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Salvia miltiorrhiza (S. miltiorrhiza), which has been used for thousands of years to treat cardiovascular diseases, is a well-known Chinese medicinal plant. The fat-soluble tanshinones in S. miltiorrhiza are important biologically active ingredients including tanshinone I, tanshinone IIA, dihydrotanshinone, and cryptotanshinone. Tanshinone I, a natural diterpenoid quinone compound widely used in traditional Chinese medicine, has a wide range of biological effects including anti-cancer, antioxidant, neuroprotective, and anti-inflammatory activities. To further improve its potency, water solubility, and bioavailability, tanshinone I can be used as a platform for drug discovery to generate high-quality drug candidates with unique targets and enhanced drug properties. Numerous derivatives of tanshinone I have been developed and have contributed to major advances in the identification of new drugs to treat human cancers and other diseases and in the study of related molecular mechanisms. This review focuses on the structural modification, total synthesis, and pharmacology of tanshinone I. We hope that this review will help understanding the research progress in this field and provide constructive suggestions for further research on tanshinone I.
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1 INTRODUCTION
The dry roots of the Chinese medicinal plant Salvia miltiorrhiza (S. miltiorrhiza), also known as Danshen, have been widely used in traditional Chinese medicine to treat heart and vascular diseases (Tian and Wu, 2013). S. miltiorrhiza has been shown to have therapeutic effects on cardiovascular and cerebrovascular diseases, including angina pectoris and myocardial infarction (Wang et al., 2007).
Tanshinone is a natural terpenoid compound and the main active ingredient isolated from Danshen. Modern pharmacological studies have revealed that tanshinone exhibits antiangiogenic, antioxidant, antibacterial, anti-inflammatory, and anti-tumor activities (Wang et al., 2016; Gao et al., 2017; Zhou et al., 2017). Depending on its chemical structure, tanshinone can be divided into different types, among which tanshinone I (1), dihydrotanshinone (2), tanshinone IIA (3), and cryptotanshinone (4) are considered the most important components (Hao et al., 2016; Shi et al., 2016). The chemical structures of these components are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The chemical structure of tanshinone (1–4).
Tanshinone I is a red crystalline powder that accounts for approximately 1.79% of the alcohol extract of S. miltiorrhiza roots (Lee et al., 2008). It is one of the main active components of Danshen and is widely used in the treatment of cardiovascular and cerebrovascular diseases (Liu et al., 2021). Tanshinone I also exerts antioxidant, anti-inflammatory, anti-tumor, and other pharmacological effects (Wang W. et al., 2019; Wang X. et al., 2019; Zhou et al., 2020). Tanshinone I has garnered increasing attention in the last decade, owing to its promising therapeutic effects (Figure 2).
[image: Figure 2]FIGURE 2 | (A) Number of papers published between 2010 and 2020 containing the keyword “tanshinone I”, searched according to Web of Science. (B) Citations between 2010 and 2020 using the keyword “tanshinone I”, searched according to Web of Science.
Detailed studies on the total synthesis and structural modifications of tanshinone I have been conducted. Furthermore, many synthetic routes have been developed, and many tanshinone I derivatives have been designed and synthesized. In the past few decades, substantial progress has been made in the understanding of the molecular mechanisms of action of tanshinone I and its derivatives. The main milestones achieved in the discovery and development of tanshinone I are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Major milestones achieved in tanshinone I-inspired drug discovery and development.
In this review, we briefly summarize the biological and pharmacological data on tanshinone I and highlight the therapeutic potential and value of tanshinone I template as a promising drug development platform. We hope to provide valuable information for future pharmacological research on tanshinone I.
1.1 Anti-Tumor Activity
Studies have shown that tanshinone I exerts inhibitory effects on various tumors, such as lung cancer (Lee et al., 2008; Tung et al., 2013), leukemia (Liu XD. et al., 2010), colon cancer (Su et al., 2008), breast cancer (Wang Y. et al., 2015), liver cancer (Li et al., 2013), gastric cancer (Jing et al., 2016), neuroma (de Oliveira et al., 2017a), and bladder cancer (Shin et al., 2014). Tanshinone I also exerts an inhibitory effect on multidrug-resistant tumor cells (i.e., K562/A02, KB/VCR, and MCF-7/ADR) (Xu et al., 2013).
1.1.1 By Inhibiting Division and Proliferation of Tumor Cells
According to Mosaddik. (2003), 25 μg/ml tanshinone I exerted a significant cytotoxic effect on lymphocytic leukemia cells (P338) and also significantly inhibited their growth and proliferation.
