Transcription initiation factor TFIID subunit 6
Transgelin-2

Triosephosphate isomerase 1

tRNA methyltransferase 10 homolog G

tRNA pseudouridine synthase A

Tropomyosin alpha-3 chain

Tubuiin beta-6 chain

Tubuiin-folding cofactor B

Upiquitin carboxyl-terminal hydrolase isozyme L5
UDP-glucose 4-epimerase

V-type proton ATPase subunit B, brain isoform

Zyxin

"Bolo: the reversed proteins identified in the present study.
bFold change, bold, p < 0.05.

Gene name

HSPE1
SFN
DAP3
HRSP12
RPS19
RPL17
RPL23A
RPL27
RPL34
RPL35A
RPL6
RPL7
NUDT1
ACAT1
suBt
ACOT2
CRK
ARF4
ARF5
ALPI
ALPL
M
TXLNA
ANPEP
ANXA1
ANXAT1
ATPIF1
BCAT2
CDC42
CHMP1A
oL
COPZ1
MMAB
CDs5
DNASE2
DBT
POLDIP2
DNAJCY
DYNLRB1
EROTA
EIF5A
ALDOA
GTF3C4
NMT1
HNRNPA2B1
HNRNPC
HIST1H4A
HIST1H2BA
HLA-B
1TGB4
IDH3B
IDH3G
JPT1
KRT10
KRT9
KRT1
KRT2
LDHA
LIMCH1
MIF
MT1E
MT1X
MDN1
CHCHD5
MFF
TIMMS0
MRPL11
MRPL39
MRPL43
MRPS28
NDUFAS
NDUFA10
NIBAN2
NTMT1
SINGA
PDLIMS
PPIL3
PPIF
PGK1
SERBP1
PAFAH1B2
PRAF2
VBP1
XAB2
PTGFRN
CUTA
LIN7C
PPP1R2
PPME1
S100A11
SEC61B
PKM
RPL13
RPL19
RPL24
RPL26
RPL31
RPS13
RPS15A
RPS5
S100A4
SRSF3
PPP1R10
ALB
SH3BGRL3
STATSB
SLIRP
STMN1
PRDX3
TMSB4X
BTF3
TAF6
TAGLN2
TP
TRMT10C
PUST
TPM3
TUBB6
TBCB
UCHLS
GALE
ATPBV1B2
23

Uniprot No.

P61604
P31947
P51398
P52758
P39019
P18621
P62750
P61353
P49207
P18077
Q02878
P18124
P36639
P24752
P53999
P49753
P46108
P18085
P84085
P09923
PO5186
P01023
P40222
P15144
P04083
P50995
Qounz
015382
P60953
QoHD42
P10909
P61923
QOBEY8
PO8174
000115
P11182
Qayas7
QBWXX5
QONPO7
QO6HE7
P63241
PO4075
QOUKN8
P30419
P22626
PO7910
P62805
Q96A08
P30479
P16144
043837
P51553
QOUK76
P13645
P35527
P04264
P35908
P00338
Q9uPQO
P14174
P04732
P80297
QONU22
QoBSY4
QoGZY8
Qazcas
QaY3B7
QONYKS
Q8N983
QaY2Q9
Q16718
095299
Q96TA1
QoBV86
Q9BST3
Q96HC4
Q9H2H8
P30405
P00558
Q8NC51
P68402
060831
P61758
QoHCS7
QoP2B2
060888
Q9NUP9
P41236
QOY570
P31949
P60468
P14618
P26373
P84098
P83731
P61264
P62899
P62277
P62244
P46782
P26447
P84103
Q9BQCO
P02768
Q9H299
P51692
QOGZT3
P16949
P30048
P62328
P20200
P49848
P37802
PE0174
Q7L0Y3
Q9Y606
P06753
QOBUF5
Q99426
Q9Y5K5
Q14376
P21281
Q15942

As/Ctrl ®

1.25
0.83
1.20
112
0.91
0.88
0.89
0.89
0.80
0.89
0.95
0.90
1.02
1.23
0.89
1.26
0.83
0.88
0.92
1.29
123
117
0.92
0.82
0.82
0.83
1.26
1.20
0.87
0.90
1.31
0.83
128
0.71
1.27
1.33
122
0.83
1.08
0.84
0.82
0.83
0.82
0.87
123
1.23
0.92
091
0.87
0.78
121
113
0.83
1.28
1.02
1.16
1.38
0.78
1.39
0.74
1.41
1.06
0.78
1.34
121
1.07
119
114
1.15
1.35
1.10
117
0.72
0.80
121
0.76
0.82
1.31
0.78
0.88
0.79
0.78
0.83
0.94
1.23
0.78
122
0.82
0.83
0.79
0.87
0.82
0.87
0.93
0.85
0.93
0.82
0.88
0.86
0.88
0.81
1.18
122
0.80
0.65
0.79
121
0.78
1.20
0.85
0.92
1.40
0.82
0.83
0.93
0.94
091
0.77
0.76
1.13
091
1.16
0.81

