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Hederagenin (HG) is a natural pentacyclic triterpenoid that can be isolated from various medicinal herbs. By modifying the structure of HG, multiple derivatives with superior biological activities and safety profiles have been designed and synthesized. Accumulating evidence has demonstrated that HG and its derivatives display multiple pharmacological activities against cancers, inflammatory diseases, infectious diseases, metabolic diseases, fibrotic diseases, cerebrovascular and neurodegenerative diseases, and depression. Previous studies have confirmed that HG and its derivatives combat cancer by exerting cytotoxicity, inhibiting proliferation, inducing apoptosis, modulating autophagy, and reversing chemotherapy resistance in cancer cells, and the action targets involved mainly include STAT3, Aurora B, KIF7, PI3K/AKT, NF-κB, Nrf2/ARE, Drp1, and P-gp. In addition, HG and its derivatives antagonize inflammation through inhibiting the production and release of pro-inflammatory cytokines and inflammatory mediators by regulating inflammation-related pathways and targets, such as NF-κB, MAPK, JAK2/STAT3, Keap1-Nrf2/HO-1, and LncRNA A33/Axin2/β-catenin. Moreover, anti-pathogen, anti-metabolic disorder, anti-fibrosis, neuroprotection, and anti-depression mechanisms of HG and its derivatives have been partially elucidated. The diverse pharmacological properties of HG and its derivatives hold significant implications for future research and development of new drugs derived from HG, which can lead to improved effectiveness and safety profiles.
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1 INTRODUCTION
Pharmacological properties and structural modifications of natural products have always inspired the exploration of new drugs. Hederagenin (HG), (3β, 4α)-3, 23-dihydroxyolean-12-en-28-oic acid, is a natural oleanane-type saponin with a molecular weight of 472.71 g/mol. The molecular formula of HG is C30H48O4. HG is a white and odorless crystalline powder with a bitter taste, highly insoluble in water and slightly soluble in methanol and ethanol (Zeng et al., 2018). As a target molecule of great interest, HG has attracted increasing attention.
HG is a readily available monomer compound widely distributed in a diversity of medicinal herbs. HG was initially discovered in Hedera helix L., also known as English ivy, a species of flowering plant belonging to the Araliaceae family, which is indigenous to a significant portion of Europe and western Asia. The designation of HG was based on its identification from this source (Xie W. et al., 2023). HG has subsequently been identified as the active component in numerous plants, originating from various families. These plants mainly belong to families of Araliaceae such as Acanthopanax giraldii Harms (Zhong et al., 2010), Ranunculaceae such as Clematis chinensis Osbeck (Li Q. Q. et al., 2013c), Rubiaceae such as Gardenia jasminoides Ellis. (Zhang et al., 2013), Sapindaceae such as Sapindus mukorossi Gaertn (Takagi et al., 1980), Caprifoliaceae such as Lonicera japonica Thunb. (Zhang et al., 2008), Lamiaceae such as Perilla frutescens (L.) Britt. (Song et al., 2014), and Lardizabalaceae such as Fructus Akebiae (Jin et al., 2012). In particular, the plants of Araliaceae and Ranunculaceae families have a relatively high content of HG. Notably, the seeds of Nigella glandulifera Freyn (a medicinal plant in Uighur medicine used to promote urination, activate blood, and remove toxin) (Shi et al., 2012) show the highest HG content. Table 1 lists the main plant species that contain HG as an active constituent.
TABLE 1 | Main HG-containing plant species.
[image: Table 1]In terms of structure, naturally existing HG is a member of the pentacyclic triterpenoid family, consisting of a 30-carbon skeleton. HG bears a hydroxyl group at the C-3 and C-23 positions in ring A, a double bond at the C-12 and C-13 positions in ring C, and a carboxylate group at the C-28 position in ring E (Figure 1). The structural characteristics of HG suggest that it has multiple sites for structural modification, which provide a broad space for chemical transformations (Wang X. et al., 2019). Various derivatives of HG with superior biological activities and safety profiles have been synthesized through introducing different substitution groups at available sites, particularly in terms of its anti-cancer, anti-inflammation, and anti-pathogen effects. The compound names, molecular formulas, and molecular weights of the HG derivatives highlighted in the review are summarized in Table 2, and their chemical structures are depicted in Figure 1. In addition, Table 3 lists some substituents that have been shown to exhibit biological activities. For instance, introduction of ethylpyrrolidinyl group (Rodríguez-Hernández et al., 2015), triazolyl group (Rodríguez-Hernández et al., 2016b), pyrrolidinyl group (Rodríguez-Hernández et al., 2019), and pyrazine group (Fang et al., 2018) at C-28 can improve the cytotoxic activity of HG against cancer cells.
[image: Figure 1]FIGURE 1 | Chemical structures of HG and its derivatives 1–27 (drawn by using ChemDraw).
TABLE 2 | The compound names, molecular formulas, and molecular weights of the HG derivatives presented in the review (generated using ChemDraw).
[image: Table 2]TABLE 3 | Some substituents with biological activities.
[image: Table 3]HG possessing exceptional potential for practical use, displays broad application prospects. As evidenced by numerous research articles, HG and its derivatives exhibit a wide spectrum of pharmacological activities in vitro and in vivo, such as anti-cancer (Liu B. X. et al., 2014), anti-inflammation (Lee et al., 2015), anti-neurodegeneration (Wu et al., 2017), anti-depression (Zhou et al., 2010), anti-hyperglycemia (Luo et al., 2008), anti-hyperlipidemia (Lu et al., 2015), and anti-pathogen activities (Rodríguez-Hernández et al., 2016a). Recently, the novel pharmacological effects are constantly being discovered, such as anti-fibrosis effect (Ma et al., 2020; Yang and He, 2022) and anti-osteoporosis effect (Tian et al., 2020; Huai et al., 2021). In addition, more and more neoteric target genes and signaling pathways through which HG and its derivatives exert their effects have been experimentally validated. Some researchers have concentrated on the recent advances of HG and its derivatives (Zeng et al., 2018; Xie W. et al., 2023a; Huang et al., 2023). However, an action target-focused review concerning recent pharmacological studies in this field is missing. Therefore, we teased out the action targets of HG and its derivatives that exert various pharmacological effects from the up-to-date and some classical research, and discussed their pharmacokinetic characteristics, safety, targeting, and bioavailability.
In this study, information from the PubMed, Web of Science, and Chinese National Knowledge Infrastructure was obtained using the search term “Hederagenin”. The data collected for this updated review is current to February 2024. The inclusion criteria were that the studies scrutinized the pharmacological effects and underpinning mechanisms of pure HG or its derivatives, while research that did not employ HG or its derivatives as the single active component was excluded. Through a thorough examination of the included literature, this review aims to offer a useful reference for future investigations and accelerate the clinical application of HG and its derivatives.
2 EFFECTS AND MECHANISMS OF HG AND ITS DERIVATIVES
2.1 Cancers
The processes of cancer cell proliferation, apoptosis, and autophagy are closely interconnected. For example, apoptosis contributes to the inhibition of cancer cell proliferation (Wong, 2011), and autophagy can impede tumor cell proliferation and stimulate tumor cell apoptosis during tumorigenesis (Ma et al., 2023; Wen and Klionsky, 2020). Their interference can promote tumor growth and survival. Therefore, it is critical to devise therapeutic strategies that target these three mechanisms in the treatment of cancers. Numerous studies have shown that HG and its derivatives have good anti-cancer properties. In addition to inhibiting proliferation, inducing apoptosis, regulating autophagy, the mechanisms also involve exerting cytotoxic activity and reversing chemotherapy resistance in cancer cells. Table 4 summarizes the anti-cancer mechanisms of HG and its derivatives, and some of the molecular pathways involved are shown in Figure 2.
TABLE 4 | The mechanisms underlying the anti-cancer effect of HG and its derivatives.
[image: Table 4][image: Figure 2]FIGURE 2 | Some pathways involved in the anti-cancer mechanisms of HG and its derivatives (created with www.figdraw.com).
2.1.1 Cytotoxicity
2.1.1.1 Cytotoxicity of HG
The selective cytotoxicity of the candidate drug to cancer cells directly determines its anti-cancer activity. The stronger the selective cytotoxicity against tumor cells, the better the anti-cancer effect. HG is cytotoxic to various cancer cell lines. HG exhibited moderate cytotoxicity against the A549 tumor cell line, as evidenced by its half-maximal inhibitory concentration (IC50) value of 39 µM (Gauthier et al., 2009). HG was also found to selectively display potent cytotoxicity toward CEM cells with an IC50 value of 2.11 μM (Zhang et al., 2012). Additionally, Wang et al. reported that HG exerted cytotoxic effects on several tumor cell lines consisting of HL-60, A549, HeLa, HepG2, and U87MG, with IC50 values varying from 27.52 to 42.27 μM (Wang et al., 2013). Moreover, recent research has also indicated that HG selectively inhibited the proliferation of four human cancer cell lines with IC50 values in the range of 18.87–77.61 μM (MCF-7, HepG2, Caco-2, and A549) (Mfotie Njoya et al., 2023).
2.1.1.2 Cytotoxicity of HG derivatives
Due to the restricted anti-cancer capability of HG, many HG derivatives with enhanced cytotoxic properties have been synthesized. Diego Rodríguez-Hernández and colleagues conducted a series of studies on the structural modifications of HG. Thirty different C-28 ester and amide derivatives of HG were synthesized, and their cytotoxic properties were evaluated in the 518A2, A2780, HT29, MCF7, A549, and 8505C cancer cell lines. Most of the novel compounds exhibited greater cytotoxicity against all cell lines compared to HG, and half-maximal effective concentration (EC50) values of HG varied from 19.9 to 50.0 µM. The most effective compound was derivative 1, an amide carrying an ethylpyrrolidinyl group, whose EC50 values were in the range of 1.1–3.7 µM (Figure 1) (Rodríguez-Hernández et al., 2015). Moreover, the majority of another 30 new HG derivatives with 1,2,3-triazolyl attached to C-28 manifested superior anti-cancer activities against the 6 cell lines in the former study in comparison with natural HG. Notably, derivative 2 (Figure 1), an ester derivative containing an o-F group, selectively exhibited the most potent cytotoxic activity against human colon adenocarcinoma HT29 cells, with an EC50 value of 1.6 µM (Rodríguez-Hernández et al., 2016b). In addition, 18 bis-triazolyl derivatives modified with C-23 and C-28 were synthesized, and their cytotoxic effects were tested in the FaDu, HT29, A2780, A375, and SW1736 tumor cell lines. Derivative 3 (Figure 1) with a substituted 2-(p-cyanophenyl)-2-oxoethyl group in the triazolyl core, exhibited the highest cytotoxicity against all human cancer cell lines, with EC50 values in the range of 7.4–12.1 µM (Rodríguez-Hernández et al., 2017). In a recent study, a sequence of amide derivatives of HG containing nitrogen heterocycles at C-28, including or excluding an acetyl group at C-3 and C-23 in ring A, were synthesized. The study showed that a large percentage of these derivatives were cytotoxic to the MCF7, FaDu, A2780, HT29, and SW1736 tumor cell lines. Particularly, among the hydroxylated and acetylated derivatives, the most cytotoxic compounds were derivatives 4 (EC50 = 1.2–3.6 µM) and 5 (EC50 = 0.4–2.5 µM), respectively (Figure 1), both of which bear a pyrrolidinyl group at C-28. Moreover, the latter displayed higher selectivity and lower toxicity. The mechanisms underlying the cytotoxic effect of derivative 4 might be correlated with the permeability of the cell membrane and secondary necrosis (Rodríguez-Hernández et al., 2019).
In another study concerning HG derivatives by Liu et al., HG was converted into a series of new derivatives, most of which demonstrated anti-proliferative effects and superior selectivity against the HepG2 cell line. Derivative 6 (Figure 1), carrying an oxime group at C-12, displayed the most potent anti-hepatoma activity with an IC50 value of 1.88 μM, the highest selectivity, and the lowest toxicity. This indicates that altering the structure of the C ring on the HG backbone is crucial for regulating anti-hepatoma activity (Liu X. et al., 2020). Furthermore, 26 pyrazine derivatives of HG were designed and synthesized, and most of them were more potent than HG in terms of their cytotoxic effects on three human tumor cell lines (A549, MCF-7, and HepG2). Notably, derivative 7 coupled with 2,6-dimethylpiperazine via a two-carbon chain (Figure 1) was the most effective candidate for anti-cancer therapy. It exhibited IC50 values ranging from 3.45 to 8.73 μM, which could concentration-dependently induce early cell apoptosis and trigger cell-cycle arrest in the synthesis phase of A549 cells (Fang et al., 2018). These studies pertaining to modification of the skeletal structure of HG have demonstrated that the introduction of various substituent groups at available locations, including C-28, C-23, C-3, ring A, and ring C, can enhance the cytotoxicity and selectivity of HG toward tumor cells. The successful development of HG derivatives can serve as a source of inspiration for future research concerning its structural modifications.
2.1.2 Inhibition of proliferation
Cancer is fundamentally characterized by unregulated cell proliferation, and the excessive multiplication of cancer cells can expedite tumor formation and development (Zhu and Thompson, 2019). One of the primary mechanisms by which HG exerts its anti-cancer effects is impeding the proliferation of cancer cells. HG has demonstrated anti-proliferative effects in a wide variety of cancer cells. The pertinent mechanisms are outlined below.
2.1.2.1 STAT3
As a critical member of the signal transducer and activator of transcription (STAT) family, STAT3 participates in tumor cell proliferation, differentiation, and apoptosis. Abnormal and continuous stimulation of STAT3 can lead to tumor growth by promoting proliferation and inhibiting apoptosis (Subotički et al., 2019). Fang et al. examined the anti-cervical cancer activity of HG using CaSki cells, and the results suggested that HG inhibited the proliferation of cervical cancer cells by decreasing the level of phosphorylated STAT3 protein and inhibiting the STAT3 signaling pathway. Furthermore, this study revealed that HG increased the levels of cleaved caspase-9 and caspase-3 to promote tumor cell apoptosis (Fang et al., 2019).
2.1.2.2 Aurora B