1.1.2 By Inducing Tumor Cell Differentiation and Apoptosis
Su et al. (2008) revealed that tanshinone I can block the G0/G1 phase in human colon cancer cells (Colo 205) and cause them to undergo apoptosis mediated by caspase-3 and p53. Tanshinone I also inhibits the PI3k/Akt signalling pathway and activates telomerase activity and caspase-3 in myeloid leukemia cells to induce apoptosis (Liu JJ. et al., 2010; Liu XD. et al., 2010). Li et al. confirmed that tanshinone I can inhibit growth and promote apoptosis in leukemia and lymphoma cells. It exhibited greater anti-tumor activity than did tanshinone IIA Li et al. (2012). In the human breast cancer cell lines MCF-7 and MDA-MB-231, tanshinone I can significantly reduce the Bcl-2/Bax protein ratio to induce apoptosis (Nizamutdinova et al., 2008a). Wang and Nizamutdinova et al. revealed that tanshinone I affects the PI3K/Akt/mTOR signalling pathway through Caspase-3 activation, downregulates the level of the apoptosis inhibitor protein Bcl-2, and upregulates the level of the pro-apoptotic protein Bax to promote apoptosis in MCF-7 and MDA-MB-453 cells Nizamutdinova et al. (2008b); Wang L. et al. (2015). Ma et al. found that tanshinone I upregulates the expression of miR-32 and other related miRNAs to inhibit the AURKA gene, thereby promoting the apoptosis of non-small cell lung cancer H1299, A549, SPCA-1, HCC827, and BEAS-2B cells Ma et al. (2015).
1.1.3 Blocking the Tumor Cell Cycle
Wang L. et al. (2015) found that tanshinone I can arrest MCF-7 and MDA-MB-453 cells in the S phase and cause a decrease in cyclin B levels and an increase in cyclin E and cyclin A levels. Li et al. (2013) found that tanshinone I can block non-small cell lung cancer cell lines (H1299, H23, and A549) in the S phase and inhibit DNA synthesis after cell processing.
1.1.4 In vivo Experiments
Li et al. (2013) found that tanshinone I could inhibit proliferation in 54% of non-small cell lung cancer H1299 cells and increase apoptosis by 193% in lung cancer cells in mice. Tanshinone I was also found to inhibit lung tumor angiogenesis by 72%, reduce the weight of solid tumors by 34%; it also exhibited a dose-dependent effect. Moreover, tanshinone I did not cause changes in the food intake or body temperature of the mice during the administration period.
Lee et al. (2008) treated immunodeficient mice inoculated with lung cancer cells with tanshinone I and found that the tumor size was reduced by 85% relative to that in the control group. Tanshinone I has also been found to inhibit the formation of tumor blood vessels.
1.1.5 Anti-Angiogenesis Effect
In DU145 prostate tumor mice, tanshinone I significantly inhibited tumor growth through its anti-angiogenic effect and downregulation of Aurora A (Gong et al., 2011). In this context, Wang Y. et al. (2015) found that tanshinone I can not only directly inhibit angiogenesis in tumor cells such as MCF-7, but also indirectly inhibit the angiogenesis of tumor cells by inhibiting VEGF.
1.1.6 Summary of Tanshinone I Tumor Activity
Tanshinone I exhibited unique anti-tumor activity. Several studies have shown that tanshinone I had inhibitory effects on a variety of tumors in vitro and in vivo. The anti-tumor mechanisms of tanshinone include the induction of apoptosis and autophagy, regulation of the cell cycle, and inhibition of proliferation, invasion, metastasis, and angiogenesis in tumor cells. In summary, tanshinone I may be a potential anti-tumor drug and may serve as a candidate for cancer treatment. Table 1 summarizes several in vitro and in vivo studies on tanshinone I.
TABLE 1 | Summary of in vitro and in vivo studies with tanshinone I against various cancer.
[image: Table 1]1.2 Anti-Leukemia Activity
Liu XD. et al. (2010) found that tanshinone I inhibited the growth of U937, THP-1, and SHI1 leukemia cells. Furthermore, its apoptosis-inducing effect was time- and dose-dependent. Notably, the mechanism of action of tanshinone I is related to the activation of caspase-3, inhibition of hTERT mRNA expression and telomerase activity, and downregulation of survivin expression.