DIP+As/As

082
1.21
083
082
1.23
1.32
1.20
1.32
1.47
1.35
1.23
125
078
086
1.21
082
1.02
1.23
1.40
090
096
072
1.23
1.10
1.14
1.15
090
081
1.22
1.23
086
1.24
087
1.85
077
075
085
1.10
0.78
094
107
1.06
099
1.26
086
081
1.27
1.35
1.31
1.12
079
079
096
0.72
065
067
068
1.20
o7
089
074
081
1.00
0.74
089
1.12
082
083
082
073
082
1.08
1.08
1.24
094
1.30
131
078
1.07
1.21
095
11
1.05
125
089
1.01
093
1.10
1.07
1.22
121
1.19
1.23
1.23
1.28
1.25
1.62
1.27
12
1.21
1.12
081
096
098
1.15
1.08
083
1.00
081
1.27
087
084
1.06
1.08
089
1.24
1.20
1.15
1.00
077
1.25
0.81
1.07

DIP+As/ Ctrl °

1.02
1.00
0.99
0.91
112
1.15
1.14
147
117
1.20
1.16
113
0.79
1.06
1.07
1.04
084
1.08
1.30
1.16
1.18
0.84
118
091
0.93
0.95
113
0.97
1.06
111
112
1.03
1.06
133
0.98
1.01
1.04
091
0.85
0.79
0.88
0.88
081
1.09
1.06
1.01
117
123
114
0.87
0.95
0.90
079
0.95
071
079
0.95
0.93
1.00
0.63
1.08
0.87
0.78
0.98
1.07
121
0.97
0.95
0.94
0.99
0.90
121
0.79
1.00
1.14
0.99
1.07
1.03
0.83
1.06
075
0.86
0.87
1.18
1.09
0.79
114
0.90
0.89
0.96
1.05
0.98
1.07
114
1.09
1.16
131
111
1.05
1.07
0.90
0.96
118
0.79
0.75
0.86
1.01
0.85
0.97
1.08
0.80
1.18
0.87
0.85
0.83
1.16
1.18
0.89
0.76
0.87
113
094
0.86
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Forward primer

ACGTGGAACTGGCAGAAGAG
AAATGATGGCTTATTACAGTGGC
ATGGCGACATGGACCTCAG
ACCTCGTTTTATGCCGTATGC
CTGCTGGAAGAAATGCTTTGG
TGCGTCTTTTCCTGGATTACC
AGCCTAAACATTCAAATCCCG
GTGCCGCCTGGAGAAACC

Reverse primer

GGTTGTCTTTGAGATCCATGC
CTTGCTGTAGTGGTGGTCGG
TCCCGAGTCAACCCACATC
TCGGGGTGTCCTTCAGTGTC
TGGTGTTTCTTTGTCTTGTGGC
GTGATGTTGAGGGCGTTGG
CAGAGCCCTTTACAGACACCAC
GGTGGAAGAGTGGGAGTTGC
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52 (5 are reviews) (4.15%; p < 0.001)
34 (4 are reviews) (2.70%; p < 0.001)
20 (including one review) (51.28%; p < 0.001)
14 (including one review) (0.64%; p = 0.997)
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™M

Phyllanthi Fructus

Chebulae Fructus

The flower of Edgeworthia gardneri (Wall) Meisn
Berberiis Cortex
Liucha [young leaves and shoots of Sibiraea laevigata (L) Maxim. and

Sibiraea angustata (Rehder) Hand.-Mazz)
Huidouba

Patent publication
number

CN-1899565-A
ON-103948666-A
CN-103961551-A
ON-103961392-A
CN-105106644-A
CN-109331147-A
CN-108404063-A
ON-105106644-A
ON-108653682-A
CN-108404063-A
CON-106620085-A
(LLKL)
CN-1899565-A
CN-103961551-A
ON-108404063-A
CN-106620085-A

Herbal formula

Siwei Jianghuang Decoction Powder; Triphala; Eighteen-Flavor Myrobalan
Diuretic pils; Jikan Mingmu Drops; Tang-Kang-Fu-San

Padma 28; Triphala; Eighteen-Flavor Myrobalan Diuretic pills; Jikan
Mingmu Drops

Siwei Jianghuang Decoction Powder; Eighteen-Flavor Myrobalan Diuretic
pills; Tang-Kang-Fu-San; Jikan Mingmu Drops

LLKL

Compound HDB, (Zhao et ., 2011)
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Characteristics Reference
Age 40.57 +9.65
Gender

Male 13 (24.07%)

Female 41 (75.93%)
Smoking status

Never smoking 40 (74.07%)

Even smoking 13 (24.07%)

Now smoking 1(1.85%)
Drinking alcohol status

Never drinking 44 (81.48%)

Even drinking 9(16.67%)

Now drinking 1(1.85%)
Arsenism

Yes 0(0.00%)

No 54 (100.00%)