Aurora kinase B is a mitotic kinase responsible for the segregation of chromosomes and advancement of the cell cycle, and its overexpression contributes to tumorigenesis (Kanda et al., 2005). Baek et al. determined that HG significantly suppressed proliferation, presenting as a marked reduction in the cell viability and colony-forming ability of the A549 and H1299 human non-small cell lung cancer (NSCLC) cell lines. The underlying mechanism involved the downregulation of the Aurora B pathway and inhibition of the expression and activity of Aurora kinases (Baek et al., 2022).
2.1.2.3 Hedgehog
The hedgehog signaling pathway regulates intricate developmental processes, and ungoverned stimulation of hedgehog signaling is responsible for the initiation and maintenance of tumors (Pak and Segal, 2016). In the most recent study of the anti-glioma effect, HG inhibited the proliferation of the U87 human glioma cell line in a concentration-dependent manner by decreasing the expression of kinesin family member 7 (KIF7), which is an important component of the hedgehog signaling pathway (Zhang et al., 2023).
2.1.2.4 LncRNA and miRNA
Long noncoding RNAs (lncRNAs) and microRNAs (miRNAs) have been demonstrated to have a significant impact on tumorigenesis and the advancement of various types of cancers (Xu et al., 2020). A study conducted by Zheng et al. found that HG promoted cell cycle arrest in the Gap 0/Gap 1 phase and suppressed the proliferation, migration, and invasion of human thyroid cancer TPC-1 cells by inhibiting lncRNA PCAT19 expression and promoting miRNA-4319 expression (Zheng et al., 2022).
2.1.2.5 PI3K/AKT
The phosphatidylinositol 3 kinase (PI3K)/protein kinase B (AKT) signaling pathway controls multiple cellular biological processes and is intimately associated with the proliferation, apoptosis, and migration of tumor cells (Xue et al., 2020). The nuclear receptor Nur77, which belongs to the superfamily of steroid/thyroid hormone receptors, can target PI3K/AKT activity (Shi et al., 2021). HG depressed the proliferation, migration, and invasion and promoted apoptosis of the U251 and U87 human glioma cell lines by decreasing the gene and protein expression of Nur77. Meanwhile, the PI3K/AKT signaling pathway, which is located downstream of Nur77, was suppressed (Dai et al., 2023).
The aforementioned findings indicate that HG has the potential to affect multiple genes and signaling pathways to suppress cancer proliferation. The exploration of novel mechanisms of HG holds promise for developing innovative HG-based cancer therapeutic approaches. Nevertheless, further investigations are necessary to validate these mechanisms as effective therapeutic targets for cancer treatment.
2.1.3 Induction of apoptosis
Apoptosis is a programmed process of cell death that autonomously eliminates harmful and senescent cells in the body. In general, apoptosis is inhibited in tumor cells. Through triggering apoptosis, tumor progression can be halted (Wong, 2011). Several studies have confirmed that HG and its derivatives induce tumor cell apoptosis by activating the intrinsic mitochondrial pathway. The Bcl-2 family of proteins encompasses apoptosis-promoting proteins, such as Bad and Bax, and apoptosis-suppressing proteins, such as Bcl-2 and Bcl-xL (Volkmann et al., 2014). These proteins collaborate to regulate mitochondria-mediated apoptosis by decreasing the mitochondrial membrane potential (MMP) and increasing mitochondrial membrane permeability, leading to the breakdown of mitochondrial membrane integrity. The damaged mitochondria release reactive oxygen species (ROS) and proapoptotic-related factors, such as cytochrome c (cyt c), triggering initiation of the caspase cascade pathway, which is involved in the terminal phase of apoptosis (Wang et al., 2008; Susnow et al., 2009).
HG was found to induce cell death in human breast adenocarcinoma MCF-7 cells through promoting apoptosis, as shown by the upregulation of caspase-3 and caspase-7, which are two executioner caspases in the caspase cascade pathway (Mfotie Njoya et al., 2023). A study of hepatoma indicated that HG inhibited cell viability and induced apoptosis in HepG2 cells by elevating the level of cleaved caspase-3 and reducing the Bcl-xL/Bad ratio, which might be linked to the decrease in phosphorylated AKT expression and the increase in p53 expression (Wu R. et al., 2019b). A study of the anti-colon cancer effect revealed that HG could significantly suppress the proliferation of LoVo cells in a time- and dose-dependent manner. Tumor growth inhibition mediated by HG was related to the induction of apoptosis through the mitochondrial pathway, as exemplified by disrupting MMP, inducing the generation of ROS, elevating the activation of caspase-9 and caspase-3, upregulating Bax, and downregulating Bcl-2, Bcl-xL, and Survivin. Remarkably, HG did not affect the activation of caspase-8, which initiates the extrinsic apoptotic pathway mediated by the death receptor, demonstrating that mitochondria participate in HG-induced apoptosis (Liu B. X. et al., 2014a). In a study concerning breast cancer, HG reduced the MMP, increased the production of ROS, upregulated Bax, Caspase-9, and Caspase-3, downregulated Bcl-2, and stimulated cyt c release, thereby promoting cell apoptosis mediated by the mitochondrial pathway (Shang et al., 2019). The following targets are involved in the mitochondrial apoptosis induced by HG.
2.1.3.1 NF-κB
The transcription factor nuclear factor-kappa B (NF-κB) acts as an anti-apoptotic factor, therefore suppressing the NF-κB pathway has been utilized as a cancer treatment strategy (Monisha et al., 2017). HG selectively exhibited superior cytotoxicity toward the A549 and BT20 cell lines, presenting IC50 values of 26.3 and 11.8 µM respectively. In this study, researchers also verified that HG induced the apoptosis of A549 cells in a concentration-dependent manner through interruption of the MMP, indicating that the intrinsic pathway is involved in HG-induced apoptosis and mitochondria play a significant role in this process. The induction of apoptosis by HG may involve suppression of NF-κB activation, due to inhibition of NF-κB translocation from the cytoplasm to the nucleus (Gao et al., 2016).
2.1.3.2 Nrf2/ARE
Nuclear factor erythroid 2-related factor 2 (Nrf2) is crucial for regulating the cellular redox balance. Nrf2 attaches to the antioxidant response element (ARE) in the promoter areas of its target genes, thereby stimulating the transcription of antioxidant genes (Hu et al., 2019). Activation of Nrf2/ARE pathway increases the antioxidant reaction, decreases ROS levels, and facilitates tumor progression. A study on head and neck cancer (HNC) showed that HG selectively induced apoptosis in HNC cells by enhancing the levels of Bax, cleaved poly ADP-ribose polymerase (PARP), and cleaved caspase-3 and decreasing the level of Bcl-2. The molecular mechanisms underlying these effects of HG were concerned with downregulation of the MMP, increase in ROS production, and promotion of glutathione (GSH) depletion through inhibiting the Nrf2/ARE pathway (Kim E. H. et al., 2017).
2.1.3.3 Drp1
Dynamin-related protein 1 (Drp1) is essential in the division of mitochondria. Drp1-mediated mitochondrial division functions as an anti-apoptotic mechanism, therefore cancer cell apoptosis can be induced by inhibiting Drp1 activity (Inoue-Yamauchi and Oda, 2012). In a study on ovarian cancer, treatment with HG inhibited the proliferation of SKOV3 and A2780 cells and triggered mitochondria-mediated apoptosis via decreasing the level of Bcl-2, increasing the levels of Bax, Bak, caspase-9 and caspase-3, and reducing the MMP. The underlying molecular mechanism of these effects involved the inhibition of mitochondrial fission regulated by Drp1 (Su et al., 2024).
The effects of HG derivatives on inducing tumor cell apoptosis have also been studied. Liu et al. synthesized 24 derivatives of HG, and among them, polyamine derivative 8 containing three nitrogen atoms at C-23 (Figure 1) minimized the viability of MKN45 and KB tumor cells, thus exhibiting the greatest anti-cancer capacity. The anti-proliferative activity of derivative 8 was related to the induction of mitochondria-mediated apoptosis, as shown by the disrupted MMP, increased cleaved PARP and Bax, and decreased expression of Bcl-2 (Liu et al., 2017).
2.1.4 Regulation of autophagy
Autophagy is a degradation and recycling process of intracellular substances and exhibits both tumor-suppressing and tumor-promoting effects on tumor development (Amaravadi et al., 2019). Three processes are involved in autophagy: the formation of autophagosomes, the fusion of autophagosomes and lysosomes, and the degradation of autophagosomes (Lian et al., 2021). Light chain 3 (LC3) is commonly used as a marker for autophagosomes, and elevated levels of LC3 may be linked to either augmented synthesis of autophagosomes or diminished degradation of autophagosomes. During formation of the autophagosome, a cytosolic form of LC3 (LC3-I) undergoes conjugation with phosphatidylethanolamine to generate the LC3-phosphatidylethanolamine conjugate (LC3-II), which is localized on the membrane of the autophagosome (Maiuri et al., 2007). Beclin-1 plays a crucial role in autophagosome formation, and its upregulation indicates the activation of autophagy (Shrestha et al., 2018). Another autophagy marker, p62, is primarily degraded during autophagy, presenting a negative correlation with autophagy (Liang et al., 2018). HG possesses different regulatory effects on autophagy. In addition to triggering tumor-suppressing autophagy to combat cancer, HG can also block tumor-promoting autophagy to increase the cytotoxicity of chemotherapy.
2.1.4.1 Promotion of tumor-suppressing autophagy
In theory, autophagy can degrade aberrantly folded or long-lasting proteins and damaged cellular organelles, thereby promoting tumor cell apoptosis and functioning as a tumor inhibitor (Levy et al., 2017). In a breast cancer-bearing mouse model, Shang et al. discovered that HG activated autophagy by facilitating the generation of autophagosomes, increasing the expression of Beclin-1, and encouraging the transformation of LC3-I to LC3-II, concurrently promoting mitochondria-mediated apoptosis, to exert its anti-breast cancer effect (Shang et al., 2019).
2.1.4.2 Inhibition of tumor-promoting autophagy
With the progression of tumors, autophagy exhibits a tumor-promoting effect by safeguarding tumor cells against external stimulus-induced damage, concomitant with the development of chemoresistance in tumor cells (Kondo et al., 2005). Inhibition of tumor-promoting autophagy has been disclosed to boost the effectiveness of standard chemotherapy (Sui et al., 2013). In the highly metastatic human lung cancer cell lines NCI-H1299 and NCI-H1975, which were used to represent advanced lung cancer cells, HG treatment upregulated the levels of LC3-II and p62. Moreover, HG failed to enhance the LC3-II level in the presence of the lysosomal acidification inhibitor bafilomycin A1, which can impede LC3-II degradation. These results indicated that HG blocked autophagic degradation and inhibited late autophagic flux by restricting lysosomal acidification instead of stimulating autophagy initiation. The same study also observed that HG enhanced the cytotoxicity of cisplatin and paclitaxel in lung cancer cells through augmenting the level of cytotoxic ROS and inhibiting autophagy, which can prevent tumor cell death (Wang et al., 2020). In clinical practice, most patients with cancer are diagnosed at a fairly advanced stage, and the novel autophagy inhibitor HG may improve the clinical treatment of cancer.
2.1.5 Reversal of chemotherapy resistance in cancer cells
Chemotherapy remains the primary therapy for most cancers (Yang et al., 2017; Li K. et al., 2019). However, the progression of chemotherapy resistance poses a significant challenge to the efficacy of chemotherapy. Therefore, agents to reverse chemotherapy resistance have been the focus of cancer therapy research. HG and its derivatives have been demonstrated to reverse chemotherapy resistance through multiple targets.
2.1.5.1 P-gp
P-glycoprotein (P-gp) acts as a transmembrane pump that can facilitate the removal of anti-cancer agents by utilizing energy released from ATP hydrolysis, and P-gp overexpression plays a significant role in the development of multidrug resistance (MDR) in tumors (Shen et al., 2020). Inhibiting P-gp protein expression and blocking its efflux function can suppress P-gp-mediated MDR (Zheng et al., 2019).
A series of HG derivatives that can reverse multidrug chemoresistance of tumors by targeting P-gp have been synthesized. The novel HG derivative 9 (Figure 1), also referred to as H6, resensitized the KBV and MCF-7/T MDR cancer cell lines to paclitaxel and vincristine. Mechanistically, H6 reversed P-gp-induced MDR by blocking P-gp drug efflux pump function via an increase in P-gp ATPase activity. Cotreatment of H6 with paclitaxel was effective and relatively safe in vivo (Yang et al., 2018). These findings suggest that H6 can be used as a potent adjuvant therapy in conjunction with standard chemotherapies to improve the efficiency of cancer treatment and to prevent MDR. Based on H6 with poor solubility, 29 novel H6 derivatives were synthesized to further improve anti-MDR properties. Administration of derivative 10 (Figure 1), bearing a nitrogen-containing group at C-28 and a pyrazine ring fused to ring A, led to greater MDR reversal than H6 through the identical P-gp inhibition mechanism. The combination of derivative 10 and paclitaxel induced cell cycle arrest at the Gap 2/mitosis phase and apoptosis in KBV cells. In vivo, oral gavage of derivative 10 exhibited the same activity as intraperitoneal injection of the parent H6 due to the improved water solubility with the nitrogen-bearing group at C-28 (Wang X. et al., 2019a). Nevertheless, neither the anti-MDR activity nor the aqueous solubility of derivative 10 was satisfactory, so polyethylene glycol (PEG) molecules with robust solubilizing ability were introduced at C-23 or C-28 of H6 to produce some PEGylated derivatives. Among them, derivative 11 (Figure 1) had improved water solubility, excellent chemical stability, and the highest tumor MDR reversal activity. The anti-MDR mechanism of derivative 11 remained the inability of MDR tumor cells to exclude chemotherapeutic drugs from the body via P-gp inhibition (Wang et al., 2021). A subsequent study confirmed that incorporating nitrogen-containing heterocycles could substantially enhance the MDR reversal activity of HG derivatives via functional suppression of P-gp. Among the synthesized derivatives, derivative 12 (Figure 1) increased the sensitivity of KBV cells to chemotherapeutic drugs and exhibited a comparatively powerful ability to reverse MDR (Huang W. et al., 2022b). This derivative has a ring A fused with an isoxazole ring, and splices the ethyl piperazine group at C-23 by using succinic anhydride as a linker.
The above experiments suggest that these derivatives have great potential as P-gp inhibitors and can be used to overcome multidrug chemoresistance, which is a pressing issue in clinical oncology that requires immediate resolution. Further research will enhance the value and utility of these derivatives in both laboratory and clinical settings.