1.3 Anti-Inflammatory Activity
Kang et al. (2000) found that tanshinone I can inhibit the production of IL-12 in macrophages and IFN-γ in lymph node cells. Kim et al. (2002) revealed that tanshinone I can inhibit the secretion of prostaglandin E2 (PGE2) in macrophages but does not affect the activity or expression of COX-2. According to Tao et al. (2013a; 2013b), tanshinone I inhibits lung inflammation in mice and protects the endothelium of the trachea. Wang S. et al. (2015) demonstrated that tanshinone I can inhibit the expression or release of NO, TNF-α, IL-1β, IL-6, NF-κB, and other factors.
1.4 Antioxidant Activity
Based on the results of in vivo experiments, tanshinone I can induce the Nrf2 signalling pathway and activate the antioxidant response, thereby protecting tissues (Tao et al., 2013b). Tanshinone I prevents the inhibitory effect of hydrogen peroxide (H2O2) on TCA and mitochondrial complexes. Furthermore, in SH-SY5Y cells, tanshinone I can upregulate glutathione expression in the mitochondria and provide mitochondrial protection against H2O2 by activating Nrf2 (de Oliveira et al., 2017b).
1.5 Neuroprotective Effects of Tanshinone I
Kim et al. (2007); Kim et al. (2009) found that tanshinone I activates the ERK signalling pathway by increasing the levels of pCREB and pERK proteins in the hippocampus, improving learning and reducing memory impairment in mice. Lee et al. (2013) reported that tanshinone I can reduce the infarct area caused by cerebral ischemia and hypoxia in mice and reduce the death of ipsilateral brain neurons. According to Park J. H. et al. (2014) tanshinone I reduces neuronal death in the hippocampus through its anti-inflammatory effects and can increase or maintain the immune response activity and the levels of the anti-inflammatory factors IL-4 and IL-13. Zhou et al. (2011) confirmed that tanshinone I can inhibit the activity of acetylcholinesterase, indicating that tanshinone I can be used as a potential adjuvant to treat Alzheimer’s disease.
1.6 Other Effects of Tanshinone I
Tanshinone I also has anti-osteoporosis (Lee et al., 2005; Kim et al., 2008), and antifungal activities (Wang et al., 2007). It can improve insulin resistance in patients with type 2 diabetes (Wei et al., 2017) and inhibit allergic skin reactions (Trinh et al., 2010). Tanshinone I also protects vertebral cells from neuronal ischemia-reperfusion injury (Park JH. et al., 2014).
2 TOTAL SYNTHESIS OF TANSHINONE I
Total synthesis of tanshinones and their analogs has been attempted since the early 1960s (Baillie and Thomson, 1968), and many strategies have been developed. This section focuses on the main strategies employed.
2.1 First Total Synthesis of Tanshinone I and Diels-Alder Addition Route
The first total synthesis of tanshinone I was completed in 1968 by Baillie and Thomson, using podocarpic acid (5) as the starting material (Figure 4) (Baillie and Thomson, 1968). The dehydrogenation of podocarpic acid (5) with selenium powder resulted in 8-methyl-3-phenanthrol (6), which was coupled with diazotized sulfanilic acid (7), reduced to aminophenol (8), and oxidized to quinone (9) via the Fieser method. Intermediate 9 was cyclized with β-chloro-α-methylpropionyl peroxide, resulting in dihydrotanshinone, which was dehydrogenated to obtain tanshinone I, with a total yield of 34%.
[image: Figure 4]FIGURE 4 | Podocarpic acid synthetic tanshinone I and Diels-Alder addition route.
Wu et al. (2017) used 2-methylstyrene (10) and 2-methoxy-1,4-benzoquinone (11) as raw materials to synthesize tanshinone I (Figure 4). Compounds 10 and 11 underwent the Diels-Alder reaction in toluene to yield compound 12. Subsequent demethylation of compound 12 in EtOH using NaOH solution resulted in compound 9. The Feist-Bénary reaction between compound 9 and chloroacetone in CH3COOH-CH3COONH4 yielded tanshinone I, with a total yield of 18.5%.
Inouye and Kakisawa also used the Diels-Alder reaction to synthesize tanshinone I (Figure 4) (Inouye and Kakisawa, 1969). o-Methylstyrene (10) and 3-methylbenzofuran-4,7-quinone (13) were heated without solvent to obtain phenanthrenequinone (14). Compound 14 was then precipitated with platinum oxide in acetic acid to obtain compound 15, which was then hydrolyzed with potassium hydroxide to obtain compound 16. Compound 16 was acidified with concentrated sulfuric acid to obtain dihydrotanshinone. Finally, DDQ was used to process dihydrotanshinone to obtain tanshinone I with a total yield of approximately 4%.
