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Profound progress has been made in cancer treatment in the past three decades. However, drug resistance remains prevalent and a critical challenge. Drug resistance can be attributed to oncogenes mutations, activated defensive mechanisms, ATP-bind cassette transporters overexpression, cancer stem cells, etc. Chinese traditional medicine toad venom has been used for centuries for different diseases, including resistant cancers. Bufalin is one of the bufadienolides in toad venom that has been extensively studied for its potential in refractory and drug-resistant cancer treatments in vitro and in vivo. In this work, we would like to critically review the progress made in the past decade (2013–2022) of bufalin in overcoming drug resistance in cancers. Generally, bufalin shows high potential in killing certain refractory and resistant cancer cells via multiple mechanisms. More importantly, bufalin can work as a chemo-sensitizer that enhances the sensitivity of certain conventional and targeted therapies at low concentrations. In addition, the development of bufalin derivatives was also briefly summarized and discussed. We also analyzed the obstacles and challenges and provided possible solutions for future perspectives. We hope that the collective information may help evoke more effort for more in-depth studies and evaluation of bufalin in both lab and possible clinical trials.
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INTRODUCTION
Drug resistance remains a significant challenge that undermines effective cancer treatment
While variable and effective therapies are now available for most early- and certain late-stage cancers, a significant obstacle is the high incidence of innate or acquired drug resistance, which may eventually account for treatment failure and cancer-related death (Dong et al., 2022a; Cui et al., 2022; Wang et al., 2022). It has been confirmed that drug resistance can occur shortly following treatment of chemotherapies including conventional, targeted, and immunotherapy, posing a significant challenge in cancer treatment. Growing evidence has suggested that various factors contribute to drug resistance, such as 1) the mutations or alteration of oncogenes, 2) enhanced cellular defensive systems, including the activation of DNA repair, overexpression of ATP-binding cassette (ABC) transporters, and enhanced anti-oxidative activity, 3) apoptosis resistance, and 4) cancer stem cells (CSCs), etc. (Narayanan et al., 2020; Wang et al., 2021; Peery et al., 2022) as briefly discussed below and illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | Multifaceted mechanisms contribute to drug resistance in cancers.
The mutations of oncogenes are the primary reasons that cause resistance to targeted therapies (Pagliarini et al., 2015). It has been reported that cancer cells can develop drug resistance after a short period of treatment by actively altering the associated genes not limited to oncogenes (Rosell, 2013). Specific mutations and alterations may confer universal resistance to conventional chemotherapeutics, targeted therapy, and cutting-edge immunotherapy (Zaretsky et al., 2016; Shin et al., 2017). A further structural modification or combinational strategy is usually adopted to overcome it.
The second direct way to escape from the toxic effects of anticancer agents is to activate cellular defensive weapons. Many conventional chemotherapeutics are known to induce DNA damage, thereby stopping cancer cell division and proliferation (Reuvers et al., 2020; Wettasinghe et al., 2021). However, cancer cells, especially resistant cells, are known to possess more robust phenotypes of antagonizing DNA damage via innate DNA repair or adaptive repair pathways (Jiang et al., 2020; Li et al., 2020). Another defensive weapon is the strengthened anti-oxidative activity via up-regulating reductive enzymes to reduce lethal levels of free radicals, which, in turn, help cancer cells evade cell death (Cui et al., 2018). Generally, due to unleashed cell proliferation, invasion, and migration, oxidative stress in cancer cells can be further increased due to drug exposure (Hayes et al., 2020). While most sensitive cells will be killed, a small fraction of surviving cells become resistant to the previously used drug by harnessing a more potent anti-oxidative mechanism (Okon and Zou, 2015). Combinational therapies are usually developed to overcome drug resistance mediated by enhanced DNA repair or antioxidative capability.
The overexpression of ABC transporters on cell membrane that can effectively transport anticancer drugs out of cancer cells is another leading cause of drug resistance (Li et al., 2016; Wu et al., 2022; Sajid et al., 2023). ABC transporters are a group of proteins composed of 49 members named ABCA-ABCG (Kathawala et al., 2015; Thomas and Tampe, 2020). Most of them have been validated in both lab and clinical studies to induce multi-drug resistance (MDR), a term describing cancer cells becoming resistant to a series of anticancer agents that are structurally and mechanistically distinct (Robey et al., 2018; Wang et al., 2021; Sajid et al., 2023). In recent two decades, while many specific or repurposed inhibitors/regulators of ABC transporters have been developed, their efficacies in clinical setting are yet to be validated (Wang et al., 2020; Dong et al., 2022b).
Depending on its mechanisms, most anticancer agents can induce apoptosis via external or internal pathways. However, cancer cells may swiftly upregulate anti-apoptotic but downregulate pro-apoptotic proteins, leading to drug resistance (Fulda, 2009; Neophytou et al., 2021). Novel agents targeting different players in apoptotic pathways are in urgent need.
CSCs are a set of sub-population cells with self-renewal and differentiation characteristics, possibly contributing to tumor formation and relapse (Shenouda et al., 2020). CSCs are naturally drug-resistant, possibly due to their intrinsic property and strengthened defensive weapons compared to non-CSCs (Carvalho et al., 2021; Fong et al., 2021; Miyoshi et al., 2021). By far, there are minimal therapies that can selectively target and eliminate CSCs.
Of note, the causes of resistance may be complicated and should be defined from case to case, those well-defined factors can also serve as feasible targets that can be modulated by pharmacological regulation, e.g., small-molecule agents.
Bufalin derived from toad venom holds excellent promise in cancers
Toad venom (Chan-Su) is a traditional Chinese medicine (TCM) that has shown therapeutic efficacies for treating cancer, cardiovascular diseases, inflammation, etc. (Li et al., 2021; Zheng et al., 2022). Chemically, alkaloids (Dai et al., 2018a) and bufadienolides (Qu et al., 2012) are the two main components in toad venom that exert their pharmacological effects (Yang et al., 2015). Studies have confirmed that both alkaloids and bufadienolides majorly work to treat cancers (Zhang et al., 2013; Yu et al., 2014; Meng et al., 2016; Chen et al, 2020a; Dong et al., 2022a), while bufadienolides also exert therapeutic effects in cardiovascular diseases and inflammation (Zheng et al., 2022). Bufalin (Figure 2), 3β,14-dihydroxy-5β-bufa-20,22-dienolide (Zhang et al., 2020), has a molecular weight 386.53. Structurally, the other components of bufadienolides, including arenobufagin, gamabufotalin, bufogenin, bufatalin, resibufogenin, cinobufagin (Figure 2) which are all isolated or derived from toad venom, share the same scaffold as bufalin. Thus, these structurally related compounds can be regarded as bufalin’s derivatives. In this review, we would like to have an overview of bufalin, the most studied bufadienolide, in treating refractory and resistant cancers. Bufalin has been shown significant therapeutic effects in lung cancer (Zhu et al., 2012), bladder cancer (Hong and Choi, 2012), breast cancer (Yan et al., 2012a), oral cancer (Tsai et al., 2012), colon cancer (Xie et al., 2011), gastric cancer (Li et al., 2009), ovarian cancer (Takai et al., 2008), suggesting it is a broad-spectrum anticancer agent. Of note, bufalin has been extensively studied after 2012, especially in drug-resistant or refractory cancers. Therefore, in this review, we focused on those studies published in 2013–2022 (studies with significance will also be included).
[image: Figure 2]FIGURE 2 | Structures of Bufalin and its derivatives. The primary structural differences in different rings are highlighted.