Arsenic exposure

50.38 + 10.32

155 (49.84%)
156 (50.16%)

186 (59.81%)
99 (31.83%)
26 (8.36%)

220 (70.74%)
56 (18.01%)
35 (11.25%)

244 (78.46%)
67 (21.54%)

Statistical value

-65°
12.30°

5.08°

4.90°

127.80°

p value

<0.01
<0.01

0.80

0.09

<0.01

"t-test, the statistical value is t value, and the data were presented as mean = standard deviation.
bChi-square test, the statistical value is ¥° value, and the data were presented as numbers (percentage).
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Pathological characteristic

Hepatocyte ballooning

Lobular inflammation
(inflammatory foci/200x
field of view)

Steatosis

Pathological diagnosis

Assessment Score
none 0
a little 1
alot 2
none 0
<2 1
2-4 2
>4 3
<5% 0
5%-33% 1
33%-66% 2
>66% 3
Total score
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Sample name Proportion (%) Area Height Concentration Concentration units

Berberine 14 559,028 38,519 0.01377 mg/ml
Magnolol 0.34 377,717 25,599 0.02767 mg/ml
Morroniside 0.022 28,048 663 0.00176 mg/ml
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Latin name
(Chinese name)

Morus alba L. [Moraceae] (Sang Baipi)

Coptis chinensis Franch. [Ranunculaceae] (Huang
Lian)

Magnolia offcinalis Rehder and E. H. Wilson
(Magnoliaceae] (Hou Po)

Pueraria montana var. Thomsonii (Benth.)

M.R Aimeida [Fabaceae] (Ge Ger)

Astragalus mongholicus Bunge [Fabaceae)

(Huang Qi)

Cornus officinalis Siebold & Zucc. [Comaceae] (Shan
Zhuyu)

Rephanus raphanistrum subsp. Sativus (L) Domin
[Brassicaceae] (Lai Fuzi)

Anemarrhena asphodeloides Bunge
[Asparagaceae] (Zhi Mu)

Polygonatum odoratum (Mil.) Druce [Asparagaceae]
(Yu Zhu)

Atractylodes lancea (Thunb,) DC. [Asteraceae]
(Cang Zhu)

Medicinal
parts.

Bark

Root

Root

Root

Fruit

Root

Root

Root

Manufacturers

Beiing Bencaofangyuan Pharmaceutical
Co., Ltd.

Bejing Tongrentang Health Pharmaceuttical
Co., Ltd

Bejing Tongrentang Health Pharmaceutical
Co., Ltd

Beiing Tongrentang Health Pharmaceutical
Co., Ltd

Beiing Bencaofangyuan Pharmaceutical
Co., Ltd.

Beiing Tongrentang(Fu zhou) Health
Pharmaceutical Co., Ltd

Beiing Bencaofangyuan Pharmaceutical
Co., Ltd.

Beiing Bencaofangyuan Pharmaceutical
Co., Ltd.

Beiing Bencaofangyuan Pharmaceutical
Co., Ltd.

Beiing Bencaofangyuan Pharmaceutical
Co., Ltd.

Batch
number

20191120

26819202

190901

190901

20180613

20200801

20200202

20200621

20200605

20200818

Amount in
application(g)

16.0
156.0
10.0
5.0
5.0
5.0
5.0
5.0
5.0

5.0

Herbarium
number

NCSTTCM-
2020017
NCSTTCM-
2020018
NCSTTCM-
2020019
NCSTTCM-
2020020
NCSTTCM-
2020021
NCSTTCM-
2020022
NCSTTCM-
2020023
NCSTTCM-
2020024
NCSTTCM-
2020025
NCSTTCM-
2020026
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Serial Drug name
no

Clomiphene itrate + myo-inositol

2 Dianeg5 + Astragalus caprinus L.
3 Myo-inositol + oral contraceptive pill
4 Combined herbal treatment with Glycyrrhiza glabra L., Cinnamomum

verum J. Presl., Tribulus terrestris L., and Hypericum perforatum L. with
lifestyle modifications

5 Commiphora mukul (Hook. ex Stocks) with clomiphene citrate
6 Clomiphene citrate + Cimicifuga racemose L.
7 Serenoa repens (W.Bartram) Small. (Saw palmetto) + Vitex agnus-

castus L.

Combined effect

Improves ovulation induction

Improves insuin resistance and | high androgen hormone
status

Decreased hyperinsulinemia and effective control on
endocrine, metabolic, and clinical outcomes
|Oligomenorrhea, BMI, insulin, and LH levels and
TPregnancy rates and quality of ife

Reduce the serum testosterone level
Improves cydle outcomes and pregnancy rates

Restore hormonal balance

Reference

Kamenov et al. (2015)

Minozzi et al. (2011)

Speelman (2019)

Pandey et al. (2017)
Shahin and
Mohammed (2014)
Vassiliadi et al. (2009)





OPS/images/fphar-12-794404/fphar-12-794404-g007.gif
..................
. . .