Wang et al. (2018) synthesized tanshinone I using a simple and efficient method (Figure 4). 2-cyclohexenone (17) was subjected to α-iodination under K2CO3/DMAP/I2 conditions to obtain iodoketene (18). Compound 20 was cross-coupled, catalyzed by palladium, and then subjected to Grignard addition with methylmagnesium bromide to obtain hydroxydiene (19). Benzofuran-4,5-dione dienophile (21) was prepared via the oxidation of 3-methyl-benzofuran-5-ol (20). Compounds 19 and 21 underwent the Diels-Alder reaction to obtain compound 22. Compound 22 underwent an elimination reaction catalyzed by p-toluenesulfonic acid to obtain the key intermediate 23. The aromatization of intermediate 23 yielded tanshinone I.
Yang et al. (2016) reported a three-step synthesis route for tanshinone I, which includes the Diels-Alder reaction, ∆2-Weitz-Scheffer-type epoxidation, and the Feist–Bénary reaction (Figure 4). First, the Diels–Alder reaction between o-methylstyrene (10) and p-benzoquinone (24) directly yielded 1,4-phenanthrenedione (25). Thereafter, compound (25) was oxidized with hydrogen peroxide to obtain the epoxy group (26). Finally, the dicarbonyl compound was condensed with α-haloketone, and the furan ring was formed via elimination to obtain tanshinone I. This method can be used to obtain tanshinone I and its derivatives with different substituents.
2.2 Routes of Benzene or Naphthalene Derivatives
De Koning et al. (1998) developed a photochemical cyclisation method that can be used to produce key intermediates (30), as shown in Figure 5. The coupling reactions of compounds 25 and 26 yielded 27. Treatment of 27 with potassium tert-butoxide under simultaneous irradiation with a high-pressure mercury lamp yielded 56% of the intermediate. In 1974, Hout and Brassard (1974) used 20 to obtain tanshinone I. Demethylation and oxidation of compound 30 resulted in quinone 31, and its acetylation led to 32. Compound 9 was obtained via reaction with sodium methoxide, followed by the addition of methallyl to produce 33. Acetylation and oxidative cleavage of compound 33 resulted in the formation of the aldehyde 34. After alkaline hydrolysis of compound 34, the acid promoted cyclization, resulting in tanshinone I.
[image: Figure 5]FIGURE 5 | Benzene or naphthalene derivatives addition route.
Rubottom and Kim (1983) developed a photochemical aromatic cyclization strategy for the synthesis of tanshinone I (Figure 5). 5-Bromo-1-naphthoic acid (35) was first converted to methyl ketone 36. Thereafter, the diazonium transfer method was employed to synthesize key diazoketone 37 using 36. Compounds 37 and 38 produced phenol 34 under irradiation with a low-pressure mercury lamp (254 nm). The treatment of 39 with tetra-n-butylammonium fluoride in the presence of oxygen resulted in 16, which was converted into dihydrotanshinone with concentrated sulfuric acid. The dehydrogenation of dihydrotanshinone with DDQ yielded the final product, tanshinone I. The synthetic route was divided into six steps, and tanshinone I was obtained in a 33% yield.
Researchers (Jiao et al., 2014; Foulkes et al., 2020) synthesized tanshinone I using a relatively mild method (Figure 5). Sodium percarbonate was used to oxidize 5-bromovanillin (40), and the ester functional group was hydrolyzed to obtain 1,4-hydroquinone (41). The subsequent oxidation of 41 with FeCl3 yielded 42. Using 0.3 equivalents of AgNO3 and 2 equivalents of (NH4)2S2O8, the decarboxylation radical alkylation reaction of 3-phenylpropionic acid with 42 proceeded smoothly to obtain compound 43. Compound 43 was reacted with Pd (OAc)2 (0.45 equivalent), PPh3 (0.8 equivalent), and K2CO3 (3 equivalent) under reflux with toluene for 12 h. Owing to intramolecular cyclisation, compound 44 were obtained. Compound 44 was treated with an aqueous sodium hydroxide solution under reflux with EtOH under O2 atmospheric pressure to obtain the key intermediate 9. Finally, anhydrous toluene was used as the solvent, and compound 9 was treated with bromo-2-acetone and NH4OAc at 120°C in a sealed tube to obtain tanshinone I (yield: 35%).