Bufalin is historically recognized as a specific inhibitor of Na+/K+-ATPase, originally used to repel toad’s natural enemies (Laursen et al., 2015; Xu et al., 2016). While the major therapeutic application of bufalin falls in cancer treatment (Chen et al., 2021a), bufalin also possesses therapeutic effects on many other diseases, including inflammation and nociceptive pain (Rong et al., 2014; Wen et al., 2014; Zhakeer et al., 2017), trypanosomiasis (Rodriguez et al., 2020), which may indicate its versatile bioactivities that warrant further determination.
Bufalin was tested in a phase II clinical trial in China for pancreatic cancer (NCT00837239, initiated in 2009); however, no results were posted, and no other clinitrial trials were followed per ClinicalTrial.gov. By now, bufalin is mainly tested in the mainland of China.
Bufalin exhibits excellent promise in refractory and drug-resistant cancers
Glioblastoma (GBM)
Malignant GBM is incurable and considered refractory cancer in the central nervous system because minimal therapeutic options are now available for adequate control (Simonds et al., 2021). Annually, more than 250,000 new cases are diagnosed, and there are over 200,000 deaths worldwide. The 5-year survival rate is only 7% for glioma (2019; Chen et al., 2021b). Due to the existence of the blood-brain barrier (BBB) that blocks the entrance of many exogenous chemical anticancer agents into the brain, GBM naturally possesses drug-resistance property (van Tellingen et al., 2015; Sarkaria et al., 2018). Bufalin may represent a promising therapy for GBM as it can penetrate BBB (Lan et al., 2018), thereby effectively 1) inducing apoptosis via a mitochondria-mediated pathway or 2) other different cell death ways such as necroptosis and 3) re-sensitizing specific chemotherapy.
A recent study by LingHu et al. (2020) showed that bufalin was effective in suppressing human glioma U-87 and U-373 cells, with IC50 value of ∼1 μM (MTT assay) in both cell lines after 24 h treatment (LingHu et al., 2020). Interestingly, they found that bufalin alone can trigger apoptosis, while when combined with zVAD.fmk (a caspase 8 inhibitor), it could switch to necroptosis, as supported by the correlative alteration of biomarkers of receptor-interacting serine/threonine-protein kinase 1 (RIPK1)/RIPK3, mixed lineage kinase domain-like protein (MLKL) and the formation of necrosome, all of which were necroptosis pathway-related proteins or markers. Further study indicated that the cytotoxicity of bufalin can be compromised by the silence of tumor necrosis factor-α (TNF-α) and TNF receptor 1 (TNFR1), whereas can be enhanced by the knockdown of both caspase 8 and Inhibitor of Apoptosis Proteins (IAP) cellular IAP1/2, suggesting its dual role in apoptosis and necroptosis (LingHu et al., 2020). This study indicated that apoptosis-resistant GBM may be sensitive to bufalin-induced necroptosis, warranting further investigation.
Lan et al. reported two studies using bufalin in treating GBM, and they revealed that sodium pump alpha1 subunit (ATP1A1) (Lan et al., 2018) and p53 (Lan et al., 2019) were two mediators through which bufalin exerted its anticancer activity. Bufalin is well-known to target ATP1A1 which also was proven to contribute to tumorigenesis (Wu et al., 2016; Feng et al., 2021). Lan et al. first validated that in U87MG, U251, and LN229 cells, the knockdown of ATP1A1 by siRNA suppressed the proliferation and colony formation. Similarly, bufalin (50 and 100 nM) downregulated ATP1A1, leading to inhibited cell proliferation which can be reversed by ATP1A1 siRNA treatment, providing a piece of indirect evidence that supported the on-target effect of bufalin toward ATP1A1 (Lan et al., 2018). The molecular biological study further revealed that bufalin did not alter ATP1A1 synthesis but could effectively induce ATP1A1 degradation via a proteasome-mediated mechanism. In the U87 xenograft model, bufalin reduced tumor growth in a dose-dependent manner (0.1, 0.5, 1, and 5 mg/kg), although it was toxic in reducing body weights of treated mice at 5 mg/kg. Hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC) analysis of tumor tissues indicated that bufalin reduced the expression levels of both proliferating-cell nuclear antigen (PCNA) and ATP1A1, as well as S5a and PSMB5, two proteasome subunits, identical as observed in the cell-based assay (Lan et al., 2018). Later in 2019, the same group tested the therapeutic efficacies of bufalin in GBM U87, U251, LN229, A172, and U118 cells, and bufalin was found to possess IC50 values ranging from 50 to 120 nM (MTT assay) (Lan et al., 2019). Bufalin at 50 and 100 nM suppressed the colony formation and induced apoptosis of U87 and U251 cells via up-regulating pro-apoptotic proteins such as Bax, cleaved caspase 3/9, and cytochrome C, and down-regulating anti-apoptotic Bcl-2, all of which are well-known markers of the mitochondria-mediated apoptosis pathway. Bufalin appeared to induce DNA double-strand break (DSB) evidenced by up-regulating γ-H2AX, a marker of DNA damage, via translocation of p53 from the cytoplasm to nucleus mediated by down-regulating ATP1A1 and exportin 1 (XPO1) which functioned to export p53 from the nucleus to the cytoplasm. In vivo study showed that bufalin at 1 mg/kg significantly suppressed tumor growth of U87 (p53 wild type) but not U118 (p53 mutation) xenografts, with an inhibition rate of ∼60%. Additionally, the inhibition can be reversed by p53 inhibitor PIF (2 mg/kg), suggesting a p53-mediated mechanism (Lan et al., 2019).
Bufalin also appears to regulate particular microRNA since Liu et al. (2017) found that bufalin might suppress the proliferation and colony formation of U251 and U87 cells via regulating microRNA-203 (miR-203), whose over-express or downregulation resembled or antagonized bufalin’s effects in vitro (Liu et al., 2017). Bufalin increased miR-203 in U251 cells dose-dependently and time-dependently, which in turn down-regulating secreted protein acidic and rich in cysteine (SPARC), the target of miR-203, suggesting a network of bufalin, miR-203 and SPARC (Liu et al., 2017).
Shen et al. (2014) revealed the interaction of the cytotoxicity of bufalin with autophagy and endoplasmic reticulum (ER) stress (Shen et al., 2014). Bufalin suppressed U87MG glioma cells, with IC50 of 80–160 nM for a 24 h or 48 h treatment, respectively, resulting in cell apoptosis mediated by reactive oxygen species (ROS), upregulation of pro-apoptotic and downregulation of anti-apoptotic proteins (Shen et al., 2014). After bufalin treatment (20–80 nM), higher levels of ER stress sensors, including activating transcription factor 6 (ATF6), PKR-like ER kinase (PERK), eukaryotic translation initiation factor 2α (eIF2α), and inositol requiring enzyme 1 (IRE1) were identified. Furthermore, bufalin also increased C/EBP homologous protein (CHOP) level, whose knockdown could reverse bufalin’s effects (Shen et al., 2014). In addition to apoptosis, bufalin was also shown to induce autophagy, supported by the upregulation of LC3-II protein, an autophagy activation marker, which can be rescued by chloroquine, a lysosomotropic reagent that can inhibit autophagic flux. Bufalin was able to reduce ATP levels in U87MG cells in a time-dependent manner, accompanied by upregulated phosphorylation of AMP-activated protein kinase (AMPK) and downregulated phosphorylation of mammalian target of rapamycin (mTOR), which can be reversed by siRNA treatment targeting AMPK (Shen et al., 2014). Similar to the induction of apoptosis, ER stress, and PERK-eIF2α-CHOP axis played essential roles in bufalin’s effects on autophagy, which was attenuated by ER stress inhibitor tauroursodeoxycholate, while in contrast, enhanced when combined with autophagy inhibitor 3-methyladenine (Shen et al., 2014). The above information suggested that bufalin may induce varied types of cell death, including apoptosis, necroptosis, and autophagy.