2.1.5.2 PI3K/AKT
The PI3K/AKT pathway has a significant impact on the emergence of resistance to chemotherapy. Moreover, blocking the PI3K/AKT pathway has been found to effectively reverse chemoresistance in various types of tumors (Burris, 2013). A recent study on gastric cancer confirmed that HG might decrease the resistance of oxaliplatin-resistant AGS cells to oxaliplatin through suppressing activation of the PI3K/AKT signaling pathway. Moreover, HG combined with oxaliplatin inhibited the growth of gastric cancer cells more significantly than oxaliplatin alone (Tang et al., 2024).
2.1.5.3 NO
Higher levels of nitric oxide (NO) inhibit cancer progression by triggering programmed cell death, enhancing the sensitivity of tumors to chemotherapy, and reversing resistance to chemotherapy (Huang et al., 2017). Combining an NO donor with an anticancer agent may provide an appealing option for cancer treatment. Acquired resistance to epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors occurs in nearly all NSCLC patients harboring EGFR-activating mutations (Nilsson et al., 2020). Chen et al. synthesized several new HG-NO donor hybrids, among which derivative 13 (Figure 1) displayed better anti-cancer activity than HG. Moreover, this derivative strongly inhibited the activity of mutant EGFR-L858R/T790M/C797S kinase and the proliferation of previous generations of EGFR tyrosine kinase inhibitor-resistant H1975 and H1975-LTC NSCLC cell lines, as well as generating the most nitrite via the synergistic effect of HG and NO donors (Chen et al., 2019). This study suggests that derivative 13 can help to overcome acquired EGFR tyrosine kinase inhibitor resistance in EGFR mutant NSCLC by increasing the level of NO through its unique chemical structure.
2.2 Inflammatory diseases
Inflammation, which is a fundamental pathological process, contributes to the emergence of various diseases (Chen et al., 2022). The anti-inflammatory effect of HG was initially documented in two classic inflammatory animal models, including rats with hind paw edema induced by carrageenin (Takagi et al., 1980) and mice with ear edema provoked by arachidonic acid or croton oil (Kim et al., 1999). In recent years, the underlying mechanisms of the anti-inflammatory action of HG and its derivatives have been widely studied in many new animal models of inflammation. The main mechanism involves suppressing the generation and release of pro-inflammatory cytokines and inflammatory mediators by regulating inflammation-related pathways, as shown in Table 5. The specific molecular pathways involved are depicted in Figure 3.
TABLE 5 | The mechanisms involved in the anti-inflammation effect of HG and its derivatives.
[image: Table 5][image: Figure 3]FIGURE 3 | Anti-inflammatory pathways targeted by HG and its derivatives (created with www.figdraw.com).
The anti-inflammatory activity of a compound is directly related to its ability to inhibit the production of inflammatory mediators. Some studies have shown that HG can reduce the generation of inflammatory mediators, thus highlighting its anti-inflammatory effect. NO is an inflammatory mediator that is produced during the inflammatory process, and its excessive expression further exacerbates inflammatory injury (Wang Y. et al., 2019b). In experiments using RAW 264.7 macrophages, Zhang et al. discovered that HG reduced NO production (IC50 value = 22.26 μM) induced by lipopolysaccharide (LPS) (Zhang et al., 2012). In another study, HG exhibited anti-inflammatory effects by inhibiting NO and 15-lipoxygenase (15-LOX) generation, with IC50 values of 137.78 and 28.20 μM, respectively, in the same LPS-stimulated RAW 264.7 cells (Mfotie Njoya et al., 2023). The key enzyme 15-LOX participates in the biosynthesis of leukotrienes, which are essential mediators of the inflammatory response (Grosse et al., 2022).
2.2.1 NF-κB
NF-κB, a heterodimer of p65 and p50, induces a cellular inflammatory response. In the resting state, NF-κB is sequestered in the cytoplasm by binding to its inhibitor, the inhibitor of kappa Bα (IκBα). Following stimulation, inhibitory-kappa B kinase (IKK) phosphorylates IκBα, resulting in IκBα degradation by proteasomes, the nuclear translocation of NF-κB, and the activation of inflammatory genes targeted by NF-κB (Liu and Su, 2023). Recent studies have shown that HG and its derivatives exert anti-inflammatory actions by blocking the NF-κB signaling pathway.
Lee et al. reported that HG suppressed the expression of inflammatory mediators and pro-inflammatory cytokines, including NO, prostaglandin E2 (PGE2), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and IL-6, in LPS-induced RAW 264.7 cells. The underlying mechanism was related to inhibition of the NF-κB signaling pathway manifesting as the repression of IκBα phosphorylation and NF-κB nuclear translocation (Lee et al., 2015). In a rat model of atherosclerosis, HG exerted an anti-inflammatory effect by impeding the IKKβ/NF-κB signaling pathway and decreasing the levels of the pro-inflammatory cytokines IL-6, interferon-γ (IFN-γ), and TNF-α (Lu et al., 2015).
Upon detection of exogenous DNA within the cytoplasm, stimulator of interferon genes (STING) forms a complex with TANK-binding kinase 1 (TBK1), resulting in the activation of interferon regulatory factor 3 (IRF3) and NF-κB and an increase in the production of pro-inflammatory cytokines (Balka et al., 2020). In a mouse model of sepsis with acute liver injury induced by LPS, the new HG derivative 14 (Figure 1), with a pyrazine ring bonded to ring A, suppressed the levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP), attenuated the inflammatory response, and protected against liver injury. These effects were accomplished by inhibiting the level of STING, suppressing the phosphorylation of IRF3, TBK1, p65, and IκBα, and reducing the release of NO and pro-inflammatory cytokines including IL-6, TNF-α, and IFN-β. From the above results, it was suggested that the derivative inhibited inflammation by downregulating the STING/IRF3/NF-κB signaling (Yu et al., 2023). Recently, 33 hederagonic acid derivatives were designed and synthesized using HG as the fundamental building block. Among them, derivative 15 (Figure 1), carrying chained disulfide bonds at C-23, exhibited the greatest inhibition of the production of NO, thereby demonstrating potent anti-inflammatory activity. In a mouse model of LPS-induced acute lung injury (ALI), this derivative effectively prevented ALI by inhibiting the synthesis of pro-inflammatory cytokines, including TNF-α, IFN-β, and IL-6. The mechanism of action in part involved inhibition of the STING/IRF3/NF-κB signaling pathway (Li H. et al., 2024).
In a rat model of sepsis-induced ALI, which was established by cecal ligation and puncture, HG ameliorated septic lung injury, reduced the production of pro-inflammatory cytokines (TNF-α, IL-6, and monocyte chemoattractant protein-1), and decreased the levels of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2). Additionally, HG significantly lowered NOD-like receptor pyrin domain-containing 3 (NLRP3), cleaved caspase-1, IL-1β, and IL-18. Interestingly, HG treatment accentuated the inhibitory effect of the NF-κB suppressor BAY11-7082 on NLRP3 inflammasome activation and M1 macrophage polarization in vitro. This study suggested that HG exerted an anti-inflammatory effect through inhibiting NLRP3 inflammasome activation and macrophage M1 polarization, which was partially linked to suppression of the NF-κB pathway (Wang and Zhao, 2022). In a type 2 diabetic mouse model, HG prominently inhibited myocardial hypertrophy and fibrosis and enhanced cardiac function in hearts of diabetic cardiomyopathy. The potential mechanisms involved were associated with inhibition of the NF-κB and Smads signaling pathways and a reduction in the levels of pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6 (Li Y. et al., 2019).
2.2.2 MAPK
The mitogen-activated protein kinase (MAPK) pathway is related to induction of the inflammatory response and cell apoptosis. The MAPK family comprises three members: the c-Jun NH2-terminal kinase (JNK), the extracellular signal-regulated kinase (ERK), and p38 MAPK (Saleem, 2024). HG can effectively suppress activation of the MAPK signaling pathway, thus inhibiting inflammation and cell apoptosis, which renders it a promising therapeutic approach for various inflammatory diseases.
In a rat model of sciatic nerve injury caused by chronic constriction damage, HG alleviated sciatica by downregulating the expression of the pro-inflammatory cytokine TNF-α, attenuating the levels of transient receptor potential pathway proteins, and decreasing the phosphorylation of p38 MAPK (Zhang et al., 2020). In an alcoholic liver disease rat model, HG significantly protected against alcoholic liver damage, as demonstrated by the decreases in ALT and AST levels and the attenuation of liver fibrogenesis and inflammatory cell infiltration. In addition, HG exhibited not only an anti-inflammatory effect through inhibiting the production of pro-inflammatory cytokines TNF-α and IL-6, but also an anti-apoptotic effect by upregulating the expression of Bcl-2 and downregulating the expression of Bax and p53. The mechanisms involved included a decrease in p38 MAPK phosphorylation and an increase in the phosphorylation of AKT and ERK, which are two inhibitors of apoptosis (Kim G. J. et al., 2017).
The Janus kinase 2 (JAK2)/STAT3 signaling pathway plays a role in the initiation and progression of inflammatory responses, oxidative stress, and cell apoptosis, and its activation contributes to the erosion of cartilage (Chen et al., 2023). The Kelch-like ECH-associated protein 1 (Keap1)-Nrf2/heme oxygenase-1 (HO-1) pathway acts against oxidative stress and cell apoptosis, and can protect chondrocytes from oxidative and apoptotic responses (Pan et al., 2019). In a cell osteoarthritis model using IL-1β-stimulated C28/I2 cells, HG was reported to inhibit inflammation and protect cartilage by attenuating the increases in TNF-α, IL-6, iNOS, COX-2, NO, and PGE2, suppressing the JAK2/STAT3 and MAPK (JNK, ERK, p38) signaling pathways and crosstalk between these two pathways, and activating the Keap1-Nrf2/HO-1 signaling pathway. Notably, HG exerted an anti-apoptotic effect by suppressing ROS, downregulating Bax and cleaved caspase-3, and upregulating Bcl-2. The anti-inflammatory and chondroprotective effects of HG were also confirmed in an osteoarthritis rat model induced by monosodium iodoacetate (Shen et al., 2023).
2.2.3 LncRNA A33/Axin2/β-catenin
The regulatory functions of lncRNAs in acute kidney injury (AKI) have been revealed in previous studies (Xie Z. et al., 2022b; Zhou et al., 2022). Axis inhibition protein 2 (Axin2)/β-catenin is recognized as an important contributor to the development and advancement of inflammation (Huang and Li, 2020). HG displayed a renoprotective effect in a cisplatin-induced mouse model of AKI by significantly inhibiting renal structural injury and decreasing serum creatinine and urea nitrogen levels. The underlying mechanism involved ameliorating the inflammatory responses via downregulation of the pro-inflammatory cytokines IL-6 and TNF-α and inhibition of the lncRNA A330074k22Rik (lncRNA A33)/Axin2/β-catenin signaling pathway in vitro and in vivo (Xie K. H. et al., 2022a). These findings indicate that HG can relieve AKI, which is a frequent side effect of the chemotherapeutic agent cisplatin.
2.2.4 Immune regulation-related mechanisms
The complement system is a crucial part of the innate immune system, and excessive activation of this system underlies many inflammatory diseases (Guan et al., 2022). Therefore, suppressing complement activation can be of great use in the treatment of complement hyperactivation-associated inflammatory diseases. In vitro, HG exhibited anti-complementary activity by suppressing the classical complement activation pathways, with an IC50 value of 160 μM (Oh et al., 1999). In addition, a study confirmed that HG inhibited the generation of ROS (IC50 = 51.62 μM) from whole blood phagocytes activated by zymosan, thereby demonstrating its innate immune-suppressive effect, which contributes to the inhibition of detrimental immune reactions (Oladimeji et al., 2017). In atopic dermatitis models, HG-coated maghemite nanoparticles attenuated the expression of inflammation-related cytokines (TNF-α, IFN-γ, IL-4, IL-6, IL-17, and thymic stromal lymphopoietin) in vitro and in vivo. Moreover, HG decreased the severity of skin lesions, inhibited the infiltration of mast cells, and shrank enlarged lymph nodes by regulating the excessive immune response in vivo. These results clearly showed the immune-regulatory and anti-inflammatory effects of maghemite nanoparticles loaded with HG (Lee et al., 2022).
2.3 Infectious diseases
Infectious diseases include bacterial diseases, viral diseases, and parasitic diseases. Natural products are an essential source for the discovery of anti-pathogen medications. HG and its derivatives display broad-range anti-pathogen effects against bacteria, viruses, Leishmania, Toxoplasma gondii (T. gondii), and Fasciola hepatica (F. hepatica) (Table 6).
TABLE 6 | The involved mechanisms in the anti-pathogen, anti-metabolic disorder, anti-fibrosis, neuroprotection, and anti-depression effects of HG and its derivatives.
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Recent studies have highlighted the excellent anti-bacterial properties of HG in vitro. HG could moderately inhibit the growth of Enterococcus faecalis (E. faecalis) with a minimum inhibitory concentration (MIC) of 270.78 μM (Kayangar et al., 2019). E. faecalis is a refractory antibiotic-resistant bacterium that usually exists in biofilms (Sharma and Khan, 2018). Therefore, future research should focus on determining whether HG has anti-biofilm effects, and the specific molecular mechanisms underlying its anti-bacteria and possible anti-biofilm effects should be fully elucidated.
Streptococcus pneumoniae (S. pneumoniae) is an opportunistic bacterial pathogen that may lead to life-threatening diseases, such as pneumonia, meningitis, and sepsis, owing to its increased resistance to antibiotics (Fernandes et al., 2020). One of the virulence factors of this pathogen is pneumolysin (PLY), which induces host cell lysis following the formation of oligomeric proteins on the host cell membrane surface (Song et al., 2017). Ding and colleagues revealed that HG substantially inhibited the hemolytic activity and cellular injury induced by PLY in vitro through suppressing PLY oligomerization dose-dependently (Ding et al., 2022). Although HG did not significantly inhibit the growth of S. pneumoniae, it could prevent bacterial invasion and damage to the host via PLY inhibition. These observations illustrate that the natural product HG may amplify the effect of conventional antibiotic therapies in combating bacterial diseases, potentially helping to tackle the issue of antibiotic resistance.
2.3.2 Viral diseases