2.3 Summary of the Total Synthesis of Tanshinone I
Since the report of the first total synthetic route of tanshinone I in 1968, several methods for the total synthesis of tanshinone I have been consecutively developed. The most important route is the Diels-Alder addition route. Intermediate 9 is the most important intermediate in this route, and the ring is closed with bromo-2-acetone to form a furan ring, resulting in tanshinone I. In addition, tanshinone I can be obtained by the oxidation of dihydrotanshinone.
3 STRUCTURAL MODIFICATION OF TANSHINONE I
Tanshinones, including tanshinone IIA, tanshinone I, and cryptotanshinone, represent a large class of tetracyclic furanquinone diterpenoids isolated from the traditional Chinese medicine Danshen, which exhibits a variety of pharmacological activities (Wang et al., 2007; Dong et al., 2011).
Further clinical development of tanshinone I was hindered by its weak potency, extremely low water solubility (Yu et al., 2012), poor PK properties (Park et al., 2008; Liu Y. et al., 2010), short half-life, and low bioavailability (Wu and Yang, 2014). Therefore, it was necessary to modify the structure of tanshinone I to improve its biological activity and water solubility.
3.1 Derivatization Site of Tanshinone I
In recent years, studies on tanshinone I have led to improved water solubility through structural modifications, thereby improving its bioavailability. The structure of tanshinone I provides several sites for derivatization. The modified sites of tanshinone I include o-quinone, C-17, and C-15 of the furan ring.
3.1.1 Structural Modification of o-Quinone Sites
The first modification method of the o-quinone structure of tanshinone I involves the reduction of o-quinone (45) (Foulkes et al., 2020), followed by acylation of the phenolic hydroxyl group (46) (Foulkes et al., 2020) or alkylate (47) (Foulkes et al., 2020). The second modification method uses amine compounds to react with 11 and 12 o-dicarbonyl groups to generate imidazole (48) (Li et al., 2018), oxazole (49, 50) (Li et al., 2018), and pyrazine (51) (Li et al., 2018). The third modification method involves the oxidation of the o-quinone structure to form acid anhydride (52) (Zhang et al., 2013); however, this method results in a by-product of ring opening (53) (Li et al., 2014). Finally, the o-quinone structure can be directly transformed into an o-methoxy structure (54) (Li et al., 2020) (Figure 6).
[image: Figure 6]FIGURE 6 | Structural modification of o-quinone sites.
3.1.2 Structural Modification of Furan Ring, A Ring and B Ring of Tanshinone I
The furan ring of tanshinone I is a hot spot for modification (Figure 7). The C-17 position of the furan ring is oxidized to introduce a hydroxyl group (55) (Ding et al., 2018). The hydroxyl group can be brominated (56) (Ding et al., 2018), and bromine can be substituted with various imines to obtain new derivatives (57) (Ding et al., 2018). An aldehyde group (58) can also be introduced at the C-15 position via the Vilsmeier–Haack reaction (Wang et al., 2017b); while a phenyl group (59) can be introduced at the C-15 position via a coupling reaction (Jiao et al., 2015). Furthermore, an aminomethylated product (60) can be obtained via the Mannich reaction (Wang D. et al., 2015). Tanshinone I can be used to obtain a unique α,α-difluoro β,β-dihydroxy-p-quinone (61) through a fluorination reaction (Li et al., 2017).
[image: Figure 7]FIGURE 7 | Structural modification of furan ring, A ring and B ring of tanshinone I.
In the total synthesis of tanshinone I, changing the reaction conditions can result in derivatives with great structural changes, including dearomatization of the furan ring of tanshinone I (62) (Ding et al., 2018), changes in the substituents on the phenyl group of the A ring (63) (Jiao et al., 2014; Foulkes et al., 2020), and in the structure of the B ring (64, 65) (Ding et al., 2018).
3.2 Synthetic Route of 2-Aryl Derivative of Tanshinone I
Jiao et al. (2015) directly activated Csp2-H on the a-position of the furan ring of tanshinone I and produced palladium-catalyzed carbon–carbon coupling to prepare the natural product tanshinone I 2-arylated derivative (66–77) (Figure 8). Pharmacological activity has not yet been reported.
[image: Figure 8]FIGURE 8 | Synthetic route of 2-aryl derivative of tanshinone I (66–77).
Wang et al. (2017a) synthesized a novel water-soluble low-molecular chitosan (LMC) tanshinone I derivative (78) (Figure 9). Derivative 78 effectively reduced the A549 and 7901 cell viability rate, inhibited metastasis, induced apoptosis, and dissipated mitochondrial membrane potential (ΔΨm).
[image: Figure 9]FIGURE 9 | Synthetic chitosan-tanshinone I (78).