Zhang et al. (2017) found that bufalin could work as an enhancer of radiotherapy in GBM U251 and U87MG cells. After a 48 h treatment, Bufalin had IC50 in U251 and U87MG at 250 nM and 150 nM, respectively, as determined by CCK8 assay (Zhang et al., 2017). Bufalin at 40 and 80 nM reduced EdU-positive cells in both cell lines, arresting cells majorly at the G2/M phase that led to the suppression of cell invasion and migration. Bufalin is known to induce apoptosis via a mitochondria-mediated mechanism. In this work, the authors further confirmed that bufalin (80 and 160 nM) dramatically reduced the oxygen consumption rate, which is a critical indicator represented mitochondrial respiratory function, leading to mitochondrial membrane potential (MMP) collapsing and reduced cellular ATP production (Zhang et al., 2017). Previously, Shen et al. (2014) found that bufalin may impair AMPK and mTOR pathways, which conferred ATP reduction (Shen et al., 2014); this study further validated that bufalin could target and disturb mitochondria directly. Radiation (4 Gy), when combined with bufalin (80 nM), showed improved effects in suppressing cancer cells and reducing colony formation via inducing DNA damage, as evidenced by the prolonged existence of γ-H2AX, probably mediated by impaired homologous recombination (HR) and associated RAD51, two DNA repair proteins (Zhang et al., 2017). This study provided experimental evidence using bufalin to sensitize or synergize with radiotherapy. Further validation is required in the animal study.
Triple-negative breast cancer (TNBC)
TNBC is defined to be human epidermal growth factor receptor 2 (HER2) negative and has <1% expression of estrogen receptors and progesterone receptors. TNBC, accounting for ∼15% of all breast cancer cases, has the poorest prognosis among all types of breast cancer, and there is no efficient targeted therapy but cytotoxic chemotherapy (Beebe et al., 2022; Li et al., 2022). Globally, there are more than two million newly diagnosed cases yearly (Giaquinto et al., 2022). While the 5-year survival rate for localized or regional is 91% and 65%, respectively, for distant TNBC is only 12% (Giaquinto et al., 2022). Since TNBC lacks specific oncogenes that can be targeted by modern precision medicine, effective agents are in urgent need.
Chen et al. (2020b) found that bufalin suppressed the proliferation (0.5 μM), colony formation (0.5 and 1 μM) of TNBC MDA-MB-231 and HCC-1937 cell lines, arresting cells at G2/M phase (Chen et al., 2020b), same as in GBM cells (Zhang et al., 2017). Bufalin (0.5 µM, 48 h) caused apoptosis of both cell lines at ∼10%. In the MDA-MB-231 xenograft model, bufalin (1 mg/kg, 3/week) showed a ∼60% inhibitory effect; however, no toxic effects were mentioned in this study. Bufalin inhibited the sphere formation of MDA-MB-231 and HCC1937 at 0.5 µM, accompanied by decreased levels of SOX2 and OCT4, two biomarkers of CSCs (Chen et al., 2020a).
Li et al. confirmed that the cell death induced by bufalin was not caspase-independent as pan-caspase inhibitor zVAD-fmk failed to rescue cell death in breast cancer MCF-7 and TNBC MDA-MB-231 cells (Li et al., 2018). Instead, necroptosis occurred following bufalin treatment, mediated by the upregulation of poly (ADP-ribose) polymerase-1 (PARP-1) and receptor-interacting protein (RIP)1/RIP3, especially in TNBC cells, which can be reversed by shRNA treatment targeting RIP3. Bufalin-induced ROS production (50 nM, 48 h) can also be reversed by a specific small molecule inhibitor of RIP1, necrostatin-1 (Nec-1, 20 μM), or N-acetyl-L-cysteine (NAC, 5 mM), an antioxidant agent. In the MAD-MB-231 cells xenograft model, bufalin (1 mg/kg, once/3 days) suppressed tumor growth, with an inhibitory rate of ∼60%, via inducing a clear necroptosis as shown in HE and TUNEL staining of tumor tissues. Meanwhile, these effects could be rescued by a PARP-1 inhibitor DPQ (5 mg/kg) co-treatment, suggesting a PARP-1 mediated pathway (Li et al., 2018). This study also showed that TNBC cells were more resistant to bufalin than other breast cancer cells.
Wang et al. (2016) found that miR-155-5p was upregulated after bufalin treatment in MDA-MB-231 cells and in adriamycin-resistant MCF-7/ADR cells (Wang et al., 2016). It appears that miR-155-5p plays a critical role in saving cancer cells since its overexpression could antagonize bufalin-induced apoptosis. In contrast, the downregulation of miR-155-5p could further sensitize apoptosis, suggesting the direct interaction of these two players. These effects seemed to be modulated via transcriptional factor forkhead box class O 3a (FOXO3a) and DNA methyltransferases 1 and 3a (DNMT1 and DNMT3a) (Wang et al., 2016). Intriguingly, the simultaneous inhibition of DNMT1 and DNMT3a also increased miR-155-5p expression, an effect resembling bufalin (Wang et al., 2016). More studies of miR-155-5p for its role in suppressing cancers are needed.
Steroid receptor coactivator 3 (SRC-3), one of three homologous members of the p160 SRC family, is believed to be bufalin’s target, which also positively correlated with poor prognosis of TNBC patients, serving as a marker for drug sensitivity and also prognosis (Tryfonopoulos et al., 2011; Wang et al., 2014; Kohale et al., 2022). Song et al. (2015) found that SRC-3 inhibitor bufalin effectively suppressed HCC1143, SUM149PT, SUM159PT, and MDA-MB-231 cells, with IC50 values ranging from 16 to 72 nM (MTT, 72 h). Bufalin (100 nM) downregulated SRC-3 in all the above cell lines, leading to repressed cell motility in MDA-MB-231-LM3-3 (Song et al., 2015). More importantly, bufalin (5 and 10 nM) could synergize with epidermal growth factor receptor (EGFR) inhibitor gefitinib, one of the tyrosine kinase inhibitors (TKIs), in LM3-3 cells. In this study, Song et al. synthesized a bufalin derivative to improve water solubility, 3-phosphate-bufalin (Figure 2), which showed higher blood concentration after intraperitoneal (IP) administration without showing any cardio-toxicity. In the orthotopic LM3-3 cells model, 3-phosphate-bufalin (0.75 mg/kg, 3/week) inhibited ∼50% of tumor growth without altering mouse body weight significantly, suggesting its effectiveness and safety. IHC assay also indicated the on-target effect of 3-phosphate-bufalin on SRC-3 (Song et al., 2015). This study provided another new chemical entity, 3-phosphate-bufalin, that has the potential to be evaluated further.
Recently, Liu et al. (2021) discovered that bufalin effectively inhibited MDA-MB-231, and two drug-resistant cell lines, including adriamycin-resistant MDA-MB-231/ADR cells and docetaxel-resistant MDA-MB-231/DOC cells via inducing both apoptosis at an early stage and necroptosis at a late stage, respectively (Liu et al., 2021). Bufalin inhibited all 3 cell lines in a concentration-dependent manner, with IC50 values of 304, 320, and 282 nM at 48 h by MTT assay, respectively, suggesting that these two resistant cancer cells did not show the cross-resistant property to bufalin (Liu et al., 2021). Hoechst33342/PI double staining showed after 24 h treatment of bufalin (300 nM), apoptosis was the primary form of cell death pattern in MDA-MB-231/ADR cells. In contrast, after 48 h, necroptosis was observed by transmission electron microscope (TEM), mediated by p-TNFR and p-RIP1. Interestingly, both necroptosis inhibitor Nec-1 (10–50 μM) and apoptosis inhibitor z-VAD-fmk (10–50 μM) could antagonize cell death induced by bufalin (300 nM), although Nec-1 to a greater extent. Their study also showed that the level of ROS increased significantly following bufalin treatment (300 nM, 48 h), leading to cell death that can be reversed by NAC or Nec-1, suggesting a RIP1-ROS axis in bufalin-induced cell death (Liu et al., 2021).