OPS/images/fphar-12-794404/fphar-12-794404-t001.jpg
Sample a-amylase

a-glucosidase

ICso [ug/ml] range

Acarbose 167
12.7-186

Avens root >300

Roseroot 136
9.2-17.4

ICso [ug/mi] range

493
348-697
3.76
2.58-4.78
551
3.38-7.70

Enzyme activity was determined spectrophotometrically. Values include data of three
independent experiments and were calculated by using GraphPad Prism.





OPS/images/fphar-12-794404/fphar-12-794404-t002.jpg
Sample a-glucosidase inhibition [%]

3.76 ug/ml avens root 794+ 6.4
5.51 ug/ml roseroot 798+ 66
1.88 pg/ml avens root 333+ 40
2.76 yg/ml roseroot 448181
1.88 pg/mi avens root + 2.76 pg/mi roseroot 74785

Avens rootand roseroot extracts were tested for their efects on a-glucosidase activity at
concentrations corresponding to the calculated Cso values given in Table 1 (3.76 and
5.51 ug/mi) and the respective half values. To elucidate putative synergistic effects, both
extracts were also appiied/in combination at concentrations representing their calculated
half IC values. Data represent means + SEM of three independent defenminations.
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Sample Peak number Retention
time ta [min]

Avens root 1 174
2 210
3 250
4 7.02
5 7.22
6 7.37
7 9.60
8 9.97
9 10.59
10 12.26
" 13.45
12 14.19

;] 1.76
2 10.60
3 10.80
4 11.10

Roseroot

Identification based on high-resolution MS data and comparison to literature.

Compound

Galic acid
Pedunculagin 1
Pedunculagin 2
Stenophyllanin A
Stachyurin

Casuarinin

Germin A

Ellagic acid
Dimethyl-O-ellagic acid
Dimethyl-O-ellagic acid
Dimethyl-O-ellagic acid
Trimethyl-O-ellagic acid

Gallic acid
Rosarin isomer
Rosarin
Rosarin isomer

Mass spectrometry (M-H)
[m/z)

169.0215
783.1021
783.1026
1207.1970
935.1176
935.1196
935.1213
300.9992
329.0313
329.0308
329.0310
343.0465

169.0214

427.1794
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Chemical components
name

Dehydroglaucine

Prunetin

Biochanin A

alpha-Linolenic acid

Piperanine

Kaempferol

Rotundine

2,3-dihydroxypropyl hexadecanoate
monoolein

Di (2-ethylhexy)phthalate (DEHP)
Linoleic acid

Tanshinone IIA
(2E,4E)-N-(2-methyipropyldeca-
2,4-dienamide
4-{4-(a-chloropheny)-4-
hydroxypiperidin-1-yl-N,N-dimethyl-2,
2-diphenylbutanamide

Glycitein

Laudanoside

Baicalein

Remerine

suberosin

Boldine

Tectoohrysin

Higenamine

Ginchonine

Musk ketone

Zizyberanalic acid

Propranolol

xanthohumol

Naringenin chalcone
Formononetin

Papaverine

Chlorpheniramine

Alethrin

Daidzein-8-C-glucoside
Apigenin

2-(8-hydroxy-4a 8-dimethyl-1,2,3,4,
5,6,7,8a-octahydronaphthalen-2-yl)
prop-2-enoic acid
Wedelolactone

Isoliquiritigenin

Lysionotin

Dihydrocapsaicin

Daidzein

Dubinidine

Dehydrodiisoeugenol
Isorhamnetin

InChiKey

RZUHGAKUNBFQJS-UHFFFAOYSA-N
KQMVAGISDHMXJJ-UHFFFAOYSA-N
'WUADCCWRTIWANL-UHFFFAOYSA-N
DTOSIQBPPRVQHS-PDBXOOCHSA-N
QHWOFMXDKFORMO-XVNBXDOJSA-N
IYRMWMYZSQPJKC-UHFFFAOYSA-N
AEQDJSLRWYMAQI-UHFFFAOYSA-N
QHZLMUACJMDIAE-UHFFFAOYSA-N
RZRNAYUHWVFMIP-KTKRTIGZSA-N
BJQHLKABXJIVAM-UHFFFAOYSA-N
OYHQOLUKZRVURQ-HZJYTTRNSA-N
HYXITZLLTYIPOF-UHFFFAOYSA-N
MAGQQZHFHJDIRE-BNFZFUHLSA-N