3.3 Synthetic Route of o-Quinone of Tanshinone I
Oxazoline (Pfeiffer et al., 2009), imidazole (Komodzinski et al., 2013), and pyrazine (Rajule et al., 2012) derivatives are used in oncology. Li et al. (2018) used tanshinone I as a raw material to synthesize a library of C-11/C-12 small nitrogen heterocyclic derivatives characterized by oxazole, imidazole, and pyrazine rings via a simple method (Figure 10). Consequently, six new derivatives were synthesized (49–51, 79–81). Based on pharmacological experiments, four derivatives (51, 79–81) showed moderate cytotoxic activity against five human cancer cell lines in vitro. Furthermore, compounds 50 and 79 exhibited activity against CNE cells. Therefore, the imidazole derivatives displayed higher activities than did the oxazoline and pyrazine alternatives. Among the imidazole derivatives, aryl substitution (81, 80, 51) on the oxazole ring has been proven to be effective. Compared to tanshinone I, the stronger biological activity of 80 indicates that this modification strategy is promising.
[image: Figure 10]FIGURE 10 | Synthetic route of o-quinone of tanshinone I (49–51, 79–81).
3.4 Synthetic Route of 12-Position of Tanshinone I
Liu et al. (2017) developed an efficient and straightforward methodology for the synthesis of novel tanshinone I-substituted bis (indolyl/pyrrolyl) methane scaffolds 82–91 through the TsOH-catalysis-enabled addition of indoles or pyrroles with tanshinone I, based on a molecular hybridization strategy (Figure 11). Good product yields (up to 81%) were obtained. Furthermore, their biological activities against the human leukemia cell line K562, human prostate cancer cell line PC3, and human lung cancer cell line A549 were preliminarily demonstrated using in vitro assays.
[image: Figure 11]FIGURE 11 | Synthetic route of 12-position of tanshinone I (82–91).
Compounds 50 and 79–88 are all derivatives of tanshinone I, and their IC50 values for cancer cells are summarized in Table 2.
TABLE 2 | The anti-proliferation effect of tanshinone I derivatives on a variety of cancer cell lines (IC50 μM).
[image: Table 2]Reports have been published on the structural modification of tanshinone I, including the introduction of groups at the C-15 position, such as phenyl (Jiao et al., 2015). The introduction of other substituents on the A ring (Jiao et al., 2014; Foulkes et al., 2020), or o-quinone moiety forms a heterocyclic ring such as an imidazole ring (Li et al., 2018). However, most of these derivatives do not exhibit strong in vitro anti-tumor activity. Therefore, a more extensive and systematic structural modification of tanshinone I is required, and new tanshinone I derivatives should be developed to improve the anti-tumor efficacy of tanshinone and improve its water solubility, metabolic stability, and pharmacokinetic properties.
Ding et al. (2018) designed four series of tanshinone analogs through 1) the introduction of a nitrogen-containing functional group at the C-17 position to obtain derivatives 92–106 with increase water solubility and molecular flexibility (Figure 12); 2) dearomatization of the metabolically unstable furyl ring to obtain derivatives 108–112; this method can reduce the aromaticity of tanshinone I and increase its molecular stability (Figure 13); 3) the key intermediates 118–122 (Figure 14) were synthesized, and the naphthylene A/B ring was replaced with isoquinolinone or isoquinoline. The side chain was anchored on the N- or O-moiety to obtain derivatives 128–140, 143, 144, and 146 (Figure 15).
[image: Figure 12]FIGURE 12 | Introducing a nitrogen-containing functional group at the C-17 position.
[image: Figure 13]FIGURE 13 | Furan ring dearomatization.
[image: Figure 14]FIGURE 14 | Synthesize the key intermediates 118–122.
[image: Figure 15]FIGURE 15 | Anchor the side chain on the N- or O- moiety.
The growth-inhibitory effect of synthetic tanshinone I derivatives on squamous cell carcinoma KB cells and corresponding vincristine-resistant KB/VCR cells was assessed via the sulforhodamine B (SRB) assay, as described in the in vitro screening protocol (experimental section), and the in vitro anti-proliferative activity results are summarized in Table 3.
TABLE 3 | Antiproliferative effects of tanshinone I derivatives (55, 92–106, 108–112, 128–140, 143–144, and 146) on human cancer cell lines.
[image: Table 3]Compared to tanshinone I, compound 55 exhibited a more potent anti-proliferative effect on the two cancer cell lines tested. Most 17-amino compounds exhibited significant anti-proliferative activity against KB and KB/VCR cells. Among the 17-amino derivatives 92–106, compound 92 exhibited the most potent anti-proliferative activity against the two cancer cell lines tested, with IC50 values of 1.11 and 0.51 μM, respectively.