Two studies from Yan’s lab use bufalin to combine tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) that is usually resistant to TNBC (Yan et al., 2012a; Yan et al., 2014). In these studies, bufalin was shown to possess IC50 values of 46.5 nM for MCF-7 and 513.3 nM for MDA-MB-231 cells, respectively, determined by MTT assay for a 48 h treatment. Bufalin induced apoptosis of these 2 cell lines, mediated by cleaved PARP (Yan et al., 2012a). TRAIL (100 ng/mL), when combined with bufalin (50 nM) showed enhanced activity in inducing apoptosis, increasing from 2% to 30% in MCF-7 cells and from 6.9% to 41% in MDA-MB-231 cells after 24 h treatment (Yan et al., 2012a; Yan et al., 2014), accompanied by the upregulation of death receptor 4 (DR4), DR5 and AMPK. At the same time, the knockdown of DR4/5 reduced apoptosis induced by this combination, suggesting the possible direct interaction between them. Further study showed that casitas B-lineage lymphoma-b (Cbl-b) but not Cbl-a might be the target through which bufalin sensitized TRAIL in inducing apoptosis. Moreover, the downregulation of Cbl-b by shRNA led to a more substantial synergistic effect of bufalin and TRAIL. This study suggested that the AMPK-DR4/5-Cbl-b loop played a central role in this combinational therapy, warranting further animal study of its efficacy.
The above studies suggested that TNBC cells may be more resistant to bufalin as compared to GBM cells since under most circumstances, bufalin possesses IC50s values in less than 200 nM in GBM, while in TNBC, it is in the ranges of 300–500 nM, suggesting the sensitivity of bufalin is cancer type (cells)-dependent.
Liver cancer
Liver cancer, also named hepatocellular carcinoma (HCC), ranks the third leading death among all cancer types after only lung and colorectal cancer. It was estimated that 905,700 people were diagnosed and 830,200 people died from liver cancer globally in 2020 (Ferlay et al., 2021). In 2040, it is predicted that 1.4 million people will be diagnosed with liver cancer (Rumgay et al., 2022). The 5-year relative survival rates for liver cancer are 35% (localized), 12% (regional), and 3% (distant) (Chen et al., 2021c). Bufalin shows great potential in treating liver cancer.
Fu et al. (2021) showed that bufalin might have effects in modulating immune systems in liver cancer cells. Bufalin (100–1,000 nM) dose-dependently inhibited the proliferation and induced apoptosis of human liver cancer SK-Hep1 and HepG2 cells (Fu et al., 2021). Bufalin pretreatment in SK-Hep1 cells (20 and 50 nM), HepG2 cells (50 and 100 nM), could significantly enhance the immune response mediated by natural killer (NK) cells via up-regulating the distribution on membrane but not the expression level of major histocompatibility complex class I-related chain A (MICA) on NK-92MI cells, mediated by down-regulating a disintegrin and metalloproteinase 9 (MMP9) which was shown to assist synthesized MICA secretion from cells (Fu et al., 2021). MICA was the primary ligand for the stimulatory receptor NKG2D on the surface of NK cells that regulated the immune response in NK cells to kill liver cancer cells. This study provided a novel combinational strategy to combat liver cancer (Fu et al., 2021).
Qiu et al. (2013) showed that bufalin at 10 and 100 nM effectively suppressed the proliferation, invasion, migration, and adhesion activity of HCCLM3 or HepG2 cells after 48 h treatment (Qiu et al., 2013). Bufalin (100 nM) time-dependently downregulated p-AKT and phosphorylated glycogen synthase kinase (GSK) protein but increased GSK3β protein activation and inhibited the translocation of β-catenin to nuclear, all of which work together to suppress liver cancer cells proliferation (Qiu et al., 2013). Further study showed that bufalin (100 nM) increases E-cadherin levels in HCCLM3 or HepG2 cells, decreasing matrix metalloproteinase-2 (MMP2) and MMP9 in HepG2 cells. Interestingly, bufalin increased MMP2 in HCCLM3, suggesting a cell type-dependent manner (Qiu et al., 2013). Further in vivo validation is warranted.
Recently, Ye et al. (2022) discovered a natural product, alisol B 23-acetate from Alisma plantago-aquatica Linn that was able to work synergistically with bufalin in liver cancer cells (Ye et al., 2022). Bufalin was able to inhibit the proliferation of SMMC-7721 and MHCC97 in the dose- and time-dependent manners, which can be further enhanced by the combination of alisol B 23-acetate, most likely through inducing apoptosis by mitochondria-mediated pathway as evidenced by upregulated Mcl-1, Bax, Bcl-2, and cleaved caspase-3 (Ye et al., 2022). In addition, this combination appeared to induce autophagy as supported by the increased level of LC3II/I mediated by Beclin-1 and p62. GSK-3β was found to be downregulated by the combination (Ye et al., 2022), a phenomenon similar to Qiu et al. (2013). A detailed analysis showed that Bufalin and alisol B 23-acetate could regulate the inactivation of the Wnt/β-catenin axis to suppress liver cancer. This study proposed an effective combination worth further testing in animal models.
As mentioned in the Introduction, bufalin is a toxic agent; thus, its role as a chemo-sensitizer other than an anticancer agent at low doses is worth trying. Four studies showed bufalin may have synergistic effects when combined with sorafenib, a TKI that targets vascular endothelial growth factor receptor (VEGFR) (Gao et al., 2012; Zhai et al., 2015; Wang et al., 2018a; Wang et al., 2018b).
Bufalin (25–200 nM) worked synergistically with sorafenib (2.5–10 μM) to reduce the growth of HepG2 and Huh7 cells via inducing apoptosis, as shown in Zhai et al. (2015). Bufalin (100 nM) appeared to overcome sorafenib resistance via targeting p-Akt, which can be further enhanced by either co-treatment of Akt inhibitor perifosine or the depletion of Akt. Akt inactivation induced by bufalin was shown to be IRE1-dependent, while independent of eIF2 or CHOP. Additionally, they showed that bufalin reversed sorafenib resistance in sorafenib-resistant Huh7-Sora cells via down-regulating p-Akt, which can be reversed by siRNA targeting IRE1 (Zhai et al., 2015).
In PLC/PRF/5 and SMMC7721 cells, bufalin (20 nM) and its combination with sorafenib (10 μM) exerted the most potent suppressing effects than other tested combinations, possible via inducing mitochondria-mediated apoptosis as evidenced by increased Bax, PARP, and caspase 7 (Wang et al., 2018a). This combination did not alter the cell cycle (Wang et al., 2018a). Another study revealed that a combination of sorafenib (6.25 μM) and bufalin (50 nM), with a fixed ratio of 25:1 showed the most potent apoptosis-inducing effects in PLC/PRF/5 and HepG2 cells (Gao et al., 2012). In addition to the inhibition of p-Akt, this combination appeared to suppress p-ERK, and a PI3K inhibitor LY294002 could reverse the p-ERK downregulation due to the combination of bufalin and sorafenib (Gao et al., 2012). Wang et al. (2018b) further validated the in vivo antitumor effects of combining bufalin with sorafenib (Wang et al., 2018b). In the SMMC-7721 cells xenograft model, bufalin (1 mg/kg, 5/week, IP), when combined with sorafenib (30 mg/kg/day, 5/week, oral) showed better tumor-reducing effects as compared to mono-therapy. p-AKT, VEGF, and mTOR but not p-ERK in tumor tissues were found to be downregulated (Wang et al., 2018b), suggesting that this combination might work differently in vivo as compared to in vitro (in which p-ERK was also downregulated by bufalin and sorafenib).