RDOIQAHITMMDAJ-UHFFFAOYSA-N

DXYUAIFZCFRPTH-UHFFFAOYSA-N
KGPAYJZAMGEDIQ-UHFFFAOYSA-N
FXNFHKRTJBSTCS-UHFFFAOYSA-N
JCTYWRARKVGOBK-UHFFFAOYSA-N
RSZDAYHEZSRVHS-UHFFFAOYSA-N
LZJRNLRASBVRRX-UHFFFAOYSA-N
IRZVHDLBAYNPCT-UHFFFAOYSA-N
WZRCQWQRFZITDX-UHFFFAOYSA-N
KMPWYEUPVWOPIM-UHFFFAOYSA-N
WXCMHFPAUCOJIG-UHFFFAOYSA-N
SLWJVQQNDGLXTK-UHFFFAOYSA-N
AQHHHDLHHXJYJD-UHFFFAOYSA-N
ORXQGKIUCDPEAJ-YRNVUSSQSA-N
YQHMWTPYORBCMF-ZZXKWVIFSA-N
HKQYGTCOTHHOMP-UHFFFAOYSA-N
XQYZDYMELSJDRZ-UHFFFAOYSA-N
SOYKEARSMXGVTM-UHFFFAOYSA-N
ZCVAOQKBXKSDMS-UHFFFAOYSA-N
HKEAFJYKMMKDOR-UHFFFAOYSA-N
KZNIFHPLKGYRTM-UHFFFAOYSA-N
FXKCXGBBUBCRPU-UHFFFAOYSA-N

XQDCKJKKMFWXGB-UHFFFAOYSA-N
DXDRHHKMWQZJHT-FPYGCLRLSA-N
KRFBMPVGAYGGUJE-UHFFFAOYSA-N
XJQPQKLURWNAAH-UHFFFAOYSA-N
ZQSIJRDFPHDXIC-UHFFFAOYSA-N
NETGEQWGGLFVRL-UHFFFAOYSA-N
ITDOFWOJEDZPCF-UHFFFAOYSA-N
1ZQSVPBOUDKVDZ-UHFFFAOYSA-N

Formula

C21H23NO4
C16H12056
C16H1205
C18H3002

C17H21NO3
C15H1006

C21H25NO4
C19H3804
C21H4004
C24H3804
C18H3202
C19H1803
C14H25NO

C29H33CIN202

C16H1205
C21H27NO4
C15H1005
C18H17NO2
C15H1603
C19H21NO4
C16H1204
C16H17NO3
C19H22N20
C14H18N205
C30H4604
C16H21NO2
C21H2205
C15H1205
C16H1204
C20H21NO4
C16H19CIN2
C19H2603
C21H20089
C15H1005
C15H2403

C16H1007
C15H1204
C18H1607
C18H29NO3
C15H1004
C15H17NO4
C20H2204
C16H1207

Class

Alkaloids
Flavonoids
Flavonoids
Fatty Acyls
Alkaloids
Flavonoids
Alkaloids
Miscellaneous
Ester
Miscellaneous
Fatty Acyls
Diterpencids
Miscellaneous

Alkaloids

Flavonoids
Alkaloids
Flavonoids
Alkaloids
Phenyipropanoids
Alkaloids
Flavonoids
Alkaloids
Alkaloids
Alkaloids
Terpenoids
Benzenoids
Flavonoids
Flavonoids
Flavonoids
Alkaloids
Alkaloids
Terpenoids
Flavonoids
Flavonoids
Terpenoids

Phenylpropanoids
Flavonoids
Flavonoids
Alkaloids
Flavonoids
Alkaloids

Lignans
Flavonoids

rtmed

4.90
9.56
7.74
13.11
10.96
6.30
18.68
16.67
14.95
27.88
16.62
1418
12,50

5.08

4.25
18.36
11.80
9.57
7.69
5.40
6.90
9.03
11.65
9.49
12.59
9.38
10.07
7.58
9.29
9.99
571
11.34
7.06
8.73
1261

5.44
761
8.16
8.36
6.14
8.98
10.77
6.40

MMQ-.8

338700.94
22018287.57
554287545.01
750206063.91
28890056271.05
81334291.04
43512140.81
163597508.15
85289126.39
1853021.65
134004328.85
35506306.90
9498955663.63

596202.27

61336663.26
814876194.31
18364679.77
20462783.36
40617001.09
130502155.57
899216497.98
20164741.63
16887401.82
13299260.88
59303945.96
74955671.48
83091714.83
30710288.38
31752046.23
12503204.08
5190412.73
133359654.70
16799822.33
22348134.67
103129070.76

34482940.62
58007436.18
9912440.23
95100671.72
27867169.51
193406036.72
40344890.10
141579166.87
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Chemical components
name

Linoleic acid
Soutellarein

Ginkgolic acid CG17-1
Acacetin

Daidzein

Genistein

Methyl hexadecanoate
Paimitic acid
Aoeemodin

Quercetin
Pinocembrin
isoimperatorin

Fisetin

Prenyletin

Rheic acid

Oleic acid
Kaempferol-3-O-rutinoside
Ellagic acid

Di-n-butyl phthalate
Biochanin A
Oxypeucedan hydrate
Kaempferide
Hematoxylin
Isoginkgetin

Phioretin
Wedelolactone
Isorhamnetin
Isoxanthohumol
4-{2-(2,6-dimethoxy-4-prop-
2-enylphenoxy)-1-hydroxypropyll-
2-methoxyphenol
Hispiduiin