Among the furfur-ring dearomatized analogs (108–112), compound 108 exhibited moderate inhibitory activity against the proliferation of the two cancer cells (KB and KB/VCR cells) tested, with an IC50 value of approximately 2.0 μM. Compound 109 was the most active, with IC50 values of 1.63 and 1.24 μM, respectively. Pharmacological experiments showed that the introduction of functional groups into the B ring or furanyl 17-methyl group, which increased water solubility and significantly enhanced the anti-proliferative activity in KB and KB/VCR cells. It also significantly improved water solubility and metabolic stability.
Among the series of 7-aza derivatives with different alkyl side chains (128–149, 143, 144 and 146), compound 132 showed significant potency improvement against KB and KB/VCR cells with IC50 values of 0.71 and 0.92 μM, respectively. Extending the length of the N- or O-alkyl side chains resulted in decreased cellular efficacy, especially in KB cells. The inhibitory activity of the O- or N-aminopentyl derivatives 129 and 131 was approximately 2- to 7-fold higher in KB/VCR cells than in KB cells. In conclusion, the N-aminopropyl side chain was determined to be the optimal side chain for attachment to the 7-aza B ring. Of the derivatives 133–140 with various N-aminopropyl side chains, most exhibited potent anti-proliferative activity with low micromolar or sub-micromolar IC50 values. Among all derivatives, the derivative 135 showed the strongest anti-proliferative activity, with an IC50 of 0.12 and 0.33 µM for KB and KB/VCR cells, respectively. The effect on KB and KB/VCR cells was approximately 49- and 13-fold higher than that of tanshinone I. Furthermore, compound 135 significantly improved drug-like properties, enhanced water solubility (15.7 mg/ml), improved metabolic stability of liver microsomes, and improved pharmacokinetic characteristics (T1/2 = 2.58 h; F = 21%). Compound 135 induced caspase 3/7-dependent apoptosis in HCT116 cells in a concentration-dependent manner and mediated apoptosis. In nude-mouse experiments, compound 135 was administered at 10 mg/kg; this concentration significantly inhibited the growth of HCT116 xenografts but did not reduce the body weight of the mice.
3.5 Synthesis of 2-(N-Pyrrolidine-Alkyl) Tanshinone I (147)
Wang D. et al. (2015) synthesized 2-(N-pyrrolidine-alkyl) tanshinone I (147) with tanshinone I and tested its antibacterial activity (Figure 16). Tanshinone I showed no antibacterial activity against Gram-positive and Gram-negative bacteria (minimum inhibitory concentration >128 μg/ml). Compound 147 had a selective inhibitory effect on Gram-positive bacteria, with a minimum inhibitory concentration ranging from 8 to 16 μg/ml; however, this compound was non-toxic to Gram-negative bacteria (minimum inhibitory concentration >64 μg/ml).
[image: Figure 16]FIGURE 16 | Synthesis of 2-(N-pyrrolidine-alkyl) tanshinone I (147).
3.6 Summary on Structure-Activity Relationship of Tanshinone I Analogues
In summary, this chapter reviews the latest progress in structural modification, aiming to explore the biological activities of various tanshinone I analogs, mainly the anticancer activity is the most studied. The synthesis of various tanshinone I analogs and the cumulative results of their anticancer effects on various malignant cells established meaningful SARs, as shown in Figure 17. In short, modification of the C-17 position can significantly improve the anticancer efficacy and water solubility of tanshinone I. Modification of the ortho-diquinone structure and dearomatization of the furan ring can increase the structural diversity and enhance the anticancer activity. The 7-nitrogen fragments introduced into the B-ring with different alkyl side chains enhanced the anticancer activity, significantly improved the drug-like properties, enhanced water solubility, and improved the metabolic stability and pharmacokinetic characteristics of the liver. There have been relatively few studies on the modification activity of the A-ring, and no useful SAR has been established for the A-ring region. In conclusion, existing synthesis studies provide useful and efficient modification strategies for the further development of tanshinone I derivatives with enhanced biological activities and pharmaceutical properties.
[image: Figure 17]FIGURE 17 | Graphical depiction of the general structural anticancer activity relationship of tanshinone I derivatives.