MDR poses a significant threat to effective cancer therapies. One of the leading causes of MDR is the overexpression of specific ABC transporters such as P-glycoprotein (P-gp) and multi-drug resistance protein 1 (MRP1) (Narayanan et al., 2021; Wang et al., 2021). Gu et al. (2014) found that bufalin might overcome MRP1-mediated 5-fluorouracil (5-FU) resistance in 5-FU-resistant liver cancer BEL-7402/5-FU cells (Gu et al., 2014). Bufalin was highly effective in arresting cells at the G0/G1 phase and inhibiting BEL-7402/5-FU cells by inducing apoptosis, with an IC50 value of 80 nM. Bufalin at a non-toxic concentration of 1 nM could significantly enhance the sensitivity of 5-FU in these resistant cells. The mechanistic study showed that bufalin was able to inhibit MRP1’s efflux, as it can increase the cellular concentration of Rhodamine-123, adriamycin, and 5-FU, all of which were the substrates of MRP1, probably through down-regulating the mRNA and expression level of MRP1 (Gu et al., 2014). This study may indicate that bufalin has the potential to circumvent MDR that is mediated by MRP1, and possibly other ABC transporters as well. Since these transporters confer resistance to not only conventional chemotherapy but also many targeted therapies, thus, it is worth trying for bufalin’s complete applications via combination.
Xu et al. (2021) constructed albumin nanoparticles that could deliver bufalin and TKI nintedanib for liver cancer treatment (Xu et al., 2021). These well-prepared nanoparticles, BF-ND-BUP-sMPs, showed stable releasing of both bufalin and nintedanib. They exhibited good biocompatibility with HepG2 cells, and much decreased IC50 compared to bufalin or nintedanib alone. BF-ND-BUP-sMPs, at an equivalent dose of 0.8 mg/kg of bufalin and 1.05 mg/kg of nintedanib, showed the most potent effect in suppressing tumor growth of H22 cells xenograft model, with an inhibitory rate of over 80%, without showing any weight loss or any significant damage to heart, liver, spleen, lung, and kidney (Xu et al., 2021). This study suggested that the constructed nanoparticles were safe, effective, and stable, warranting further evaluations.
Pancreatic cancer
As one of the most aggressive human malignancies, pancreatic cancer is a leading cause of cancer-related deaths worldwide. Only 12% of patients will live 5 years after diagnosis (all stages combined) (Rawla et al., 2019). The majority of patients are diagnosed with an unresectable or metastatic disease that has inferior prognosis and low survival rate (Bengtsson et al., 2020). Bufalin has demonstrated strong potency in pancreatic cancer by targeting c-Myc and several other players.
Liu et al. (2016) reported that in the BxPC3-luc2 xenograft model, bufalin at 1 or 2 mg/kg was able to reduce tumor growth dramatically (∼50% reduction) without showing any weight loss (Liu et al., 2016). Interestingly, in this study, 2 mg/kg of cisplatin was toxic in reducing body weight. Bufalin highly effectively (starting from as low as 10 nM) suppressed the proliferation of human pancreatic cancer Sw1990 and BxPc3 cells through inducing cell cycle arrest at the S phase mediated by down-regulating c-Myc and NF-κB expression as determined by luciferase assay and Western blot (Liu et al., 2016). Thus, in addition to other reported targets, bufalin inhibits c-Myc, requiring further validation.
Tian et al. (2015) identified another potential target of bufalin, human telomerase reverse transcriptase (hTERT), which partially protected mitochondria from damage due to ROS (Tian et al., 2015). In this study, bufalin possesses an IC50 of 159.2 nM in CAPAN-2 human pancreatic cancer cells. Bufalin (50, 100, and 150 nM) decreased the level of hTERT but increased the levels of p-JNK and p-p38, suggesting it may exert its effects partially via JNK/p38 pathway since the blockage of this pathway (by JNK inhibitor SP600125 or p38-MAPK inhibitor SB203580) could rescue cell death induced by bufalin. In addition, the silence of hTERT showed similar cancer-suppressing effects as bufalin (Tian et al., 2015). This study and the above information suggested that bufalin is a multi-targeting compound.
Bufalin appears to enhance the sensitivity of gemcitabine in pancreatic cancers (Chen et al., 2012; Li et al., 2014; Wang et al., 2016). Bufalin inhibited PANC-1 and CFPAC-1 cells via arresting cell cycle at G2/M and inducing apoptosis mediated by down-regulating p-Akt and anti-apoptotic protein heat shock protein 27 (Hsp27) (Li et al., 2014). Combining 50–100 nM bufalin with 500 nM gemcitabine in PANC-1 and CFPAC-1 showed more potent cell-suppressing effects than either drug alone (Li et al., 2014). Bufalin (10 nM), when combined with gemcitabine (0.5–1.5 μg/mL), showed higher suppressive effects in pancreatic cancer Bxpc-3, MiaPaCa-2, and PANC-1 cells via inducing apoptosis mediated by cleaved caspase 3, Bcl-2, apoptosis signal-regulating kinase 1 (ASK1)/JNK (Chen et al., 2012). In the MiaPaCa-2 xenograft model, the combination of bufalin (0.1 mg/kg) with gemcitabine (125 mg/kg) showed the most potent tumor-suppressing effect among other single-use. Furthermore, the IHC examination also validated the upregulation of ASK1 due to the combination (Chen et al., 2012).
In another study in gemcitabine-resistant human pancreatic cancer cell line MiaPaCa2/GEM that has a significant fraction of CSCs, bufalin (50 nM) effectively suppressed the proliferation and sphere formation, accompanied by downregulated CD24 and epithelial specific antigen (ESA), two markers of pancreatic CSCs (Wang et al., 2016). While bufalin (1.5 mg/kg, 5 days/week) did not reduce the tumor volumes of the MiaPaCa2/GEM xenograft model, it reduced tumor weight significantly as compared to the untreated group, without showing a noticeable toxic effect (Wang et al., 2016). Bufalin also inhibited metastasis of MiaPaCa2/GEM cells in the animal model, mediated probably by the Hedgehog signaling pathway as supported by downregulated levels of PTCH2 and Gli1 (Wang et al., 2016). Unfortunately, this study did not determine the combined effect of bufalin with gemcitabine.
Lung cancer
Lung cancer ranks first in the deaths caused by cancers (Sung et al., 2021). While the prognosis may be good if diagnosed early, drug resistance is still a significant obstacle (Tumbrink et al., 2021; Ashrafi et al., 2022; Su, 2022). Bufalin showed great promise in treating drug-resistant lung cancers.
Two studies showed that bufalin could work with gefitinib, a TKI targeting EGFR. Huang et al. (2016) showed that bufalin (0–60 nM, 48 h) decreased cell viability, adhesion, and mobility of gefitinib-resistant NCI-H460/G lung cancer cells, resulting in suppressed cell invasion and migration (Huang et al., 2016). It was shown that bufalin (2.5–10 nM) decreased SOS-1, MMP2, and RhoA, three essential metastasis-related proteins, but increased p38, urokinase plasminogen activator (uPA), p-focal adhesion kinase (FAK), p-ERK1/2, Ras, E-cadherin and tissue inhibitor matrix metalloproteinase 1 (TIMP1) (Huang et al., 2016). However, no in vivo anticancer confirmation has been revealed.