Viral hepatitis is a profound global threat to human health. Some new HG derivatives have been confirmed to exhibit anti-viral hepatitis effects. Eight derivatives were synthesized by performing acetylation, etherification, benzoylation, and esterification reactions on the hydroxyl at C-3 and C-23, and the carboxyl at C-28 of HG. In vitro, seven out of the eight compounds significantly repressed the viability of Hep G2.2.15 cells in a dose-dependent fashion. Particularly, derivatives 16 and 17 (Figure 1) exhibited the most pronounced anti-hepatitis B virus effect, with an inhibition rate of 9.46% at a concentration of 1 μM. In addition, all of them could inhibit the secretory expression of HBsAg (Hong et al., 2017). Through a stepwise esterification reaction, 5 HG-hemiester-zidovudine derivatives were obtained, and derivative 18 (Figure 1) displayed the most potent inhibitory effect against the hepatitis C virus NS3/4A protease (IC50 = 5.8 μM) (Hao et al., 2021). These investigations verify that the natural compound HG is a promising source of virus inhibitors, and establish a foundation for subsequent detailed in vivo studies.
In a recent study targeting SARS-CoV-2 with in silico methods, HG presented an exceptionally high binding affinity with IL-6, a COVID-19-responsible receptor (Sai Ramesh et al., 2023). This interaction relationship suggests that HG may be an effective anti-SARS-CoV-2 agent. However, additional research and clinical trials are needed to validate this result.
2.3.3 Parasitic diseases
2.3.3.1 Leishmaniasis
Leishmaniasis, a series of sandfly-borne parasitic diseases, results from infection by Leishmania protozoan parasites (Cotton et al., 2020). HG and its derivatives have been shown to exhibit antileishmanial properties against many kinds of Leishmania species. The anti-leishmanial activity of HG was evaluated in vitro with promastigote and amastigote forms of Leishmania infantum (L. infantum) and Leishmania tropica. HG exhibited leishmanicidal activity against both the promastigote (MIC = 52.89 μM) and amastigote forms (Majester-Savornin et al., 1991). Among the 60 C-28-modified HG derivatives, 11 derivatives demonstrated apparent inhibition of the proliferation of L. infantum amastigotes. Derivatives 19–22 (Figure 1) were especially promising candidates for treating leishmaniasis due to their excellent leishmanicidal activity with IC50 values varying from 2 to 12 μM, high selectivity, and low toxicity (Rodríguez-Hernández et al., 2016a). Moreover, another study confirmed that structural transformation could increase the selectivity of the anti-leishmanial activity of the parent HG. In particular, derivative 23 (Figure 1), HG disuccinate, is a non-toxic anti-leishmanial derivative with high selectivity, and its activity warrants further investigation, because it is inactive against Leishmania amastigotes within the macrophage host (Anderson et al., 2020). The possible mechanisms underlying the antileishmanial activities of HG and its derivatives are summarized below.
.2.3.3.1.1 DPCK
Coenzyme A, an essential cofactor for numerous enzymes, plays a crucial role in various biochemical processes of Leishmania, and its synthesis requires dephospho-coenzyme A-kinase (DPCK) (Gudkova et al., 2012). The inhibition of DPCK is useful for treating leishmaniasis. A study revealed that HG interfered with the proliferation of Leishmania donovani promastigote cells in vitro (IC50 = 23.36 μM), potentially via DPCK suppression. Meanwhile, HG exhibited significant cytotoxicity against the J774A.1 murine macrophage line (Menpadi et al., 2023). The anti-leishmanial mechanism was validated only through in silico methods in the study, so further research is necessary.
.2.3.3.1.2 CYP51
Sterol 14a-demethylase (CYP51) is an enzyme essential for the viability and virulence of Leishmania, mainly participating in the biosynthesis of ergosterol. Interference with this biosynthetic process can disintegrate the cellular membrane and arrest the growth of Leishmania (McCall et al., 2015). By adding a triazolyl group at C-23 and C-28 of HG, 18 derivatives were designed and synthesized. Derivatives 24–26 (Figure 1) efficiently inhibited the multiplication of intracellular amastigote forms of L. infantum with IC50 values ranging from 5.6 to 25.9 μM, showing the highest potency and selectivity. The mechanisms of the leishmanicidal activity of derivatives 24–26 may include inhibition of the ergosterol biosynthesis pathway, as determined by molecular modeling. According to the results of molecular docking, there was strong binging affinity between the three bis-triazolyl derivatives and CYP51. This binding may lead to inhibition of the CYP51 enzyme by changing the structure of the active site (Rodríguez-Hernández et al., 2017).
2.3.3.2 Toxoplasmosis
Toxoplasmosis, a zoonotic parasitic disease caused by the pathogen T. gondii, can damage the central nervous system and cause systemic disseminated infection in individuals with a compromised immune system (Hill et al., 2005). HG was found to exhibit robust anti-T. gondii activity (EC50 = 547.8 μM), high selectivity, and little cytotoxicity in vitro. In a mouse model of acute T. gondii infection, in addition to inhibiting T. gondii activity, HG also ameliorated T. gondii-induced liver injury, which was reflected by reducing the hepatotoxicity indicators (ALT and AST), lowering liver-damaging malondialdehyde (MDA), and increasing liver-protecting GSH (Zhang R. H. et al., 2021). However, the exact anti-toxoplasmic mechanism of HG remains obscure and needs to be uncovered. These findings imply that HG has the potential to be a part of the combination therapy regimen for toxoplasmosis, and the synergistic effect needs to be further validated.
2.3.3.3 Fascioliasis
Infection with F. hepatica leads to fascioliasis, an important but neglected zoonotic disease. The appearance of drug-resistant F. hepatica poses a grave risk to animal and human health (Cwiklinski et al., 2016). A total of 36 compounds were synthesized through structural alterations of HG. Derivative 27 (Figure 1), which carries a morpholine ring on the ureate moiety, demonstrated noteworthy anthelmintic activity and selectivity against both immature and mature adult stage liver flukes (IC50 = 1.07 and 13.02 μM, respectively) (Chakroborty et al., 2023). Due to the notable anti-fluke activity exhibited by this derivative, its utilization could contribute to the mitigation of anthelmintic drug resistance.
2.4 Metabolic diseases
In recent years, there has been a significant global impact on human health due to the prevalence of metabolic diseases. Existing metabolic regulators have corresponding adverse effects, such as damage to liver and kidney function. Natural products, which have less harmful side effects than synthetic drugs, are gradually becoming a significant focus of research on the treatment of metabolic disturbances. Fortunately, HG has been shown to regulate abnormal substance metabolism (Table 6).
2.4.1 Hyperglycemia
As a complex metabolic disease, diabetes mellitus (DM) is featured by chronic hyperglycemia and multisystemic involvement. Due to the protracted course of the disease and numerous complications, DM can cause severe damage to human health, and subsequently brings heavy societal economic burdens (Ren et al., 2022). In a classical rat model of diabetes induced by streptozotocin, HG was preliminarily observed to reverse the elevation in the serum glucose level, which was reduced by roughly one-third, conferring a modest hypoglycemic effect (Park et al., 1998).
2.4.1.1 Glycogen phosphorylase
During glucose metabolism, glycogen phosphorylase (GP) is essential for the breakdown of glycogen into glucose for energy production. This implies that the inhibition of GPs can facilitate glycemic control (Yan et al., 2022). HG at a concentration of 10 μM displayed significant GP inhibitory activity with a 73.07% suppression ratio (Luo et al., 2008).
2.4.1.2 Starch digestion enzymes
The α-amylase and α-glucosidase enzymes are crucial for breaking down starch into glucose, leading to an elevation in blood sugar levels. HG demonstrated excellent inhibitory activity against both α-amylase and α-glucosidase, with an IC50 value of 162.89 μM in vitro, and alleviated postprandial hyperglycemia in vivo (Han et al., 2024). However, further in-depth investigations are required to determine the precise anti-hyperglycemic effect and mechanism of HG due to the limited number of studies addressing this issue.
2.4.2 Hyperlipidemia
Hyperlipidemia is a major contributor to fatty liver disease, atherosclerosis, and cardio-cerebrovascular diseases (Ross, 1993). Coincidentally, the administration of HG is beneficial for improving the blood lipid profile. HG could effectively regulate the aberrant outlines of lipid metabolism elicited by DM in a rat model, as evidenced by reducing the levels of total cholesterol (TC), low-density lipoprotein (LDL)-cholesterol, and triglyceride (TG) and increasing the level of high-density lipoprotein (HDL)-cholesterol (Park et al., 1998). Consistently, a similar modulation of lipid levels was observed in a rat model of atherosclerosis. In this work, HG was also proven to have an anti-atherosclerosis effect by alleviating the disturbance in lipid metabolism and decreasing the deposition of lipids on vascular walls (Lu et al., 2015).
Moreover, an investigation focusing on the lipid-regulating mechanism of HG was recently published. Oxidative stress triggers hyperlipidemia (Masenga et al., 2023), and its inhibition can reverse the deranged lipid profile. MAPK is related to oxidative stress, and the overactivation of the MAPK pathway result in cellular oxidative damage (Rezatabar et al., 2019). In hyperlipidemic model rats treated with a high-fat diet, HG dramatically restored the levels of TC, TG, LDL-cholesterol, and HDL-cholesterol, reduced MDA, increased total superoxide dismutase (SOD) and GSH peroxidase, and inhibited p38 MAPK phosphorylation. Mechanistically, HG exerted a hypolipidemic effect by suppressing the absorption and oxidation of lipids and downregulating the p38 MAPK pathway (Yang et al., 2022).
2.4.3 Osteoporosis
Osteoporosis is a bone metabolic derangement distinguished by bone tissue deterioration and bone mass reduction due to excessive bone resorption and inadequate bone formation (Eastell et al., 2016). Relevant studies have shown that HG can function as both an activator of bone formation and a suppressor of bone resorption, thus contributing to the maintenance of bone metabolic homeostasis.
2.4.3.1 Facilitation of bone formation
ALP, Runt-related transcription factor 2 (RUNX2), and collagen type I α 1 chain (COL Iα1) are hallmark genes of osteogenic differentiation (Komori, 2010; Mostofi et al., 2022). With the MC3T3-E1 mouse osteoblast cell line, Huai and coworkers revealed that HG displayed an anti-osteoporosis effect based on facilitating the differentiation and proliferation of osteoblasts via upregulating the expression of the above osteoblast differentiation-related characteristic genes (Huai et al., 2021).
2.4.3.2 Attenuation of bone resorption
ROS participate in the processes of osteoclastogenesis and bone resorption (Callaway and Jiang, 2015). The MAPK signaling pathway is additionally implicated in the formation of osteoclasts, whose inhibition suppresses osteoclastogenesis (Li et al., 2021). A study employing murine bone marrow macrophages demonstrated that HG inhibited osteoclastogenesis and bone resorption induced by receptor activator of NF-κB ligand through constraining the formation of ROS and suppressing the MAPK signaling pathway (p38 and ERK). In vivo, HG also hindered the formation and function of osteoclasts in a mouse model of osteoporosis induced by ovariectomy (Tian et al., 2020).
2.4.4 Other associated mechanisms
2.4.4.1 FXR
The farnesoid X receptor (FXR) is pivotal for the modulation of intestinal function and glucose and lipid metabolism processes. The effects of FXR activation and overexpression in metabolic diseases have been conclusively confirmed (Sonne, 2021). HG upregulated FXR mRNA expression, enhanced FXR agonist-induced FXR activation, and improved the anti-secretory function of FXR in colonic epithelial cells. These results indicated that HG might be effective in treating diseases associated with intestinal and metabolic disorders via targeting the FXR signaling pathway (Fallon et al., 2022).
2.4.4.2 11β-HSD1
Excessive levels of glucocorticoids can lead to metabolic diseases such as type-2 diabetes, hypertension, dyslipidemia, and visceral obesity. 11β-Hydroxysteroid dehydrogenase type 1 (11β-HSD1) is an intracellular regulatory enzyme that regenerates active glucocorticoids from inactive inert 11-keto forms. Inhibition of 11β-HSD1 can ameliorate metabolic disturbances (Wamil and Seckl, 2007). Yan et al. determined that HG moderately inhibited mouse 11β-HSD1 in vitro (IC50 = 0.16 μM), thus preventing the over production of glucocorticoids (Yan et al., 2021).
2.4.4.3 FAS
Fatty acid synthase (FAS) is a key enzyme that catalyzes the synthesis of fatty acids, which can be transported into adipocytes, ultimately inducing adiposity. FAS inhibition leads to repression of food intake and a decrease in body weight (Loftus et al., 2000). HG exhibited specific inhibitory activity against FAS (IC50 = 128.51 μM), indicating its potential application as a promising anti-obesity agent (Zhao et al., 2011).
The pathogenesis of metabolic diseases is intricate, and involves multiple targets, pathways, and systems. As outlined previously, HG can modulate the metabolic process of several substances through selectively targeting metabolism-related enzymes and genes. As an effective active component for modulating metabolic disorders, HG has the potential to be an ideal candidate for the treatment of metabolic disease. However, further clinical research is still needed due to the absence of data from humans.
2.5 Fibrotic diseases
Fibrotic disease is a category of progressive diseases hallmarked by increased fibrous connective tissue and aberrant deposition of the extracellular matrix, particularly collagens, eventually culminating in a decrease in parenchyma cells and organ function decline (Xing et al., 2021). However, effective therapies for patients with fibrosis are limited, and the search for potent therapeutic methods is sorely required. Surprisingly, HG has exhibited broad clinical application prospects for the treatment of fibrotic disorders (Table 6).
2.5.1 Ras/JNK/NFAT4
Ras proteins are small GTPases, participating in the pathogenesis of pulmonary fibrosis (Liu et al., 2018). JNK contributes to fibrosis by facilitating the epithelial-mesenchymal transition (EMT) (Alcorn et al., 2009), and it can stimulate nuclear factor of activated T cells 4 (NFAT4) to regulate the expression of related genes (Chow et al., 1997). In a bleomycin-induced pulmonary fibrosis rat model, HG relieved pulmonary function impairment and pathological lesions in a dose-dependent manner. In addition, HG alleviated the deposition of collagen marked by a reduction in the levels of hydroxyproline, α-smooth muscle actin (α-SMA), and collagen I, inhibited EMT manifested by a decrease in transforming growth factor-β1 (TGF-β1), and suppressed the levels of inflammatory cytokines TNF-α and IL-6. The anti-pulmonary fibrosis effect of HG was associated with inhibition of the Ras/JNK/NFAT4 signaling (Ma et al., 2020).