4 CONCLUSION
Natural products are valuable sources of molecular diversity for drug discovery. S. miltiorrhiza is a Chinese medicinal plant that exerts stable pharmacological effects in the treatment of cardiovascular diseases. Based on an in-depth study of S. miltiorrhiza, its components were isolated, and tanshinone I was reported to be an important component.
In the past decade, the biological potential of tanshinone I in leukemia as an anti-inflammatory and anticancer agent has attracted significant interest. A large number of studies have shown that tanshinone I can achieve anti-tumor effects in a variety of ways, including inhibiting tumor cell division and proliferation, inducing tumor cell differentiation and apoptosis, and blocking the tumor cell cycle. Therefore, tanshinone I has a great anticancer potential. However, its efficiency and clinical potential are affected by its low water solubility, low bioavailability, short half-life, and poor pharmacokinetic properties. Therefore, to avoid these problems, various derivatives were designed and synthesized to identify highly effective drugs. A variety of potential targets and signalling pathways related to tanshinone I and its partial derivatives have been identified, providing new candidate compounds for more effective anticancer drugs. However, there are still some questions and new directions for future development to advance tanshinone I analogs into viable treatments:
1) Although Danshen and tanshinone I have received great attention in the past decade, their exact molecular mechanisms in the treatment of cancer and other diseases remain to be elucidated. Current research results show that the efficacy and clinical potential of tanshinone I are affected by low water solubility, low bioavailability, short half-life, and poor pharmacokinetic properties, and it is difficult to apply tanshinone I in clinical practice. We hope that subsequent studies will map the complete signalling network associated with tanshinone I to facilitate future research on new drugs for potential clinical indications.
2) Pharmacological studies on tanshinone I and its derivatives preliminarily revealed the development value of tanshinone I and its derivatives. Especially in the field of anti-tumor research and development, compound 135 (Figure 17) showed strong anti-cancer activity against KB and KB/VCR cells, and in vivo experiments, it significantly inhibited the growth of HCT116 tumor without reducing the body weight of nude mice. Utilizing the proven tanshinone I derivatives (Figure 17) and the available SAR information based on the grouped fragments that increase drug activity or improve water solubility, especially the key pharmacophore in natural medicines on the market and in clinical trials. This may provide a new strategy to develop tanshinone I derivatives with high efficacy, water solubility, bioavailability, and safety.
3) In the early stage of drug discovery, animal experiments on tanshinone I and its derivatives should be performed first because there are few animal experiments on tanshinone I and its derivatives. Modification of tanshinone I by introducing hydrophilic functions, such as 55 and 92, can improve water solubility and anti-tumor activity. Unfortunately, these compounds have not yet achieved particularly strong pharmacological activities, and there have been no relevant in vivo experiments.
4) Novel drug delivery systems are effective strategies to improve water solubility, absorption, distribution, metabolism, excretion (ADME), and toxicity of many drugs (Allen and Cullis, 2013; Liu et al., 2014). A study on tanshinone I combined with a novel drug delivery system has not yet been reported. For example, conjugation of tanshinone I with receptor-selective ligands such as sugars, peptides, antibodies, and oligonucleotides, as well as the encapsulation of tanshinone I with well-designed nano-vehicles. The development of novel drug delivery formulations that include nanosuspensions, micelles, nanoparticles, and nanogels will improve the efficacy, water solubility, and targeting properties of tanshinone I formulations.
5) In most of the aforementioned studies, the reported modifications were limited to furan rings, B rings, and o-diquinone, while the A ring modification of this molecule is still underdeveloped. Therefore, future work should be devoted to studying A-ring modification of tanshinone I. In addition, tanshinone I derivatives have been tested in various cancer cells. Many natural products are biologically active and simultaneously provide opportunities for drug discovery in different therapeutic areas. Tanshinone I is known to have biological activities such as anti-tumor, anti-inflammatory, anti-leukemia, anti-oxidative, and neuroprotective. However, research on tanshinone I derivatives has only focused on the anti-tumor field, with the exception of compound 147, which has antibacterial activity. We hope that researchers will explore other neuroprotective, antibacterial, and anti-inflammatory effects of tanshinone I and its derivatives.
6) The development of tanshinone I-based drug combinations is also a useful strategy, such as combining tanshinone I with other anticancer drugs to obtain high anticancer activity, thereby overcoming the limitation of insufficient anti-tumor activity of tanshinone I. We believe that tanshinone I provides a natural product platform for drug development to treat cancer and other diseases. Thus far, this platform has provided an excellent basis for the development of new derivatives that are more potent and water-soluble than the natural product tanshinone I. Tanshinone I derivatives may be potential drugs for the clinical treatment of human diseases.
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