Met-Hepatocyte growth factor (HGF) axis is essential in tumor progression and drug sensitivity (Huang et al., 2020; Fu et al., 2021). In EGFR mutant human lung adenocarcinoma cell lines PC-9, HCC827, and H1975 cells, exogenous HGF conferred resistance to gefitinib, which can be reversed by bufalin (20 nM) co-treatment via down-regulating Met/PI3K/Akt signaling (Kang et al., 2013). Bufalin restored the sensitivity of gefitinib in the presence of HGF by inducing apoptosis mediated by cleaved-PARP cleaved-caspase-3/9 (Kang et al., 2013).
In addition, bufalin was found to exert similar effects towards another EGFR TKI afatinib in afatinib-resistant H1975 lung cancer cells (H1975AR) via the exact mechanism as above, except bufalin’s effect in increasing E-cadherin (Kang et al., 2015). However, no in vivo study was ever conducted.
Another similarity to bufalin in liver cancer is that the combination with bufalin in lung cancer could also sensitize sorafenib (Kuo et al., 2022). Kuo et al. (2022) recently showed that bufalin (60, 90, and 120 nM) could significantly enhance the activity of sorafenib (10, 15, and 20 μM) in reducing the cell viability of human lung cancer NCI-H292 cells via inducing apoptosis through ROS (Kuo et al., 2022). Lower anti-apoptotic Bcl-2 expression but higher pro-apoptotic proteins Bax, Bad, APAF-1, and caspase-3/9 were identified after the combination treatment, suggesting a mitochondria-mediated mechanism (Kuo et al., 2022).
Bufalin also appears to augment adriamycin’s activity in A549 cells, as shown in Zhang et al.’s study (2017). Combining bufalin (1, 20, 100 nM) with adriamycin (1 μM) significantly increased the growth inhibition rate of A549 cells in a time-dependent manner than either monotherapy. This combination induced apoptosis mediated by increased caspase-3 and cell cycle arrest at the S phase (Zhang and Fu, 2017). No animal model was used to validate the efficacy of bufalin combined with adriamycin.
Clearly, more animal experiments are required to validate bufalin and its sensitization effects with other anticancer agents.
Colorectal cancer (CRC)
CRC has a poor prognosis because a significant proportion of cases are diagnosed at later stage, with very few effective treatments available (Siegel et al., 2020). In addition, drug resistance is another major challenge, in which bufalin shows promising therapeutic results (Hu et al., 2016; Chen et al., 2022).
Hypoxia is a critical player in inducing drug resistance, including photodynamic therapy (PDT). Recently, Yuan et al. (2022) constructed nanoparticles composed of bufalin and a PDT mTHPC, which was named T-B@NP that has been shown to stably release bufalin, thereby inhibiting hypoxia inducible factor 1α (HIF-1α) and overcoming HIF-1α-mediated resistance to mTHPC in HCT116 and CT26 cells (Yuan et al., 2022). T-B@NP preferably targeted and accumulated in tumor tissues, leading to more potent tumor-inhibiting effects (∼90%) when combined with laser treatment among all other single therapies, without reducing body weight (Yuan et al., 2022). This study provided a combinational strategy of bufalin with PDT, and the developed nanoparticles T-B@NP are worthy of further evaluation.
Dai et al. (2018b) found that bufalin (10, 20, and 30 nM) enhanced the cell-suppressing effect of 5-FU (5, 10, and 15 μM) in dose- and time-dependent manners, with a combination index (CI) < 1 which suggested strong synergistic effects (Dai et al., 2018b). Among all tested concentrations, 30 nM bufalin combined with 15 μM 5-FU showed the most vigorous activity as determined by CI (∼0.55). This optimized combination therapy showed superior activity in inducing apoptosis via up-regulating the expression levels of cleaved caspase-3/9, Bax, Bad, and cleaved PARP, meanwhile down-regulating Bcl-2, IAPs XIAP, and survivin, etc. Further study suggested that Bax was required for apoptosis induced by this combination since the silence of Bax by siRNA reversed apoptosis (Dai et al., 2018a). In vivo study is needed to validate the efficacy and safety.
Like in other cancer types, bufalin can also suppress colorectal CSC. Sun et al. (2017) reported that a low dose of cisplatin (≤5 μM) might enhance the stemness of human CRC HCT116 and LoVo cells as determined by tumorsphere formation (Sun et al., 2017). Cisplatin could further augment the stemness of cisplatin-pretreated CRC cells, which can be antagonized by bufalin at 1 nM as shown by tumorsphere formation assay, side-population (SP) cells analysis, and Hoechst 33342 staining assay (Sun et al., 2017). Bufalin reduced the levels of CD133, CD44, NANOG, OCT4, SOX2, and ABCG2, six markers of CSCs induced by cisplatin, thereby enhancing the sensitivity of cisplatin in cisplatin-resistant CRC cells. In the HCT116 xenograft model, bufalin (1 mg/kg/3 days) significantly sensitizes cisplatin (10 mg/kg) in reducing tumor weight (∼60% reduction), accompanied by decreased levels of all six CSC markers in tumor tissues (Sun et al., 2017).
Prostate cancer
Prostate cancer is a severe disease that undermines men’s health since it is the second most prevalent among men and the second leading cause of death in men (Rawla, 2019). The vast majority of prostate cancer patients will eventually develop resistance to androgen deprivation therapy (ADT) (Petrylak, 2013; Nakazawa et al., 2017). Bufalin effectively suppresses prostate cancer DU145 and PC-3 cells via regulating p53 or particular miRNA (Zhang et al., 2017; Zhang et al., 2017), and can work synergistically with other anticancer agents.
Since bufalin itself is a highly toxic agent, thus, Gu and Zhang. (2021) explored the combination of DNA topoisomerase I (Top1) inhibitor hydroxycamptothecin with low-dose bufalin (Gu and Zhang, 2021). In this study, castration-resistant prostate cancer (CRPC) DU145 cells xenograft model in nude mice were constructed and treated by hydroxycamptothecin (2 mg/kg) combined with bufalin at 0.4, or 0.6, or 0.8 mg/kg, respectively. Among the three tested regimens, 0.6 mg/kg bufalin, when combined with hydroxycamptothecin, named as H6B, showed the most potent tumor-reducing effect, with an inhibitory rate of roughly 80% without showing noticeable toxic effect to reduce body weight (Gu and Zhang, 2021). H6B efficiently suppressed cancer cell proliferation via inducing apoptosis through a mitochondria-mediated mechanism since it increased pro-apoptotic Bax, p53, and PDCD4. In contrast, it decreased anti-apoptotic Bcl-XL and p-Akt as per Western blot assay (Gu and Zhang, 2021). This safe and effective regimen suggests a broader screening of the combination of bufalin with other FDA-approved Top1 inhibitors. In addition, further evaluation of H6B in more animal models and possibly in humans is warranted.
Cervical cancer
Cervical cancer is one of the leading gynecological malignancies worldwide and is often diagnosed at an advanced stage that lacks effective therapy. The 5-year survival rate of cervical cancer patients with stage III was 32.8%, but those with stage IV were only 7.1% (Zhou et al., 2020; Choi et al., 2021). Bufalin may work efficiently with paclitaxel in cervical cancer as shown in Liu et al. (2016). Bufalin dose-dependently inhibited the proliferation and colony formation of cervical cancer Siha (IC50 ∼160 nM) and HeLa (IC50 ∼80 nM by CCK-8) cells via 1) arresting cell cycle at G2/M phase mediated by down-regulating cyclinA/CDK2 and 2) inducing apoptosis mediated by up-regulating Bax and down-regulating Bcl-2 and Bcl-xL (Liu et al., 2016). Furthermore, bufalin (20 and 40 nM) suppressed the invasion and migration of Siha and Hela cells. The mechanistic study indicated that bufalin (20 nM in vitro and 10 mg/kg/4 days in vivo) impacted the integrin α2/β5/FAK signal pathway, leading to enhanced cytotoxicity of paclitaxel (5 nM in vitro and 10 mg/kg/4 days in vivo) in cells and in Siha xenograft model, without demonstrating the obvious toxic effect (Liu et al., 2016). IHC staining in xenograft tumor tissues confirmed the on-target effect of bufalin on integrin α2, integrin β4, and FAK (Liu et al., 2016).