2.5.2 PI3K
The PI3K-AKT pathway hampers apoptosis and provokes proliferation (Xue et al., 2020), and its low expression can result in the apoptosis of hepatic parenchymal cells (HPCs) in liver fibrosis. The balance between apoptosis and proliferation in HPC may be restored by increasing the expression of PI3K. With the hepatic stellate cell (HSC) line Lx2 and the HPC line L02, HG exerted an anti-liver fibrosis effect by inhibiting the activation of HSCs and reducing the levels of α-SMA and collagen I, as well as protecting HPCs from apoptosis (reflected by the decline in the ratio of Bax/Bcl-w and the expression of cleaved caspase-3). The apoptosis-suppressing mechanism of HG in HPCs was mediated by an increase in PI3K expression (Wu et al., 2019a).
2.5.3 Muscarinic acetylcholine receptor
The participation of the M3 muscarinic acetylcholine receptor (M3 receptor) in the production of collagen and fibroblast proliferation renders it a potential drug target for fibrotic diseases (Zhao et al., 2019). By exploiting TGF-β-stimulated fibroblast NRK-49 F cells to simulate renal fibrosis, Yang et al. reported that HG was able to inhibit the proliferation and fibrosis of NRK-49 F cells, decrease the expression of α-SMA, collagen I, and collagen III, and downregulate the level of phosphorylated Smad2/3 through suppressing the activity of the M3 receptor (Yang and He, 2022).
2.5.4 ISG15
Interferon-stimulated gene 15 (ISG15), a ubiquitin-like protein, is implicated in various intracellular processes, such as apoptosis, autophagy, and signal transduction (Zhao et al., 2005). ISG15 can trigger the JAK/STAT pathway, and activation of this pathway has the potential to worsen renal fibrosis (Liu Y. et al., 2020; Nakka and Mohammed, 2020). HG was shown to exert significant anti-renal fibrosis and nephroprotective effects by ameliorating structural damage in the kidney and decreasing the fibrosis-related proteins fibronectin and α-SMA in two mouse models of chronic kidney disease (CKD). Mechanistically, HG administration promoted the regression of fibrosis in CKD by restricting ISG15 activity and its downstream JAK/STAT signaling pathway (Jia et al., 2023).
2.5.5 Cathepsin B
Cathepsin B, a lysosomal protease, is crucial for initiating NLRP3 inflammasome activation and fibrosis under specific circumstances (Bai et al., 2018; Sung et al., 2019). Using a cell model of diabetic nephropathy induced by high glucose, Yang et al. discovered that HG prevented renal cell fibrosis by reducing the elevated levels of fibronectin, collagen IV, plasminogen activator inhibitor 1, and TGF-β1. The anti-renal fibrosis effect of HG was accomplished by suppressing activation of the NLRP3 inflammasome through decreasing cathepsin B expression (Yang et al., 2023).
2.5.6 NF-κB and Smads
As a pivotal component of the inflammatory signaling pathway, NF-κB is capable of facilitating inflammatory fibrosis (Zhang Y. et al., 2022b). The Smad signaling pathway induced by TGF-β is crucial for the formation and progression of fibrosis (Xu et al., 2017). In a mouse model of type-2 diabetes, HG significantly reduced myocardial fibrosis caused by diabetes and inhibited collagen I and TGF-β1 synthesis in cardiomyocytes, thereby exhibiting anti-cardiac fibrosis properties via inhibiting the NF-κB and Smads signaling pathways (Li Y. et al., 2019b).
These studies showed that HG can mitigate various fibrotic conditions, including pulmonary fibrosis, liver fibrosis, renal fibrosis, and cardiac fibrosis. Therefore, HG demonstrates promise as a feasible strategy for the development of novel pharmaceutical interventions aimed at preventing fibrosis. Further investigation is necessary to substantiate the clinical efficacy and safety of HG in humans prior to its implementation in clinical practice.
2.6 Cerebrovascular and neurodegenerative diseases
The application of neuroprotective agents is imperative to effectively safeguard neuronal function during the treatment of cerebrovascular and neurodegeneration-related disorders. HG exhibits promising potential as a natural candidate for neuroprotection (Table 6).
2.6.1 Ischemic stroke
Ischemic stroke is a cerebrovascular disease characterized by the occlusion of cerebral blood vessels within specific brain regions (Haupt et al., 2023). The shortage of efficacious neurologically protective drugs is a significant challenge for dealing with ischemic stroke. However, administration of HG may yield the desired outcomes.
Following cerebral ischemia, S-nitrosylation of mixed lineage kinase 3 (MLK3) promotes its activation, which influences the phosphorylation and activation of its downstream proteins (Hu et al., 2012). Yu et al. investigated the neuroprotective effect of HG via a mouse model of middle cerebral artery occlusion. HG decreased cerebral infarction volumes and alleviated neurological impairments by inhibiting neuronal apoptosis and the inflammatory response. The potential mechanism might involve repression of the MLK3 signaling pathway, which results in the downregulation of its downstream signaling pathways, namely, MAPK and NF-κB pathways (Yu et al., 2020).
2.6.2 Alzheimer’s disease
Alzheimer’s disease (AD) is characterized by a gradual decline in cognitive function, and currently, the drugs available for treatment are limited to providing symptomatic relief. HG demonstrates potential for the treatment of AD by targeting amyloid β (Aβ) and acetylcholinesterase (AChE).
2.6.2.1 Aβ
The primary feature of AD is the presence of extracellular senile plaques that are composed of Aβ peptides. Among these peptides, Aβ42 is particularly fibrillogenic and has a greater propensity to induce the formation of protofibrils and fibrils, ultimately leading to the development of senile plaques (Selkoe, 2001). At a concentration of 40 μM, HG was discovered to have a significant inhibitory effect on Aβ42-induced fibrillogenesis (Chowdhury et al., 2017). The exacerbation of Aβ aggregation in AD pathogenesis is observed when there is a disruption in autophagic flux (Zhang W. et al., 2022a). As a member of the ligand-activated nuclear receptor superfamily, peroxisome proliferator-activated receptor α (PPARα) can induce the upregulation of transcription factor EB (TFEB) expression, which promotes autophagy through positively modulating the expression of genes associated with lysosomes and autophagy (Luo R. et al., 2020b). HG alleviated the deposition of Aβ and improved cognitive impairment by enhancing autophagy via activating the PPARα/TFEB pathway (Xie et al., 2023b).
Protein tyrosine phosphatase nonreceptor type 1 (PTPN1) can mitigate memory deficits and Aβ formation in models of AD (Wang et al., 2018b). AKT, which is related to AD repression, lies downstream of PTPN1 (Liang et al., 2023). By utilizing the Aβ-stimulated mouse hippocampal cell line HT22 cells and primary neuronal cells isolated from the mouse hippocampus to establish a cellular model of AD, HG alleviated the Aβ-induced increase in ROS accumulation and decline in SOD activity, and reduced the Aβ-induced elevation in the apoptotic rate and caspase-3 activity. The anti-oxidative stress and anti-apoptotic activities of HG were accomplished via promoting the activation of the PTPN1/AKT signaling (Li et al., 2023).
2.6.2.2 AChE
AChE breaks down the neurotransmitter acetylcholine, which plays a crucial role in regulating the plasticity of synapses, the transmission of synaptic information, and the excitability of neuronal cells (Picciotto et al., 2012). Cognitive decline in AD is believed to be linked to cholinergic function deficiency (Haam and Yakel, 2017). In vitro, HG was proven to exhibit a general suppressive capacity (IC50 = 278.80 μM) against AChE to potentiate cholinergic function (Zhang W. et al., 2021).
2.6.3 Parkinson’s disease and Huntington’s disease
In addition to AD, Parkinson’s disease and Huntington’s disease are two other neurodegenerative disorders that are characterized by the formation and aggregation of neurotoxic mutated proteins (Rubinsztein, 2006). The induction of autophagic degradation is crucial for the elimination of abnormally accumulated mutant proteins. The adenosine-monophosphate-activated protein kinase (AMPK)-mammalian target of rapamycin (mTOR) signaling pathway is a key signaling involved in autophagy. The activation of autophagy-promoting AMPK encourages the restriction of autophagy-suppressing mTOR, resulting in enhanced autophagy (Li Y. Y. et al., 2024). HG could facilitate the degradation of mutant huntingtin with 74 CAG repeats and A53T α-synuclein and suppress huntingtin inclusion formation and the oligomerization of α-synuclein through activating the autophagy process via the AMPK-mTOR signaling pathway (Wu et al., 2017).
Based on the aforementioned analysis, the neuroprotective activity of HG primarily stems from its pro-autophagy, anti-apoptosis, anti-inflammatory, and anti-oxidative stress effects. However, it is still necessary to conduct meticulously designed clinical trials that can provide additional meaningful insights about HG for clinical applications and scientific investigations.
2.7 Depression
Depression is a widespread and serious psychological illness with the potential to be life-threatening. Nevertheless, existing antidepressants frequently come with significant adverse effects. Therefore, development of safe and effective medications for the treatment of depression is urgently needed. Several studies have focused on the potential anti-depression effect of HG (Table 6).
2.7.1 HPA axis
Depression exhibits a strong association with the hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis, which results in the elevation of corticosterone (CORT) serum levels (Troubat et al., 2021). Fructus Akebiae extracts (FAE) containing approximately 70% HG improved motivational behavioral impairments, corroborating its anti-depression activity, the mechanism of which was through decreasing the excessive activity of the HPA axis, featured by reduced plasma adrenocorticotrophic hormone and serum CORT levels (Zhou et al., 2010). An additional study concluded that HG exerted an anti-depression role by protecting nerve cells against damage and apoptosis caused by elevated CORT level. In CORT-injured PC12 cells, HG ameliorated neuronal injury and apoptosis induced by CORT through blocking the decline in the MMP and decreasing the generation of intracellular ROS via stimulation of the PI3K/AKT pathway, which is essential for the survival and proliferation of neuronal cells (Lin et al., 2021).
2.7.2 Monoamine neurotransmitters
The monoamine hypothesis posits that depression primarily arises from a deficiency in monoamine neurotransmitters, and enhancing monoamine neurotransmitter levels is a critical therapeutic approach for depression (Jiang et al., 2022). FAE with about 90% enrichment of HG could suppress the reuptake of central monoamine neurotransmitters, including serotonin (5-HT), norepinephrine (NE), and dopamine (DA) by inhibiting the 5-HT transporter, the NE transporter, and the DA transporter dose- and time-dependently (Jin et al., 2012). HG exhibited a more potent anti-depressive effect than FAE by increasing the levels of NE and 5-HT, enhancing the mRNA expression of the 5-HT 1A receptor, and reducing the mRNA expression of the 5-HT transporter (Liang et al., 2015).
Two of the hypotheses regarding the pathogenesis of depression are hyperactivation of the HPA axis and a deficiency of monoamine neurotransmitters. Correspondingly, the above results from studies of depression revealed that HG can hinder HPA axis activity and enhance signaling in the central monoaminergic system to alleviate depression. As a potentially effective therapeutic intervention for depression, further experimental and properly conducted clinical research is needed to elucidate the mechanism of the antidepressant action of HG.
2.8 Other effects and mechanisms of HG
2.8.1 Anti-platelet aggregation
A preliminary investigation demonstrated the anti-platelet aggregating property of HG. HG exhibited an inhibitory effect on the platelet aggregation induced by epinephrine (IC50 = 32.8 μM), which was comparable to that of acetylsalicylic acid (IC50 = 57.0 μM) (Jin et al., 2004). Thus, further comprehensive animal testing is required to elaborate on the efficacy and mechanism of HG as a novel inhibitor of platelet aggregation, although it is highly probable that HG can effectively inhibit platelet aggregation to hinder the formation of thrombi.
2.8.2 Inhibition of ferroptosis
When myocardial ischemia-reperfusion occurs, iron is deposited in cardiomyocytes, which damages lipid membranes by encouraging the synthesis of lipid peroxides, ultimately resulting in cardiomyocyte ferroptosis (Ding et al., 2023). In a study of myocardial ischemia-reperfusion injury, HG prevented ferroptosis in the myocardium and cardiomyocytes through decreasing lipid peroxidation and iron levels. The anti-ferroptosis effect of HG partially relied on the inhibition of 5-LOX, which is a key enzyme involved in the initiation of ferroptosis (Zhao et al., 2023).
3 PHARMACOKINETICS OF HG AND ITS DERIVATIVES
3.1 Pharmacokinetics of HG
Examining the pharmacokinetic profile of HG facilitates our understanding of the dynamic changes HG undergoes in the body, which is crucial for developing drugs and optimizing dosing methods. The oral absorption properties of HG were assessed using the ultra fast liquid chromatography-tandem mass spectrometry method. The study showed that HG was detectable in rat plasma within 5 min following a single administration of 400 mg/kg FAE (about 280 mg/kg HG), reaching a peak concentration (Cmax) of 47.73 ± 1.39 ng/mL approximately 20 min after oral administration. The elimination of HG occurred rapidly, with an elimination half-life (t1/2) of 44.06 ± 2.98 min (Yang X. et al., 2011). In addition, Zhang et al. evaluated the pharmacokinetics of HG in the plasma of rats subsequent to the oral administration of Rhizoma Clematidis extract. The pharmacokinetic parameters after the administration of 35 g/kg Rhizoma Clematidis extract (equivalent to 232 mg/kg HG) were as follows: Cmax = 30.68 ± 4.32 ng/mL, time to reach the maximum concentration (Tmax) = 21.67 ± 7.53 min, and t1/2 = 50.87 ± 21.26 min (Zhang et al., 2017), which showed noticeable consistency with the former research. As shown by the two experiments, HG demonstrates rapid absorption and quick elimination after oral administration.
HG is a metabolite of asperosaponin VI. After oral administration of 90 mg/kg asperosaponin VI, HG was initially detected in rat plasma after 3 h. HG reached a Cmax of 25.5 ± 11.8 ng/mL at a Tmax of 13.0 ± 3.6 h, and the t1/2 was 5.6 ± 3.4 h (Zhu et al., 2011). Liu and colleagues achieved comparable outcomes through the oral administration of asperosaponin VI to rats at a dosage of 100 mg/kg. The Cmax for HG was 53.18 ± 23.27 ng/mL, and this concentration was reached at 12.33 ± 2.36 h (Tmax) (Liu et al., 2014b). Both studies indicate that the conversion of HG from asperosaponin VI may result in a comparative increase in bioavailability due to slow absorption and prolonged elimination time.