Baicalein
8-Desoxygartanin
Naringenin chalcone

InChiKey

OYHQOLUKZRVURQ-HZJYTTRNSA-N
JVXZRQGOGOXCEC-UHFFFAOYSA-N
MBYNDKVOZOAOIS-FPLPWBNLSA-N
DANYIYRPLHHOCZ-UHFFFAQYSA-N
ZQSIJRDFPHDXIC-UHFFFAOYSA-N
TZBJGXHYKVUXJIN-UHFFFAOYSA-N
FLIACWOZYBSBS-UHFFFAOYSA-N
IPCSVZSSVZVIGE-UHFFFAOYSA-N
'YDQWDHRMZQUTBA-UHFFFAOYSA-N
REFJWTPEDVJJIY-UHFFFAOYSA-N
URFCJEUYXNAHFI-UHFFFAOYSA-N
IGWDEVSBEKYORK-UHFFFAOYSA-N
XHEFDIBZLJXQHF-UHFFFAOYSA-N
AWEFUQDNSBBNCR-UHFFFAOYSA-N
FCDLCPWAQCPTKC-UHFFFAOYSA-N
ZQPPMHVWECSIRJ-KTKRTIGZSA-N

RTATXGUCZHCSNG-QHWHWDPRSA-N  C27H30015

AFSDNFLWKVMVRB-UHFFFAOYSA-N
DOIRQSBPFJWKBE-UHFFFAOYSA-N
'WUADCCWRTIWANL-UHFFFAOYSA-N
PEWFWDOPJISUOK-UHFFFAOYSA-N
SQFSKOYWJBQGKQ-UHFFFAOYSA-N
WZUVPPKBWHMQCE-UHFFFAOYSA-N
HUOOMAOYXQFIDQ-UHFFFAOYSA-N
VGEREEWJJVICBM-UHFFFAOYSA-N
XQDCKIKKMPWXGB-UHFFFAOYSA-N
[ZQSVPBOUDKVDZ-UHFFFAOYSA-N
'YKGCBLWILMDSAV-UHFFFAOYSA-N
ULZFTGWWPHYLGI-UHFFFAOYSA-N

IHFBPDAQLQOCBX-UHFFFAOYSA-N
FXNFHKRTJBSTCS-UHFFFAOYSA-N
GVQOVMKBYJKZSY-UHFFFAOYSA-N
YQHMWTPYORBCMF-ZZXKWVIFSA-N

Formula

C18H3202
C15H1006
C24H3803
C16H1205
C15H1004
C15H1005
C17H3402
C16H3202
C15H1005
C15H1007
C156H1204
C16H1404
C15H1006
C14H1404

C15H806
C18H3402

C14H608
C16H2204
C16H1205
C16H1606
C16H1206
C16H1406

C32H22010

C15H1405
C16H1007
C16H1207
C21H2205
C21H2606

C16H1206
C15H1005
C23H2405
C15H1206

Class

Fatty Acyls
Flavonoids

Phenolic acids

Flavonoids

Flavonoids

Flavonoids

Fatty Acyls

Fatty acids

Quinones

Flavonoids

Flavonoids

Coumarins and derivatives
Flavonoids
Phenylpropanoids
Quinones

Fatty acids

Flavonoids

Phenols

Organic acids and derivatives
Flavonoids
Phenylpropanoids
Flavonoids

Flavonoids

Flavonoids

Flavonoids
Phenylpropanoids
Flavonoids

Chaloones

Miscellaneous

Flavonoids
Flavonoids
Xanthones
Flavonoids

rtmed

13.86
8.89
14.27
12.56
13.04
8.71
12.54
13.48
10.12
7.94
7.92
6.71
12.14
11.60
10.48
17.69
6.39
5.88
12.74
5.98
5.05
5.93
2.88
7.28
8.31
7.80
9.05
16.24
10.13

4.20
18.51
16.62
298

MMQ-.8

3908299.68
42271663.76
360133.87
6993462.76
28079447.48
23184570.51
228205245.45
2829838.42
54173807.97
310447894.57
11150537.32
18470601.53
5330818.86
31376050.12
506969375.765
107660221.94
297808697.00
316699609.73
15817642.96
1370100199.66
377495449.04
465821248.89
22993795.20
21679037.51
7418001.46
28242363.39
379239800.95
112424264.07
18399869.54

136805092.85
4909421.35
127605764.90
12120512.80
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Forward Primer (5'—3')

GCGACTTCAACAGCAACTCCC
AGTTCTATGGCCCAGACCCTC
ACATAACTCCAGCACTGTCACC
GTATCCTGTTCCCAGCCGTTT
TCACAGTGGTTCGAGCTTCAG
CAATACCATTGACCTGCCGAT
TGGCAACAATTCTGCTTCAAAAC
CTCTGTGGGGCCTAATTTCCA
CTCGGCCATTCGTACATGGAA
GCTCTTACTGACTGGCATGAG
GACCCACACCTCACAAATTGA
TGAAGGACGAGGAGTACGAGC
TTITAACTCCCTTGGCGCAAAA