Osteosarcoma
Osteosarcoma is the second leading cause of cancer-related death in children and young adults (Misaghi et al., 2018; Bielack et al., 2022). Chang et al. (2015) successfully isolated CSCs from primary osteosarcoma cells derived from a patient’s tumor tissue, which were named C1OS-CSCs, and they evaluated the inhibiting potential of bufalin in these cells (Chang et al., 2015). Bufalin (10 µM) decreased sphere formation via down-regulating ALDH1, TERT, NANOG, CD133, Notch, and Bim1, all of which were biomarkers of CSCs. When injected in nude mice, the pretreated C1OS-CSCs showed reduced activity in forming a tumor, suggesting the reduced stemness, likely due to bufalin pretreatment. The authors screened the changes in miRNA levels, and identified miR-148a as a potential target of bufalin, which downregulated DNMT1 and p27 to modulate the stemness of C1OS-CSCs (Chang et al., 2015). Further in vivo evaluation is necessary to assess bufalin for osteosarcoma. Notably, the high concentration they used in this study, 10 μM, was about 100–1,000 folds higher than those conducted in other studies.
Bufalin also shows potential in treating drug-resistant bladder cancer, gastric cancer, multiple myeloma, and leukemia.
Bladder cancer
Bufalin (5 and 10 nM) showed synergistic effects with TRAIL (25 and 50 ng/mL) in suppressing the proliferation of human bladder carcinoma T24 cells via inducing apoptosis mediated by up-regulating DR4 but down-regulating DR5 (Kang et al., 2017). Further study showed that these effects may also involve XIAP, Bid, and cFLIP, as well as caspases 3/8/9, through which the details remain to be revealed (Kang et al., 2017). No animal model was used to confirm bufalin efficacy.
Gastric cancer
It has been shown that the Akt pathway activation can confer cisplatin resistance in gastric cancer, as shown in the study by Zhao et al. (2016) (Zhao et al., 2016). Bufalin (50, 100, and 200 nM) downregulated the level of p-Akt but not the overall level of Akt, leading to a synergistic effect in inhibiting cell proliferation and inducing apoptosis of human gastric cancer SGC7901, MKN-45, and BGC823 cells. The mechanistic study in SGC7901 cells showed that bufalin downregulated p-Akt and its downstream p-GSK3β, p-mTOR, P-4EBP1, and p-S6K, which may work together to enhance the cytotoxicity of cisplatin (Zhao et al., 2016).
Multiple myeloma
MK2206 is an Akt inhibitor under multiple clinical trials (Oki et al., 2015; Xing et al., 2019; Chien et al., 2020). As discussed above, bufalin can suppress the activation of Akt; thus, it is reasonable to assume that these two agents may work together. Huang et al. (2018) found that bufalin had an IC50 value of 10–20 nM (48 h) in multiple myeloma cell line H929 (Huang et al., 2018). Bufalin (20 nM), when combined with MK2206, showed a higher inhibiting rate of cell proliferation than mono-therapy of either agent via inducing apoptosis mediated by cleaved caspase 3 and cleaved PARP (Huang et al., 2018). Interestingly, bufalin alone could increase p-Akt, which MK2206 can reverse. Bufalin’s effect in increasing p-Akt apparently contradicted with the above information. Thus, further mechanistic and in vivo studies are needed to confirm the anticancer potential.
Leukemia
Bufalin also exerted potential therapeutic application in leukemia as it, at non-toxic doses, was proven to activate immune responses in the WEHI-3 cell-generated leukemia in vivo model (Shih et al., 2018). However, bufalin’s potential in leukemia remains to be exploited.
DISCUSSION
Summary of bufalin in refractory and drug-resistant cancers
The above review has summarized the application of TDAAs in PCa (as also shown in Table 1). It is known that bufalin targets SRC-1/3 for cancer treatment (Wang et al., 2014), while growing evidence suggests that bufalin could also target or downregulate many essential enzymes/proteins in cancer cells, including ATP1A1 (Lan et al., 2018), specific miRNA (Liu et al., 2017), AMPK/mTOR pathway (Shen et al., 2014), p-Akt (Wang et al., 2018b) and Met/PI3K/Akt pathway (Kang et al., 2013), MRP1 (Gu et al., 2014) etc., suggesting that it is a multi-targeting or multi-functional agent. Generally, bufalin could suppress refractory and drug-resistant cancer cells in vitro and in vivo via inducing DNA damage, apoptosis, necroptosis, autophagy, oxidative stress, and cell cycle arrest, etc., as summarized in Table 1 and Figure 3.
TABLE 1 | Summary of bufalin in refractory or drug-resistant cancers.
[image: Table 1][image: Figure 3]FIGURE 3 | Bufalin has shown potential in treating refractory cancers by regulating various targets.
The authors would like to discuss several characteristics of bufalin.
Bufalin is effective in inducing apoptosis, necroptosis, and autophagy
Apoptosis, formerly known as programmed cell death, can be initiated via either an external or internal pathway. Bufalin has been validated to induce internal apoptosis, primarily mediated by mitochondria and other central players, including cleaved caspases, cleaved PARP, and pro-apoptotic proteins (Lan et al., 2019; LingHu et al., 2020). This commonly shared mechanism by other well-known anticancer agents does not make bufalin an outlier. Additionally, at the late stage of bufalin treatment, e.g., after 48 h, it can activate necroptosis, an alternative mode of regulated cell death mimicking features of apoptosis and necrosis (LingHu et al., 2020). Necroptosis requires the protein RIPK3 (previously well-recognized as a regulator of inflammation, cell survival, and disease) and its substrate MLKL, the crucial players of this pathway (Morgan and Kim, 2022). It has been shown that bufalin may target both RIPK3 and MLKL, thereby leading to necroptosis and the subsequent proliferation inhibition of GBM and TNBC cells (Li et al., 2018; LingHu et al., 2020).
Autophagy is a cytoprotective biological event which also serves as a vulnerability in cancer cells (Yu et al., 2018; Mulcahy and Thorburn, 2020). Interestingly, specific anticancer agents can either activate or inhibit autophagy (Li et al., 2017). For bufalin, autophagy is activated, as evidenced by LC3-II, the central player in activating autophagy (Qi et al., 2019; Sheng et al., 2021). This rare property of bufalin in inducing multiple ways of cell death, will endow it therapeutic implication in certain resistant cancer cells once they develop resistance to apoptosis, necroptosis or autophagy.
Bufalin is effective as a chemo-sensitizer
Due to its natural toxic effect, many studies sought to use a low dose of bufalin to combine with other anticancer agents. Many promising results have been revealed that bufalin could enhance the sensitivity of a series of anticancer agents, including both conventional and targeted therapies, such as cisplatin, 5-FU, paclitaxel, adriamycin, gemcitabine, TRAIL, gefitinib, sorafenib, nintedanib, MK-2206 as shown in Figure 4 (Yan et al., 2014; Song et al., 2015; Sun et al., 2017; Wang et al., 2018a; Huang et al., 2018). However, the authors believe that bufalin’s role as a chemo-sensitizer has not been fully exploited. Thus, more efforts are encouraged to try combinational regimens containing bufalin.