The tissue distribution of HG is restricted. An investigation of tissue distribution was conducted to measure the concentrations of asperosaponin VI and HG in 13 rat tissue samples following the intragastric administration of asperosaponin VI at a dosage of 270 mg/kg. The tissues examined included the kidney, brain, ovary, testis, liver, heart, spleen, lung, fat, muscle, stomach, large intestine, and small intestine. HG underwent predominant intestinal flora metabolism prior to plasma absorption, as it was not detectable in the majority of tissues with the exception of the gastrointestinal tract (Zhang et al., 2014). Significantly, after a single administration of 400 mg/kg FAE (about 280 mg/kg HG), HG was identified at a concentration of 6.17 ± 0.22 ng/mL in the cerebrospinal fluid of rats after 20 min. These findings indicate that HG can penetrate the blood-brain barrier and quickly spread into the cerebrospinal fluid, providing a material basis for the neuroprotective and antidepressant effects of HG (Yang et al., 2011a).
Research on drug metabolism plays a crucial role in discovering and developing drugs. Cytochrome P450 (CYP) enzymes are responsible for the metabolism of most drugs (Reed et al., 2007). Therefore, it is vital to explore the effects of candidate drugs on the activities of CYP enzymes. In vitro, HG exhibited a particular inhibitory effect on CYP2C9 and CYP2C19, with IC50 values of 4.94 and 18 μM, respectively, in human liver microsomes (Huang et al., 2022a). In subsequent research on HG preparations, it should be noted that HG may competitively inhibit other drugs that interact with CYP2C9 and CYP2C19.
The preceding pharmacokinetic studies were conducted on HG-comprising plants or other compounds that can be converted into HG. This implies that the interaction between HG and other constituents may influence the pharmacokinetic features of HG. Further pharmacokinetic studies should be performed on HG as a single component.
3.2 Pharmacokinetics of HG derivatives
Improvements in the pharmacokinetic patterns of HG derivatives would be more meaningful for the research and development of drugs taking HG as the fundamental structure. In a study conducted by Ma et al., three groups of beagle dogs were administered orally with the same dose (30 mg/kg) of HG, asperosaponin VI, or HG sodium succinate. The results revealed that the oral bioavailability of HG sodium succinate was significantly superior to that of HG and asperosaponin VI. HG sodium succinate reached a Cmax of 4047.35 ± 943.96 ng/mL with a corresponding Tmax of 0.88 ± 0.35 h, and its t1/2 was 1.38 ± 0.53 h. HG was detected in a small part of samples and its concentrations were around the lower limit of quantification (5 ng/mL). The Cmax, Tmax, and t1/2 for asperosaponin VI were 196.81 ± 83.96 ng/mL, 1.54 ± 0.46 h, and 2.68 ± 1.08 h, respectively (Ma et al., 2021). However, pharmacokinetic research of HG derivatives is rare and should be further strengthened.
4 SAFETY, TARGETING, AND BIOAVAILABILITY OF HG AND ITS DERIVATIVES
With the increasing recognition of the therapeutic benefits of HG and its derivatives, there has been growing concern regarding their safety, targeting, and bioavailability. Fortunately, several efforts have been made to resolve the concerned issues of these compounds.
4.1 Safety
HG was discovered to have side effects in vitro and in vivo. HG exhibited a moderate level of intrinsic hemolytic activity in vitro, which can be attributed to the polar carboxyl group at C-28. The association between structure and hemolytic activity above has yielded valuable insights for the advancement and manufacture of HG derivatives free from toxicity resulting from red blood cell hemolysis (Vo et al., 2017).
In breast cancer-bearing mice, administration of HG via tail vein injection resulted in no side effects, except for myelosuppression, which was characterized by a decrease in the levels of red blood cells and white blood cells. Remarkably, a novel nano-delivery system, a nanoplatform of platelet membrane-coated black phosphorus quantum dots loaded with HG, not only reduced the adverse effect of bone marrow inhibition caused by free HG but also potentiated the anti-cancer efficacy of HG through the facilitation of cell apoptosis and autophagy (Shang et al., 2019). In addition, the safety of HG was evaluated in a mouse model with SKOV3 ovarian tumor xenografts. HG caused no significant damage to vital organs covering the heart, liver, spleen, lung, and kidney (Su et al., 2024). The side effects and safety profiles of HG and its derivatives have yet to be completely explored. Therefore, further research is required.
4.2 Targeting
The poor targeting of HG limits its therapeutic efficacy. However, nanomedicine technology has been applied to improve its targeting ability. Aforementioned nanoplatform of black phosphorus quantum dots camouflaged with a platelet membrane exhibited superior drug-loading efficiency and compatibility. HG could be targeted for delivery to tumor tissue through this platform (Shang et al., 2019). Another secured drug vehicle, maghemite nanoparticles, which are non-toxic, stable, and biocompatible, could deliver HG precisely to the sites of inflammation, thereby improving the effectiveness and targeting of HG (Lee et al., 2022).
4.3 Bioavailability
The poor water solubility of HG and some of its derivatives results in restricted bioavailability. H6, which has poor solubility, is a synthetic derivative of HG. However, introducing nitrogen-containing groups at C-28 (Wang et al., 2019a) or PEG molecules at C-23 or C-28 (Wang et al., 2021) can efficiently increase the solubility and bioavailability of H6. According to pharmacokinetic analysis, the low bioavailability of HG may also be attributed to its rapid systemic elimination. In subsequent studies, more attention should be paid to alter the absorption, distribution, metabolism, and excretion characteristics of HG and its derivatives.
5 CONCLUSION AND FUTURE PERSPECTIVES
This review focused on the action targets of HG and its derivatives that have been discovered in recent years. Figure 4 shows the action targets of HG and its derivatives to exhibit pharmacological activities against cancers, inflammatory diseases, infectious diseases, metabolic diseases, fibrotic diseases, cerebrovascular and neurodegenerative diseases, and depression.
[image: Figure 4]FIGURE 4 | Extensive pharmacological effects and related action targets of HG and its derivatives.
The anti-cancer effects of HG and its derivatives have been studied in carcinomas of diverse systems, comprising lung cancer, liver cancer, oral cancer, gastric cancer, breast cancer, cervical cancer, ovarian cancer, thyroid cancer, colon cancer, HNC, and glioma. HG and its derivatives demonstrate anti-tumor effects mainly through cytotoxic activity against tumor cells, proliferation inhibition, apoptosis induction, autophagy regulation, and amelioration of chemotherapy resistance in cancer cells. HG suppresses the proliferation of tumor cells by inhibiting the STAT3 pathway, the Aurora B pathway, and the PI3K/AKT pathway, downregulating lncRNA PCAT19 and KIF7 expression, and upregulating miRNA-4319 expression. In addition, cancer cell apoptosis induced by HG and its derivatives is closely correlated with mitochondria-dependent intrinsic apoptotic pathways, which are activated by the release of ROS and cyt c from impaired mitochondria. The NF-κB pathway, the Nrf2/ARE pathway, and Drp1 are involved in the inducing effect of HG and its derivatives on cell apoptosis. The inhibition of these targets and pathways leads to upregulation of the apoptosis-promoting proteins Bad and Bax, downregulation of the apoptosis-suppressing proteins Bcl-2, Bcl-xL, and Survivin, an increase in caspase-9, caspase-3, and caspase-7 activity, and promotion of cleaved PARP, ultimately resulting in cell apoptosis in various cancers. Moreover, HG can not only activate tumor-suppressing autophagy by upregulating Beclin-1 expression to exert an anti-cancer effect but also hinder cell death preventative autophagy by inhibiting lysosomal acidification to potentiate the cytotoxicity of chemotherapeutic drugs. Furthermore, HG and its derivatives can effectively improve the chemotherapy resistance of tumor cells to strengthen the efficacy of chemotherapeutics through suppressing the drug efflux pump function of P-gp, boosting the level of NO, and blocking the PI3K/AKT pathway. Collectively, HG and its derivatives demonstrate anti-cancer effects by exerting cytotoxicity, restricting proliferation, stimulating apoptosis, modulating autophagy, and reversing chemotherapy resistance via complicated molecular mechanisms.
Additionally, HG and its derivatives have shown anti-inflammatory effects in a variety of diseases through reducing the generation and release of pro-inflammatory cytokines and inflammatory mediators, by inhibiting the NF-κB pathway, the MAPK pathway, the JAK2/STAT3 signaling pathway, and the lncRNA A33/Axin2/β-catenin pathway, and activating the Keap1-Nrf2/HO-1 signaling pathway. Moreover, HG and its derivatives exhibit anti-infective activities against a wide spectrum of pathogens, including bacteria, viruses, Leishmania, T. gondii, and F. hepatica. As a metabolism-regulating agent, HG can affect the metabolic processes of glucose, lipids, and bone. For instance, HG recovers abnormal bone metabolism by modulating the expression of osteoblast differentiation-related genes (ALP, RUNX2, and COL Iα1), inhibiting ROS formation, and suppressing the MAPK pathway. Impressively, HG has been found to possess anti-fibrotic effects through modulation of the Ras/JNK/NFAT4 pathway, the muscarinic acetylcholine receptor, the ISG15-modulated JAK/STAT signaling pathway, the expression of cathepsin B, the NF-κB pathway, and the Smads pathway. Moreover, HG can protect neuronal function to treat neurodegenerative and cerebrovascular diseases, improve depression, suppress aggregation of platelets, and prevent ferroptosis.
This review combed relevant research on the pharmacological effects and underlying mechanisms of HG and its derivatives, with disease targets as the main focus. Additionally, their drawbacks with regards to drug safety, targeting, and bioavailability were also discussed. Although structural modifications and nanomedicine technologies have been applied productively to ameliorate deficiencies and increase the therapeutic efficacy of HG and its derivatives, much work remains. In particular, available data regarding their side effects are extremely limited. Moreover, all existing studies on their pharmacological effects are limited to animal and cell experiments. Therefore, more experimental and clinical investigations into their medicinal safety and toxicity to determine precise dose-effect-toxicity relationships are highly warranted for developing HG and its derivatives as novel pharmaceuticals. In addition, introducing new preparation technologies and drug delivery systems is necessary to improve their safety, targeting, water solubility, and bioavailability. Another concern is that the mechanisms of some actions of HG and its derivatives remain opaque. More cellular and animal studies are required to reveal the relevant mechanisms involved in various diseases holistically. In conclusion, this review will motivate researchers from diverse disciplinary fields to explore the potential applications of HG and its derivatives more deeply.
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Plant Family Medicinal parts Content (% References
Beaumontia grandiflora Wall. Apocynaceae Branches and leaves 0.0024 Wang et al. (2009)
Cussonia arborea Hochst. ex A. Rich Araliaceae Root-bark Not measured Oladimeji et al. (2017)
Hedera helix L. Analiaceae Leaves Not measured Liu B. X. et al. (2014a)
Kalopanax septemlobus (Thunb.) Koidz. Analiaceae Barks 1314-1399 Shu et al. (2019)
Schefflera arboricola Hayata Araliaceae Stems 007-031 Lu etal. (2012)
Hedera sinensis (Tobler) Hand.-Mazz. Anliucese | Whole plant 0.13-118 Li et al. (2020)
Acanthopanax giraldii Harms Araliaceae Leaves 02962715 Zhong et al. (2010)
Caulophyllum robustum Maxim. Berberidaceae Roots and rhizomes 0.000057 Wang J. et al. (20182)
Campsis grandiflora (Thunb.) K. Schum Bignoniaceae Leaves 0.00039 Jin et al. (2004)
Lonicera syringantha Maxim. Caprifoliaceae Aerial parts 0.000027 Qian et al. (2006)
Lonicera japonica Thunb. Caprifoliaceae Flowers 035-0.81 Zhang et al. (2008)
Gypsophila oldhamiana Caryophyllaceae Roots 0.000067 Luo et al. (2008)
Luffa cylindrica (L) Roem Cucurbitaceae Roots 0.0059-0.083 Liet al. (2013a)
Dipsacus asper Wall. ex Henry Dipsacaceae Roots 0.534-4.526 Li et al. (2013b)
Quercus pannosa Hand.-Mazz. Fagaceae Branches and leaves 0.000072 Ou et al. (2013)
Liquidambar formosana Hance Hamamelidaceae Dried resins 0.001 Xu et al. (2023)
Cydocarya paliurus (Batalin) Tjinsk. Juglandaceae Leaves 00002 Yan et al. (2021)
Galeopsis bifida Boenn. Lamiaceae Whole plant 0.0013 Zhang et al. (2002)
Perilla frutescens (L) Britt. Lamiaceae Stems 0002 Song et al. (2014)
Fructus Akebiae Lardizabalaceae Fruits 00045 Jin et al. (2012)
Akebia quinata Decaisne Lardizabalaceae Stems 000011 Chowdhury et al. (2017)
Viscum ovalifolium DC. Loranthaceae Whole plant 00018 Yang Y. J. et al. (2011b)
Syzygium grijsii (Hance) Merr. et Perry Myrtaceae Stems 000009 Luo D. Z et al. (2020a)
Paconia delavayi Franch. Paconiaceae Roots 0.00064 W et al. (2005)
Pittosporum brevicalyx (Oliv.) Gagnep. Pittosporaceae Barks 0001 Yang et al. (1986)
Nigella glandulifera Freyn Ranunculaceae Seeds 362 Shi et al. (2012)
Clematis chinensis Osbeck Ranunculaceae | Roots and rhizomes 0.09-0.66 Liet al. (2013¢)
Pulsatilla dahurica (Fisch.) Spreng Ranunculaceae Roots 0479-2.267 Zheng et al. (2012)
Paconia mairei Levl. Ranunculaceae Roots 0014 Shi et al. (2014)
Clematis apiifolia DC. Ranunculaceae Whole plant 00012 Zhou et al. (2019)
Sarcocephalus pobeguinii (Hua ex Pobég) Rubiaceae Leaves, fruits, and barks 000077 Mifotie Njoya et al. (2023)
Crossopteryx febrifuga Benth Rubiaceae | Stem-bark 000023 Kayangar et al. (2019)
Nauclea offcinalis (Pierre ex Pit.) Merr. et Chun Rubiaceae Branches and leaves 00005 Ma et al. (2005)
Gardenia jasminoides Ellis. Rubiaceae Fruits 0.000024 Zhang et al. (2013)
Sapindus mukorossi Gaertn Sapindaceae Fruit husks Not measured Takagi et al. (1980)
Nephelium lappaceum L. Sapindaceae Hulls 000022 Zhao et al. (2011)
Sapindus saponaria L. Sapindaceae Pericarp 0425 Rodriguez-Hernindez et al. (2015)
Saururus chinensis (Lour.) Baill Saururaceae Aerial parts 000023 Ge et al. (2023)
Euscaphis japonica (Thunb.) Kanitz Staphyleaceae Branches 0.000071 Zhang et al. (2012)
Aquilaria sinensis (Lour.) Gilg Thymelaeaceae Wood containing resins 000027 Liu et al. (2007)
Trapa acornis Nakano Trapaceae Nutshells 0.0004 Chen et al. (2012)
Boehmeria nivea (L) Gaudich. Urticaceae Roots Not measured Xu et al. (2009)
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cancers mechanisms