Reverse Primer (5'—3')

CACCCTGTTGCTGTAGCCGTA
TGTCTTTGAGATCCATGCCGTT
TTCCCTTCCTCATCCTCGTCT
TCATAACTGTGTTCCCGAGGT
GCAAACGAGACATCATAGGCA
GAGCGACTCAAACTGCCCT
GAGGTCCCTGGATAGGCATGT
CATCTGAACCGACCAGGAACT
GGATACCTCTGCACCGTAGC
CGCAGCTCTAGGAGCATGTG
AGTAGGCCACATTACACTGCT
TTCGTGGATGATTGCCAAGTG
CTTTCCCTCCGCATTGACAC
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Classification

Phenolics

Alkaloids

Flavonoids

Isoflavone

Terpenoids

Other
compounds

Natural Product

Resveratrol (RSV)

Punicalagin (PU)

Litchi pulp phenol
(LPPs)

Procyanidins

6-gingerol, 6-
shogaol

Helenaiin (HCM)

Benzoyl
aconitine (BAC)

Matrine (Mat)
Dendrobium nobile
Lindl. (DNLA)

Berberine (BBR)

Silybin (Sil)

Siybin-
phospholipid
complex
(SILIPHOS)
Cyanidin-3-0-
glucoside (C3G)

Neohesperidin
(NHP)

Eriocitrin

Kaempferol-3-0-
glucuronide (K30)
Aspalasin

Puerarin

Celastrol

Sweroside

Amarogentin

Polygonatum
kingianum (PK)
Sutforaphane

Animal model

C57BL/6 mice (RSV
20 mg/kg)

C57BL/6J mice

Wistar rats (RSV
100 mg)
SD rats (PE 50,

150 mg/kg)

C57BL/6J mice (PU
50, 200 mg/kg)

Kunming mice (LPP
50, 100 and

200 mg/kg)

ICR mice
(procyanidins 50,

200 mg/kg)
C57BL/6 mice

(procyanidins 50,
150 mg/kg))
Balo/c mice (GE
12g/kg)

C57BL/6 mice (HCM
0.75, 1.5 and
3 mg/kg)

Balb/c mice (BAC
10 mg/kg)

C57BL/6J mice (Mat
0.5, 25, 10 mg/kg)

Wid-type and
Nrf2”“mice (DNLA
10 mg/kg)
GC57BL/6J mice
(BBR 0.075,

1.49kg)

C57BL/6 and SiH3 ™~
mice

SD rats (BBR

100 mg/kg)

SD rats (BBR

300 mg/kg)
Holstein cows

Wistar rats (Si or
SILIPHOS 0.4 g/kg)

Over expression and
knockdown of PINK1
mice (C3G 0.2%)
C57BL/6 mice (NHP
50 mg/kg)

Zebrafish

(32 mo/day)

Zebrafish (10,
20, 40 um)

C57BL/6 mice (100,
200, 400 mg/kg)

8D rats (Celastrol 1,
3 mg/kg)

C57BL/6 and
Nur77~/~ mice
(Celastrol 0.1 mg/kg)

C57BL/6 mice
(Sweroside 5, 30, 60,
120, 240 mg/kg)

SDrats (PK 1,2,
4 9/kg)

Rats

C57BL/6JSIc mice

Wistar Rats (SFN
20 mg/kg)

Cell model

HepG2 cells (RSV
1 uM) AML-12 cells

HepG2 cells (RSV
10,20 uM)

HepG2 cells (4 pg/ml
PUand 10 pg/ml PE)

HepG2 cells (PU 10,
20 pg/mi)

HepG2 cells (PU 10,
20 pg/mi)

3T3-L1 cels (flavan-
3-ols 0-100 uM)

HepG2 cells
(procyanidin B2

10 pg/mi)

HepG2 cells (6-
gingerol 25, 50, 100,
200 4M)

HepG2 cells (BAC
25, 50, 75 uM)

LO2 cells (Mat 200
and 400 uM)

Hun7 cells BBR
5,10uM)

Bovine hepatocyte
(BBR 10, 20 yM)

Rat hepatoma FaO
cells (S 50 jM)

AML-12 cells
HepG2 cells (C3G
100 uM)

HepG2 cells (NHP
100 uM)

HepG2 cells (Erio 1,
3,10 uM)

HepG2 cells (K30
10, 16, 20 uM)
G3A lver cells
(Aspalasin 10 M)

HepG2 cells (0.1,
1,10 uM)

‘C3A human cells (30,
100 nM)

HepG2, SMMC-
7721, QGY-7703
cells (Celastrol
2,4uM)

Bone marrow-
derived
macrophages
(BMDMs)
Sweroside (25,
50,10 M)
HepG2 cells
(Amarogentin 12.5,
25,50 uM)

HHL-5 cells (SFN 1,
5,10 uM)