[image: Figure 4]FIGURE 4 | Bufalin has shown potential in working as a chemo-sensitizer.
Bufalin is effective in inhibiting CSCs
CSCs are a subset of cancer cells with self-renewal ability (Shenouda et al., 2020; Carvalho et al., 2021). They play a critical role in cancer initiation and progression and are naturally resistant to anticancer agents, which cause cancer recurrence and MDR (Aravindan et al., 2019; Fong et al., 2021). Bufalin has been shown to effectively suppress CSCs from GBM, TNBC, pancreatic cancer, colorectal cancer, and osteosarcoma (Chang et al., 2015; Wang et al., 2016; Sun et al., 2017; Zhang et al., 2017; Chen et al., 2020a). Again, its complete therapeutic application remains to be explored.
Bufalin works differently in inducing cell cycle arrest in different types of cancers
Cancer cells are avidly dividing, growing and proliferating, etc. Cell division is a dynamic and tightly regulated process by many essential proteins which can serve as a target for treatment (Liu et al., 2022). While bufalin effectively induces cell cycle arrest, it shows different patterns in different cell types. Bufalin could induce cell cycle arrest at the S phase in pancreatic cancer BxPC3-luc2 cells (Liu et al., 2016), lung cancer A549 cells (Zhang and Fu, 2017) at G2/M phase in GBM U251 and U87MG cells (Zhang et al., 2017), TNBC MDA-MB-231 and HCC-1937 cells (Chen et al., 2020b), pancreatic cancer PANC-1, and CFPAC-1 cells (Li et al., 2014), cervical cancer Siha cells (Liu et al., 2016). These results suggested that bufalin may interfere with cancer cell division, which can be further utilized with certain anticancer therapies.
Current challenges
Toxic effects
The major challenge in using bufalin is the toxic effect, as 1) it targets Na+/K+-ATPase to exert its toxic effects towards toad’s enemy (Xie et al., 2001); 2) it can cause neuron toxicity via inhibiting voltage-gated potassium channels (Hao et al., 2011); 3) its median lethal dose (LD50) in nude mice is only 2.2 mg/kg (Tu et al., 2000), which is pretty close to the doses of achieving therapeutic effects of tumor inhibition (typically ∼1 mg/kg). The accumulated bufalin in blood in organs may cause severe adverse or toxic effects on normal tissues/organs. To use it more rationally, an in-depth animal model and human pharmacokinetic study are required to determine therapeutic windows and safe doses for certain cancerous patients.
Cytoprotective effects
Besides growing evidence supporting bufalin’s therapeutic effects in cancers, controversial studies also showed bufalin may promote cancers.
Chen et al. (2017) showed that in MB-231 breast cancer cells, bufalin (1 μM) could stimulate the inflammatory reaction induced by TPO, a protein kinase C (PKC) activator, leading to significantly higher levels of cyclooxygenase-2 (COX-2) and IL8, two inflammatory markers, and thereby a higher level of prostaglandin E2 (PGE2), which work together to stimulate MB-231 cell proliferation and invasion (Chen et al., 2017). Finally, bufalin (10 μL of 1 μM solution) could enhance tumor growth, accompanied by enhanced levels of COX-1 and IL8 (Chen et al., 2017). This study indicated that bufalin may stimulate an inflammatory response, promoting tumor growth, possibly through the upregulation of COX-2 and IL8. Interestingly, in this study, bufalin also could increase the expression of MMP3, an essential protein in regulating cell migration, which is in contrast to another study that showed bufalin reduced the levels of MMP2/9 in liver cancer HCCLM3 and HepG2 cells (Qiu et al., 2013). While very limited data show that bufalin could promote cancer growth, it should be cautious to monitor certain inflammatory factors when applied in humans.
Limited structure-activity relationship (SAR) information
By far, there is limited medicinal chemistry study based on bufalin, and no derivative shows a better cytotoxicity than bufalin. In addition to 3-phosphate-bufalin (Figure 2) (Song et al., 2015), there are several promising derivatives built on bufalin, including compound 1 (Yuan et al., 2014), compound 2 (Ma et al., 2013), compound BF211 (Lei et al., 2016; Sun et al., 2016), bufalin 2,3-ene and bufalin 3,4-ene (Sampath et al., 2022), etc., As shown in Figure 5A. It is noticeable that most of them were modified on two hydroxyl groups. Unfortunately, those compounds all demonstrated much lower cytotoxicity than bufalin, while some had reduced effects toward Na+, K+-ATPase, suggesting a safer profile.
[image: Figure 5]FIGURE 5 | (A) Structures of several prominent bufalin derivatives. Significant structural properties are highlighted. (B) SAR information of bufalin by far (as of February 2023), and some remaining open questions to be answered.
We extracted critical information in Figure 5B, which may help guide further structural modifications that aim to decrease toxicity yet maintain its cytotoxicity toward cancer cells (Shao et al., 2021).
Future perspectives
In-depth pharmacological/mechanistic study
As discussed in Sections 2 and 3.1, bufalin appears more like a multi-targeting compound. It remains unknown 1) which target plays a leading or decisive role in killing cancer cells and what targets are simply down-stream pathways; 2) whether bufalin’s cytotoxicity is cancer type-dependent; 3) how the network of all targets works together to suppress cancer; etc. Thus, more studies of pharmacology and mechanism are needed to answer these questions.
Combination remedies
It has been confirmed that bufalin may achieve strong synergistic effects when combined with conventional and targeted therapies; however, more tryouts are worth evaluating, including its combination with immunotherapies. Bufalin has the potential to stimulate the immune response in NK cells and in inducing inflammatory cytokines (Shih et al., 2018; Fu et al., 2021), thus, it is rational to assume that it may have a synergistic effect with certain immunotherapies such as PD-1 or PD-L1 antibodies.
More in vivo models validation of bufalin
Translating in vitro into in vivo effects is challenging due to a different physiological environment. Thus, single-use or combinational remedies must be tried in animal models to reveal efficacies and potential toxic effects before evaluating cancerous patients in clinical trials.
A comprehensive and systematic SAR study of bufalin derivatives
To design new derivatives or analogs rationally, a complete picture of SAR is necessary, usually obtained from a comprehensive and systematic study that shows the relationship of each functional group with its activity. It has been shown that the two hydroxyl groups are either tolerant of being protected by certain groups through ester bond or be eliminated to generate a double bond product, which shows a lower inhibitory effect to Na+/K + -ATPase, the central origin of toxic effects (Ma et al., 2013; Yuan et al., 2014; Lei et al., 2016). Apparently, more information is needed to check if any other modifications are favorable, such as (1) ether bond linked with varied functional groups, (2) replacement with an imine bond linked with other groups, etc. As for the lactone ring, little information is known; open questions include whether it is stable under stocking conditions or whether it can undergo hydrolysis, which may cause the loss of activity of shorter half time. Thus, a more systematic study is needed for the rational drug design to improve its drug-likeness further and obtain a more suitable candidate, i.e., safe and effective, for evaluation in cancer patients.
CONCLUSION
Bufalin is a highly cytotoxic agent that has been shown to inhibit a broad cancer type, including CSCs. Bufalin primarily targets and inhibits SRC-3, p-Akt, and the associated proteins in the corresponding pathways, leading to mitochondria-mediated apoptosis and necroptosis. While under some circumstances, these effects are cancer-type-dependent. Bufalin’s anticancer spectrum is not revealed entirely. Further in-depth study of pharmacology, medicinal chemistry, pharmacokinetics, and pharmacodynamics, etc., are necessary to push bufalin as a drug candidate in clinical trials and eventually in patients.
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