Cytotoxic activity

Derivative 4 6uM A2780 cells Ovarian cancer | 3 uM (ECso) Permeable cell membrane and | Rodriguez-Hernéndez
secondary necrosis etal. (2019)

Derivative 7 2,510 uM A549 cells Lung cancer 345 uM (ICs,) Induced early cell apoptosis and | Fang et al. (2018)
cell-cycle arrest in the synthesis
phase

Inhibition of proliferation

HG 84.62 uM CaSki cells Cervical cancer | 84.62 M (ICs0) Inhibited the STAT3 signaling | Fang et al. (2019)
pathway

HG 10,20 pM A549 cells Lung cancer Not measured Downregulated the Aurora B | Baek et al. (2022)

pathway and inhibited the
expression and activity of
Aurora kinases

HG 10.58,21.16,42.31 uM | TPC-1 cells Thyroid cancer | Not measured Inhibited IncRNA. Zheng et al. (2022)
PCATI9 expression, promoted
miRNA-4319 expression, and
induced cell cycle arrest in Gap
0/Gap 1 phase

HG 5,10, 20 M U251 and U7 cells | Glioma Not measured Decreased Nur77 expression | Dai et al. (2023)
and suppressed the PI3K/AKT
signaling pathway

HG 84.62 M. US7 cells Glioma Not measured Regulated the hedgehog Zhang et al. (2023)
signaling pathway by reducing
the expression of KIF7

Induction of apoptosis

HG 9.44, 1887, 37.74 uyM | MCF-7 cells Breast cancer 18.87 uM (ICsp) Induced cell death via caspase- | Mfotie Njoya et al. (2023)
3/-7 activation

HG 10 pM HepG2 cells Liver cancer 7237 M (ICso) | Decreased phosphorylated AKT | Wu et al. (2019b)
expression and increased the
expression of p53

HG L,2uM LoVo cells Colon cancer 139uM (24h), | Disrupted the MMP and Liu et al. (2014a)

117 uM (48 h) induced the release of ROS
(ICs0)
HG 70 mg/kg MCF-7 tumor- Breast cancer Not measured Reduced the MMP and Shang et al. (2019)
bearing mice increased the production
of ROS
HG 10, 32, 100 uM A549 cells Lung cancer 263 pM (ICso) Interrupted the MMP and Gao et al. (2016)
suppressed NF-kB activation
HG 10, 50, 80 uM. HNC cells Head and neck | Not measured Downregulated the MMP, Kim et al. (2017a)
cancer increased ROS production and

GSH depletion, and inhibited
the Nrf2/ARE pathway

HG 20 M SKOV3 and Ovarian cancer | 78.12 uM and Suppressed dynamin-related | Su et al. (2024)
A2780 cells 67.07 pM (ICs) | protein 1 -regulated
mitochondrial fission

Derivative 8 10 pM MKN45 cells Gastric cancer | 7 uM (ICs0) Reduced the MMP Liu et al. (2017)

Regulation of autophagy

HG 70 mgkg MCE-7 tumor- Breast cancer Not measured Facilitated the generation of | Shang et al. (2019)
bearing mice autophagosomes, improved

Beclin-1, and encouraged LC3-1
transformation into LC3-I1

HG 50 M. NCIHI299 and | Lung cancer Not measured Upregulated the levels of LC3-11 | Wang et al. (2020)
NCI-HI1975 cells and p62

Reversal of chemotherapy resistance in cancer cells

Derivative 9 5,10 M KBV and MCF7/ | Oral cancer and | Not measured Blocked P-gp drug efflux pump | Yang et al. (2018)
T cells breast cancer function by enhancing the
activity of P-gp ATPase

Derivative 10 05,1,2,5 M KBV cells Oral cancer Not measured Inhibited the efflux function of | Wang et al. (2019a)
P-gp by stimulating P-gp
ATPase activity

Derivative 11 5,10 pM KBV and MCF-7/ | Oral cancer and | Not measured Suppressed the efflux function | Wang et al. (2021)
T eells breast cancer of P-gp
Derivative 12 25,5, 10 pM KBV cells Oral cancer Not measured Inhibited P-gp efilux function | Huang W. et al. (2022b)
by activating P-gp ATPase
Derivative 13 100 pM H1975 and H1975- | Lung cancer 8.1 pM and Improved the level of NO Chen et al. (2019)
LTC cells 7.6 WM (ICso)
HG 10 pM AGS cells Gastric cancer | Not measured Suppressed activation of the | Tang et al. (2024)

PI3K/AKT signaling pathway
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Derivative 1

(405,6a8,6bR;8aR.9R,108,12aR,12R,14DS)-10-hydroxy-9-(hydroxymethyl)-
2,2,64,6b,9,12a-hexamethyl-N-(2-(pyrrolidin-1-yDethyl)-
1,3,4,5,6,60,6b,7,8,82,9,10,11,12,122,12b,13,14b-octadecahyd ropicene-4a(2H)-
carboxamide

CseHeoN205.

568.89

Rodriguez-Hernéndez
etal. (2015)

Derivative 2

(1-(2-fluorobenzyl)- 1H-1,2,3-triazol-4-yl)methyl
(425,6a8,6bR8aRIR,108,12aR,12bR,14bS)-10-hydroxy-9-(hydroxymethyl)-
2,2,62,6b,9,12a-hexamethyl-1,3,4,5,6,62.6b,7.8,82,9,10,1 1,12,1 2a,12b,13,14b-
octadecahydropicene-4a(2H)-carboxylate

CioHs6EN;0,

661.90

Rodriguez-Herndndez
etal. (2016b)

Derivative 3

Derivative 4

Derivative 5

Derivative 6

(1-(2-(4-isocyanopheny))-2-oxoethy])-1 H-1,2,3-triazol-4-y)methyl
(425,625,6bR8aR 9R,108,12R,12bR, 14bS)-10-hydroxy-9-((1-(2-(4-
isocyanophenyl)-2-oxoethyl)- 1H-1,2,3-triazol-4-yD) methoxy)methyl)-
2,2,60,6b,9,12a-hexamethyl-1,3,4,5,6,62,6b.7.8,82.9,10,11,12,1 2a,12b,13,14b-
octadecahydropicene-4a(2H)-carboxylate

((42S,6aS,6bR,8aR,9R,108,12aR, 12b R, 14bS)-10-hydroxy-9-(hydroxymethyl)-
2,2,62,6b,9,12a-hexamethyl-1,3,4,5,6,62.6b,7.8,82,9,10,1 1,12,1 2a,12b,13,14b-
octadecahydropicen-4a(2H)-yl)(pyrrolidin-1-yDmethanone

((38.4R 4R 6aR,6bS,8a8,12a8,14aR, 14bR)-3-acetoxy-4,6a,6b,11,11,14b-
hexamethyl-8a-(pyrrolidine-1-carbonyl)-
1,2,3,4,40,5,6,62,6b,7,8,8,9,10,11,12,12a,14,14a,14b-icosahydropicen-4-yl)
methyl acetate

methyl (4a5,6aR,6bR:8aR 9R,108,12aR, 12bR, 14bS,E)-10-acetoxy-9-
(acetoxymethyl)-14-(hydroxyimino)-2,2,6a,6b,9,12a-
hexamethylicosahydropicene-4a(2H)-carboxylate

CsaHgiNsO5

CHssNOs

CisH3oNO;

CysHagNO;

921.16

525.82

609.89

601.83

Rodriguez-Herndndez
etal. (2017)

Rodriguez-Herndndez
etal. (2019)

Rodriguez-Herndndez
et al. (2019)

Liu et al. (2020a)

Derivative 7

Derivative 8

2-((4a5,625,6bR 8aR,9R,10S,12aR, 12bR, 14bS)-10-hydroxy-9-
(hydroxymethyl)-2,2,6a,6b,9,12a-hexamethyl-
1,2,3,4,42,5,6,62,6b,7,8,8,9,10,11,12,12,12b,13, 14b-icosahydropicene-da-
carbonyl)oxy)ethyl 6-methylpyrazine-2-carbosylate

2-((((4R4aR,6aR,6bS,8aS,12a8,14aR,14bR)-8a-((benzyloxy)carbonyl)-
4,6a,6b,11,11,14b-hexamethyl-3-0xo-
1,23,4,4,5,6,62,6b,7,8,82,9,10,11,12,124,14,14a, 14b-icosahydropicen-4-yl)
methoxy)carbonyl)benzoic (E)-N'-(3-(dimethylamino)propyl)-
N-ethylcarbamimidic anhydride

CssHseN206

Cs3H7N;07

636.87

864.18

Fang et al. (2018)

Liu et al. (2017)

Derivative 9

benzyl (4a5,6a8,6bR 8aR,95,14aR, 14 R, 16bS)-9-(hydroxymethyl)-
2,2,62,6b,9,14a-hexamethyl-1,3,4,5,6,62,6b,7,8,82,9,14,142,14b,15,16b-
hexadecahydrochryseno[1,2-glquinoxaline-4a(2H)-carboxylate

CssHsoN,05

596.86

Yang et al. (2018)

Derivative 10

3-(dimethylamino)propyl (425,625,6bR,8aR 95, 14aR,14bR,16bS)-9-
(hydroxymethyl)-2,2,6a,6b,9,14a-hexamethyl-
1,3,4,56,62,6b,7,8,82,9,14,142,14b,15,16b- hexadecahydrochryseno[1,2-g]
quinoxaline-4a(2H)-carboxylate

Cy7H3N;05

591.88

Wang et al. (2019a)

Derivative 11

((425,635,6bR,8aR 95, 14aR, 14R,16bS)-4a- (benzyloxy)carbonyl)-
2,2,60,6b,9,14a-hexamethyl-1,2,3,4,42,5,6,62,66.7,8,82.9,14,142,14b,15,16b-
octadecahydrochryseno[1,2-glquinoxalin-9-yDmethyl (2-(2-(2-(2-
hydroxyethosy)ethoxy)ethoxy)ethyl) succinate

CsiH7N;010

873.14

Wang et al. (2021)

Derivative 12

benzyl (4a$,6aS,6bR 8aR,9R,13aR,13bR,15bS)-9-(((4-(4-ethylpiperazin-1-yl)-
4-oxobutanoyl)oxy)methyl)-2,2,62,6b,9,13a-hexamethyl-
1,34,5,6,60,6b,7.8,82,9,13,132,13b,14,15b-hexadecahydropiceno] 2,3-d]
isoxazole-da(2H)-carboxylate

CisHerN; 05

782.08

Huang W. et al. (2022b)

Derivative 13

Derivative 14

Derivative 15

Derivative 16

4-(nitrooxy)butyl (425,6a5,6bR,8aR9R,10S,12aR,12bR,14bS)-10-acetoxy-9-
(acetoxymethyl)-2,2,62,6b.9,12a-hexamethyl-
1,3,4,5,6,6a,6b,7,8,8,9,10,11,12,12a,12b,13,14b-octadecahydropicene-d4a(2H)-
carboxylate

(45,625,6bR 8aR.95,14aR, 14bR,16bS)-9- (hydroxymethyl)-2,2,6a,6b,9, 14a-
hexamethyl-1,3,4,5.6,62,6b,7.8,82,9,14,142,14b,15,16b-hexadecahydrochryseno
[1,2-glquinoxaline-4a(2H)-carboxylic acid

benzyl (4a$,6aS,6bR 8aR,9R,12aR,12bR,14bS)-9-(((4-(5-((R)-1,2-dithiolan-3-
‘yl)pentanamido)butanoyl)oxy)methyl)-2,2,6a,6b,9,12a- hexamethyl-10-oxo-
1,3,4,5,6,6a,6b,7,8,82,9,10,11,12,12a,12b,13,14b-octadecahydropicene-4a(2H)-
carboxylate

‘methyl (4a5,6a8,6bR,8aR 9R,108,12aR,12bR,14bS)-10-acetoxy-9-
(methoxymethyl)-2,2,6a,6b,9,12a-hexamethyl-
1,34,5,6,60,6b,7.8,82,9,10,11,12,12a,12b,13, 14b-octadecahyd ropicene-4a(2H)-
carboxylate

CssHsoNOy

CsHagN;05

CisH7 NOGS;

Ca4Hs05

673.89

506.73

834.23

542.80

Chen et al. (2019)

Yu et al. (2023)

Liet al. (2024a)

Hong et al. (2017)

Derivative 17

(4a8,6a8,6bR,8aR 9R,108,12aR,12bR,14bS)-10-acetoxy-9-((benzyloxy)methyl)-
2,2,62,6b,9,12a-hexamethyl-1,3,4,5,6,62,6b,7,8,82,9,10,11,12,12a,12b,13,14b-
octadecahydropicene-4a(2H)-carboxylic acid

CioHs605

604.87

Hong et al. (2017)

Derivative 18

Unable to name the compound due to the unclear binding site between
hemiester and zidovudine (AZT)

Hao et al. (2021)

Derivative 19

Derivative 20

3-nitrophenyl (4a5,6a5,6bR,8aR,9R,108,12aR,12bR,14b$)-10-hydroxy-9-
(hydroxymethyl)-2,2,6a,6b,9,12a-hexamethyl-
1,3,4,5,6,62,6b,7,8,82,9,10,11,12,12a,12b,13,14b-octadecahydropicene-da(2H)-
carboxylate

4-bromophenyl (4a5,6a5,6bR 3R, 9R,108,12aR,12bR,14bS)-10-hydroxy-9-
(hydroxymethyl)-2,2,6a,6b,9,12a-hexamethyl-
1,3,45,6,62,6b,7,8,82,9,10,11,12,12,12b,13,14b-octadecahyd ropicene-da(2H)-
carboxylate

CigHsiBrO;

593.81

627.70

Rodriguez-Herndndez
et al. (2016a)

Rodriguez-Herndndez
etal. (2016a)

Derivative 21

(1-(2,4-difluorobenzyl)-1H-1,2,3-triazol-4-ymethyl
(4256a8,6bR8aRIR,108,12aR, 12bR, 14bS)-10-hydroxy-9-(hydroxymethy)-
2,2,62,6b,9,12a-hexamethyl-1,3,4,5,6,63,6b,7,8,82,9,10,11,12,1 22,12b,13,14b-
octadecahydropicene-4a(2H)-carboxylate

CioHssFoN;04

679.89

Rodriguez-Hernandez
etal. (20162)

Derivative 22

(425,625,6bR8aRIR,108,12aR, 12bR, 14bS)-10-hydroxy-9-(hydroxymethy))-
2,2,6a,6b,9,12a-hexamethyl-N-((1-(2-nitrobenzyl)-1H-1,2,3-triazol-4-yl)
methyl)-1,3,4,5,6,62,6b,7,8,80,9,10,11,12,12a,12b,13,14b-octadecahydropicene-
4a(2H)-carboxamide

CioHs;N5O5

687.93

Rodriguez-Herndndez
et al. (2016a)

Derivative 23

(425,6a5,6bR8aRIR,108,12aR,12bR, 14bS)-10-((3-carboxypropanoylJoxy)-9-
(((3-carboxypropanoyl)oxy)methyl)-2,2,6a,6b.9,12a-hexamethyl-
1,3,4,5,6,68,6b,7,8,82,9,10,11,12,122,12b,13,14b-octadecahyd ropicene-4a(2H)-
carboxylic acid

CisHseOn0

672.86

Anderson et al. (2020)

Derivative 24

Derivative 25

(1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-yl)methyl
(408,628,6bR8aR.9R,108,12aR,12R,14bS)-10-hydroxy-2,2,62,6b,9,12a-
hexamethyl-9-(((1-(4-nitrobenzyl)-1H-1,2,3-triazol-4-yl) methoxy)methyl)-
1,3,4,56,68,6b,7,8,82,9,10,11,12,122,12b,13,14b-octadecahyd ropicene-da(2H) -
carboxylate

(1-(2-fluorobenzyl)- 1H-1,2,3-triazol-4-y)methyl
(4256a8,6bR8aRIR,108,12aR, 12bR, 14bS)-9-(((1-(2-fluorobenzyl)-1 H-1,2,3-
triazol-4-yDmethoxy)methyl)- 10-hydroxy-2,2,62,6b,9,12a-hexamethyl-
1,3,4,5,6,6a,6b,7,8,82,9,10,11,12,12a,12b,13,14b-octadecahydropicene-da(2H)-
carboxylate

CsoHeiNsO5.