Function

Mitochondrial biogenesis
promotion, ROS
reduction

Mitochondial dynarmic
and p-oxidation
promotion

Mitophagy promotion

Mitochondrial number
elevation

ROS reduction, increase
ATP production

Mitochondrial biogenesis
promotion, MMP
recovery

ROS reduction;
mitochondrial
translocation reduction
ROS reduction; MMP
recovery

Mitochondrial biogenesis
promotion

ROS reduction

ATP production,
OXPHOS and
mitochondrial biogenesis
promotion

ROS reduction; MMP
recovery

OXPHOS, mitochondrial
biogenesis, and
mitophagy promotion
Maintain cytosolic
calcium homeostasis,
mitophagy protection
ROS reduction; increase
ATP production

Mitochondrial swelling
improvement;
mitochondrial fusion
promotion

Mitochondrial p-oxidation
promotion

Increase ATP production;
MMP recovery

ROS reduction

Increase ATP production

Mitophagy promotion

ROS reduction
Increase ATP production
MMP recovery

Mitophagy promotion

Mitochondrial biogenesis
promotion

Mitochonrial p-oxidation
and biogenesis, ATP
production promotion
ROS reduction ATP
production promotion
Mitophagy promotion

ROS reduction
MMP recovery
ATP and mitochondrial
autophagy production

Mitochondrial biogenesis
promotion

Increase mitochondrial
antioxidant activity and
biogenesis

ROS reduction

ROS reduction
Mitochondrial biogenesis
promotion

Reverse miDNA damage

Mitochondrial biogenesis
promotion

Increase mitochondrial
antioxidant defenses and
inhibits redox-sensitive
PTP opening
Mitochondrial biogenesis
promotion

Mitochondrial sweling
improvement

Mechanism/Target

eNOS/NO/CGMP
pathway, AKUNIT2
pathway

FAS, p-AMPK, CPTia,
Sit1, PPARy, SREBP-1c

PINK1/Parkin pathway,
CoQs
ucp2

Nrf2/HO-1/NQO1
pathway, UCP2, PGC-1a,
ACADL, ACADM (MRC
complex)

Nrf2, PGC-1a, FAS,
ACC1

Keap1-Nif2 pathway

MRC complex, Na* K*
ATPase

PGC-1a, NRF1, TFAM,
Mfn1, M2, Drp1

C/EBPa, SREBP-1c,
TNFa, TFEB

AMPK/PGC1a pathway,
MRC complex

Nrf2 pathway, NQO1,
HO-1, NF-xB

AMPK pathway, NDUFS1,
SDHA, UQCRCH, COX4,
ATPSAT

SERCA pump, SREBP1c,
FAS, ACC

Nrf2 pathway

SCD1, FABP1, CD36,
CPT1a

Sirt3, LCAD
Sirt3
Nrf2, MRC complex

AMPK pathway, PGCla

miR-122, AQP9, UCP2,
NF-xB
MRC complex, H:02

PINK1/Parkin pathway,
NLRP3

AMPK/PGC-1a pathway

MRC complex, ACOX1,
ACADM

Nrf2/Keap1 pathway

PIBK/AKt signaling
pathway

PINK1/Parkin signaiing
pathway, PIBK/AKt
signaling pathway, AMPK,
OPAT, Min2

AMPK and SIRT1
signaling pathways,
PPARy, PGC-1a, NRF1
Nur77, p62

PPARa, CD36, NLRP3
inflammasome, IL-1p

CYP450 system

CPT-1a, UCP-2, MRC
complex
Keap1-Nrf2 pathway

Nrf1, TFAM, PGC-1a,
ATGL, HSL

Reference

Kim et al. (2014)
lzdebska et al. (2018);
Rafiei et al. (2019)
Meza-Torres et al.
(2020)

Poulsen et al. (2012)

Zou et al. (2014)

Cao et al. (2020)

Zou et al. (2014)

Su et al. (2016)

Tie et al. (2020)

Suetal. (2018)

Deng et al. (2019b)

Liet al. (2019b)

Deng et al. (2019)

Gao et al. (2018)

Li et al. (2019a); Zhou

et al. (2020)

Yu et al. (2021)

Teodoro et al. (2013)
Xu et al. (2019b)
Shiet . (2018)

Sun et al. (2017)

Baldini et al. (2020)
Serviddio et al. (2010);
Grattagliano (2013)

Li et al. (2020)

Wang et al. (2020)

Hiramitsu et al. (2015)

Deng et al. (2021)

Mazibuko-Mbeje et al.
(2019)

HOU et al. (2020); Wang

et al. (2019b); Chen
etal (2018)

Abu et al. (2017); Abu
et al. (2020)

Hu et al. (2017)

Yang et al. (2020b);
Mricha et al. (2017);
Yang et al. (2020a)

Dai et al. (2018)

Yang et l. (2019)
Kubo et al. (2017);
Nagata et al. (2017);
Greco et al. (2011)

Lei et al. (2019)
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