CsoHeiFaNOy

905.11

85110

Rodriguez-Herndndez
etal. (2017)

Rodriguez-Herndndez
etal. (2017)

Derivative 26

Derivative 27

(1-(2-0x0-2-(p-tolyl)ethyl)-1H-1,2,3-triazol-4-y)methyl
(408,6a8,6bR,8aR.9R,108,12aR,12bR,14bS)-10-hydroxy-2,2,62,6b,9,12a-
hexamethyl-9-(((1-(2-0x0-2-(p-tolyl)ethy})-1 H-1,2,3-triazol-4-ymethoxy)
methyl)-1,3,4,5,6,6a,6b,7,8,82,9,10,11,12,12a,12b,13,14b-octadecahydropicene-
4a(2H)-carboxylate

N-((4aR4bRGaR,6bS,825,12a5,14aR,14bR,1625)-2,2,42,6a,6b,11,11,14b-
octamethyl-42,5,6,62,6b,7,8,9,10,11,12,12a,14,14a,14b,15,16,16a-
octadecahydro-4H-piceno|3,4-d][1,3]dioxin-8a(4b H)-yl)morpholine-4-
carboxamide

CssH70NsOs

Cy7HeoN>04

899.19

596.90

Rodriguez-Hernéndez
etal. 2017)

Chakroborty et al. (2023)
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Ethylpyrrolidinyl ca8 Improving cytotoxic activity against cancer cells | Rodriguez-Hernéndez et al. (2015)
Triazolyl c28 Improving cytotoxic activity against cancer cells | Rodriguez-Hernandez et al. (2016b)
Triazolyl C-23 and C-28 Improving cytotoxic activity against cancer cells | Rodriguez-Hernéndez et al. (2017)

Pyrrolidinyl ca8 Improving cytotoxic activity against cancer cells | Rodriguez-Herndndez et al. (2019)
Acetyl C3and C-23 Improving cytotoxic activity against cancer cells | Rodriguez-Herndndez et al. (2019)
Oxime cn2 Improving cytotoxic activity against cancer cells Liu X. et al. (2020a)
Pyrazine ca8 Improving cytotoxic activity against cancer cells Fang et al. (2018)

Polyamine c23 Improving anti-proliferative activity Liu et al. (2017)

Benzyl ca8 Exerting chemotherapy resistance reversal activity Yang et al. (2018)
Pyrazine Ring A Exerting chemotherapy resistance reversal activity Yang et al. (2018)
3-Dimethylamino-1- ca8 Improving aqueous solubility Wang X. et al. (2019a)
isopropanol

Polyethylene glycol C230r C28 Improving aqueous solubility Wang et al. (2021)
Isoxazole Ring A Exerting chemotherapy resistance reversal activity Huang W. et al. (2022b)

Ethyl piperazine c23 Exerting chemotherapy resistance reversal activity Huang et al. (2022b)
Pyrazine Ring A Improving anti-inflammatory activity Yu et al. (2023)

Benzyl ca8 Improving anti-inflammatory activity Li H. et al. (2024a)

Disulfide c23 Improving anti-inflammatory activity Li et al. (2024a)
Triazolyl C-23 and C-28 Improving anti-leishmanial activity Rodriguez-Herandez et al. (2017)

Disuccinate C-3and C-23 Improving selectivity against Leishmania Anderson et al. (2020)

Morpholine ring c28 Improving anthelmintic activity and selectivity against Chakroborty et al. (2023)

liver flukes
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AP Amyloid p

AChE Acetylcholinesterase
AD Alzheimer’s disease

AKT Acute kidney injury

AKT Protein kinase B

AL Acute lung injury

ALP Alkaline phosphatase

ALT Alanine aminotransferase

AMPK Adenosine-monophosphate-activated protein kinase
ARE Antioxidant response element

AST Aspartate aminotransferase

Axin2 Axis inhibition protein 2

AZT Zidovudine

11B-HSD1 11B-hydroxysteroid dehydrogenase type 1
CKD Chronic kidney disease

Cmax Peak concentration

COL Ial Collagen type I a 1 chain

CORT Corticosterone

COX-2 Cyclooxygenase-2

cYp Cytochrome P450

CYP51 Sterol 14a-demethylase

Cyt ¢ Cytochrome ¢

DA Dopamine

DM Diabetes mellitus

DPCK Dephospho-coenzyme A-kinase
Drpl Dynamin-related protein 1

ECso Half-maximal effective concentration
E. faecalis Enterococcus faecalis

EGFR Epidermal growth factor receptor
EMT Epithelial-mesenchymal transition
ERK Extracellular signal-regulated kinase
FAE Fructus Akebiae extracts

FAS Fatty acid synthase

F. hepatica Fasciola hepatica

FXR Farnesoid X receptor

GP Glycogen phosphorylase

GSH Glutathione

HDL High-density lipoprotein

HG Hederagenin

HNC Head and neck cancer

HO-1 Heme oxygenase-1

HPA Hypothalamic-pituitary-adrenal

HPC Hepatic parenchymal cell

HSC Hepatic stellate cell

5-HT Serotonin

ICso Half-maximal inhibitory concentration
IFN Interferon

IKBa Inhibitor of kappa Ba

IKK Inhibitory-kappa B kinase

IL Interleukin

iNOS inducible Nitric oxide synthase

IRF3 Interferon regulatory factor 3

ISG15 Interferon-stimulated genel5

JAK2 Janus kinase 2

INK c-Jun NH2-terminal kinase

Keapl Kelch-like ECH-associated protein 1
KIF7 Kinesin family member 7

LC3 Light chain 3

LDL Low-density lipoprotein

L. infantum Leishmania infantum

LncRNA Long noncoding RNA

LncRNA A33 LncRNA A330074k22Rik

LOX Lipoxygenase

LPS Lipopolysaccharide

M3 receptor M3 muscarinic acetylcholine receptor
MAPK Mitogen-activated protein kinase
MDA Malondialdehyde

MDR Multidrug resistance

MIC Minimum inhibitory concentration
miRNA microRNA

MLK3 Mixed lineage kinase 3

MMP Mitochondrial membrane potential
mTOR mammalian Target of rapamycin

NE Norepinephrine

NFAT4 Nuclear factor of activated T cells 4
NE-kB Nuclear factor-kappa B

NLRP3 NOD-like receptor pyrin domain-containing 3
NO Nitric oxide

Nrf2 Nuclear factor erythroid 2-related factor 2
NSCLC Non-small cell lung cancer

PARP Poly ADP-ribose polymerase

PEG Polyethylene glycol

PGE, Prostaglandin E;

P-gp P-glycoprotein

PI3K Phosphatidylinositol 3 kinase

PLY Pneumolysin

PPARa Peroxisome proliferator-activated receptor a
PTPN1 Protein tyrosine phosphatase nonreceptor type 1
ROS Reactive oxygen species

RUNX2 Runt-related transcription factor 2
SMA Smooth muscle actin

SOD Superoxide dismutase

S. pneumoniae Streptococcus pneumoniae

STAT Signal transducer and activator of transcription
STING Stimulator of interferon genes

T1/2 Half-life

TBK1 TANK-binding kinase 1

TC Total cholesterol

TFEB Transcription factor EB

G Triglyceride

TGF Transforming growth factor

T. gondii Toxoplasma gondii

Tmax Time to reach the maximum concentration

TNF Tumor necrosis factor
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Compound  Concentration Model Disease Molecular mechanisms References
Anti-pathogen
HG 67.7 M S. pneumoniae Pneumococcal diseases Suppressed PLY oligomerization Ding et al. (2022)
Derivatives 16,17 | 1 uM Hepatitis B virus Hepatitis B Inhibited the secretory expression of | Hongetal. (2017)
HBsAg
Anti-metabolic disorder
HG 9,27, 81 mg/kg Rat model of hyperlipidemia Hyperlipidemia Downregulated the p38 MAPK Yang etal. (2022)
induced by a high-fat diet signaling pathway
HG 0.1,1,10 pM Mouse osteoblast MC3T3-El cells | Osteoporosis Upregulated the expression of ALP, | Huai et al. (2021)
Runt-related transcription factor 2,
and collagen lal
HG 10 M Murine bone marrow Osteoporosis Constrained the formation of ROSand | Tian et al. (2020)
macrophages suppressed the MAPK signaling
pathway
HG 5uM Ty, colonic epithelial cells, Intestinal and metabolic | Upregulated the mRNA expression | Fallon et al.
murine enteroid-derived disorders of FXR (2022)

monolayers

Anti-fibrosis

HG 20, 50 mg/kg Rat model of pulmonary fibrosis | Pulmonary fibrosis Downregulated the Ras/JNK/ Ma et al. (2020)
induced by bleomycin NFAT4 signaling pathway
HG Not mentioned Hepatic stellate Lx2 cells and Liver fibrosis Increased PI3K expression Wu R etal
hepatic parenchymal L02 cells (20192)
HG 5,10, 15 M Fibroblasts NRK-49 F cells Renal fibrosis Suppressed the M3 muscarinic Yang and He
induced by TGF- acetylcholine receptor (2022)
HG 25, 50 mg/kg Mouse models of CKD induced | Renal fibrosis Inhibited ISG15 and restricted the | Jia et al. (2023)
by ischemia reperfusion injury JAK/STAT signaling pathway
and unilateral ureteral
obstruction
HG 25,5, 10 yM Human renal mesangial cells and | Renal fibrosis Suppressed the activation of the Yang et al. (2023)
human renal proximal tubular NLRP3 inflammasome through
epithelial cells induced by high decreasing cathepsin B expression
glucose
HG 50 mg/kg Mouse model of type-2 diabetes | Cardiac fibrosis Suppressed the NF-kB and Smads Li et al. (2019b)
signaling pathways
Neuroprotection
HG 12.5, 25, 50 mg/kg Mouse model of middle cerebral | Cerebral ischemia/ Decreased the activation of the Yu et al. (2020)
artery occlusion reperfusion injury MLK3 signaling pathway
HG 25, 50 mg/kg APP/PS] transgenic mice Alzheimer’s disease Promoted PPARA/TFEB-dependent | Xie et al. (2023b)
autophagy
HG 10 M Ap-stimulated mouse Alzheimer’s disease Promoted the activation of the Li et al. (2023)
hippocampal cell line HT22 cells PTPNI/AKT signaling
and primary neuronal cells
isolated from mouse
hippocampus
HG 60 M PC-12 cells Parkinson’s disease and Activated autophagy via the AMPK- | Wu et al. (2017)
Huntington’s disease mTOR signaling pathway
Anti-depression
HG 0.3 M PC12 cells injured by CORT Depression Increased MMP and reduced Lin et al. (2021)
intracellular ROS accumulation via
stimulation of the PI3K/AKT pathway
HG 5 mg/kg Rat model of unpredictable Depression Enhanced the mRNA expression of the | Liang et al. (2015)

chronic mild stress-induced
depression

5-HT 1A receptor and reduced the
mRNA expression of the 5-HT
transporter
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Compoun Concentration Model Disease Molecular mechanisms References
HG 10, 30, 100 pM. LPS-induced RAW 264.7 cells Not applicable Inhibited the NF-xB signaling pathway | Lee et al. (2015)
HG 20 mgkg Rat model of atherosclerosis induced | Atherosclerosis Suppressed the IKK/NF-kB signaling | Lu et al. (2015)
by high-fat diet and vitamin D; pathway
Derivative 14 1,3,9 mgkg Mouse model of sepsis with acute | Acute liver injury in | Inhibited the STING/IRF3/NF-kB Yu et al. (2023)
liver injury induced by LPS sepsis signaling
Derivative 15 15,25, 5 mg/kg Mouse model of LPS-induced acute | Acute lung injury | Inhibited the STING/IRE3/NF-xB Li H. et al. (2024a)
lung injury signaling
HG 125,25,50 mg/kg | Rat model of sepsis-induced acute | Acute lung injury | Repressed NLRP3 inflammasome Wang and Zhao
lung injury evoked by cecal ligation activation and M1 macrophage (2022)
and puncture polarization and inhibited the NF-kB
signaling pathway
HG 50 mg/kg Mouse model of type-2 diabetes | Type-2 diabetes Suppressed the NF-xB and Smads Li et al. (2019b)
signaling pathways
HG 10 mg/kg Rat model of neuropathic pain Neuropathic pain | Decreased the phosphorylation of Zhang et al. (2020)
induced by a unilateral loose ligation P38 MAPK
of the sciatic nerve
HG 50 mg/kg Rat model of alcoholic liver disease | Alcoholic liver Decreased p38 MAPK phosphorylation | Kim et al. (2017b)
disease and increased phosphorylated AKT
and ERK
HG 625,125 M C28/12 cells stimulated by IL-1p | Osteoarthritis Suppressed the JAK2/STATS3 signaling | Shen et al. (2023)
pathway and MAPK signaling pathway
and crosstalk between these two
pathways, activated the Keap1-Nrf2/HO-
1 signaling pathway
HG 20, 40 mg/kg Mouse model of acute kidney injury | Acute kidney injury | Inhibited the IncRNA A330074k22Rik/ | Xie et al. (2022a)

induced by cisplatin and LPS-
induced renal tubular epithelial cells

Axin2/p-catenin signaling pathway
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