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Abstract
Historically, natural products have represented a significant source of anticancer agents, with plant-derived drugs becoming increasingly explored. In particular, sanguinarine is a benzophenanthridine alkaloid obtained from the root of Sanguinaria canadensis, and from other poppy Fumaria species, with recognized anti-microbial, anti-oxidant and anti-inflammatory properties. Recently, increasing evidence that sanguinarine exibits anticancer potential through its capability of inducing apoptosis and/or antiproliferative effects on tumor cells, has been proved. Moreover, its antitumor seems to be due not only to its pro-apoptotic and inhibitory effects on tumor growth, but also to its antiangiogenic and anti-invasive properties. Although the precise mechanisms underlying the antitumor activity of this compound remain not fully understood, in this review we will focus on the most recent findings about the cellular and molecular pathways affected by sanguinarine, together with the rationale of its potential application in clinic. The complex of data currently available suggest the potential application of sanguinarine as an adjuvant in the therapy of cancer, but further pre-clinical studies are needed before such an antitumor strategy can be effectively translated in the clinical practice. 
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Core tip: Sanguinarine is a benzophenanthridine alkaloid isolated from the root of Sanguinaria canadensis, and other poppy Fumaria species, which exibits a clear-cut anticancer potential by inducing apoptosis and/or antiproliferative effects on tumor cells. Sanguinarine also shows antiangiogenic and anti-invasive properties, as demonstrated in vitro and in vivo. In consideration of the multiple biological effects of sanguinarine, which suggest its possible use in cancer therapy, further detailed pharmacokinetic and toxicologic studies are required to assess both the efficacy and safety of the compound before proposing a possible translation into the clinic.
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INTRODUCTION
Tumor initiation is the result of multiple genetic and epigenetic events. Transformed cells are characterized by indefinite proliferation, apoptosis-resistance and the capability to metastasize and support angiogenesis[1]. 
Chemotherapy, irradiation and/or immunotherapy represent the gold standard approach for the treatment of cancer worldwide. The increased frequency of tumor relapse and the toxicity of the anticancer drugs, however, often reduce the therapeutical effectiveness of several antitumor therapy protocols. Therefore, the identification of more effective therapeutic protocols is needed and, in this direction, phytochemicals may represent an attractive alternative because of their low toxicity and low cost[2]. In this scenario, sanguinarine (Figure 1) and chelerythrine (CH) are the principal members of quaternary benzo[c]phenanthridine alkaloids (QBAs)[3] obtained from Sanguinaria canadensis, Chelidonium majus, and Macleaya cordata. Alkaloids include a large group of secondary metabolites (SMs) that differ in relation to structure, function and biodistribution[4]. In the past, QBAs have attracted the attention of many pharmacologists because of their own low toxicity[5,6] and their multiple biological activities, such as the antitumor[7], antimicrobial[8,9], anti-inflammatory[10], anti-HIV[11], anti-platelet[12], anti-angiogenesis[13], and antiparasitic activities[14-16]. The influence of QBAs on the activity of various important biological enzymatic pathways has been also demonstrated[7]. For long times, sanguinarine-containing herbs were believed to possess anticancer activity but only recently evidence that sanguinarine possesses a strong anti-neoplastic activity, which is mediated mainly by the induction of tumor cell apoptosis has been proved.
This review summarize the most recent findings on the molecular mechanisms underlying the antitumor activity of sanguinarine both in vitro, in a variety of human tumor cells, and in vivo in selected experimental tumor models, together with the rationale of its potential application in clinical practice.
SANGUINARINE INDUCES APOPTOSIS IN TUMOR CELLS
Physiologically, the human body controls homeostasis by eliminating damaged and aged cells by means of a genetically programmed process named apoptosis[17,18]. Tumor cells evade apoptosis and grow indefinitely. Several proteins, among which are caspases, pro-apoptotic Bax and anti-apoptotic B cell lymphoma (Bcl)-2, cytochrome c, and apoptotic protease activating factor (Apaf)-1, carry out the apoptotic programme either by intrinsic or extrinsic pathways. The the first one is dependent on mitochondria, whereas the second one is initiated by the so-called death receptors (DRs). Selected anti-apoptotic proteins, among which Bcl-2, have been found over-expressed in different types of cancers. The down-regulation of anti-apoptotic proteins in cancer cells represents a promising therapeutic strategy of intervention in cancer therapy. 
A number of plant-derived agents, have been shown to be capable of hampering disease progression by inducing cell apoptosis in multiple types of human and experimental cancers. Recently QBAs, and particularly sanguinarine, have been indicated as potential anti-cancer compounds. In detail, it has been reported that micromolar concentrations of sanguinarine are capable of inhibiting tumor cell growth, and this inhibitory effect is associated with cell cycle arrest and induction of apoptosis[19-22]. The anti-proliferative and/or pro-apoptotic activities of sanguinarine have been demonstrated in in vitro studies on several cancer cell types including epidermal[23], keratinocyte[24,25], prostate[26-28], cervical[29], breast[20,30-33], leukaemia[34,35], lymphoma[36], melanoma[37-39], colon [40,41], colorectal[21], gastric[42], pancreatic[19], lung[22], neuroendocrine[43], osteosarcoma[44], and human neuroblastoma cells[45]. By contrast, there are few studies on the in vivo effectiveness of sanguinarine administration per os[46,47] in animal tumor models[33,48]. 
It has been reported that sanguinarine exerts an antiproliferative activity on murine melanoma cells both in vitro and in vivo (B16 melanoma 4AS in the syngeneic host C57BL/mice), as well as in A375 human melanoma xenografts in athymic nude mice[48]. We also have conducted a study aimed at evaluating the anti-tumor effect of sanguinarine both in vitro and in vivo in a rat colorectal cancer model (DHD/K12/TRb cell line)[49]. We found that the in vitro addition of sanguinarine has a dose-dependent inhibitory effect on the proliferation of DHD/K12/TRb cells and induces tumor cell apoptosis. Sanguinarine also showed a clear-cut in vivo anti-tumor activity, leading to an inhibition of tumor growth higher than 70%[49].  The sanguinarine-induced inhibition of tumor growth was associated with its pro-apoptotic effect on tumor cells, as confirmed by the ex-vivo histopathological examinations performed on experimental tumor sections and by TUNEL assay[49].
It is known that sanguinarine-induced apoptosis occurs through multiple pathways, including the activation of nuclear factor-kB (NF-kB)[50], the mitochondrial damage resulting in activation of the caspase machinery[24] and the cell cycle arrest[27]. In detail, the sanguinarine-induced apoptosis occur either via a mithocondrial pathway dependent on caspase-9 or by the DR pathways, with the activation of caspase 8. The activation of caspase 3, which represents a key factor for apoptosis execution in both pathways, and the following cleavage of PARP together with the down-regulation of Bcl-2 and c-FLIP, may play a very important role in the apoptosis induced by sanguinarine[26,51,52]. Studies performed in human neuroblastoma cells SH-SY5Y have shown that sanguinarine reduces the expression of anti-apoptotic genes, particularly of NOL3, BCL2, and HRK genes[45]. A down-regulation of pro-caspase 3, Bcl-2, clAP2, XIAP, and c-FLIPs[20,52] has been also observed in basal cell-like MDA-MB-231 human breast carcinoma cells treated with sanguinarine. The effect of sanguinarine treatment has been evaluated also on the expression levels of Bax and Bcl-2 proteins in immortalized human keratinocytes (HaCaT)[24,25], human leukaemia JM1 and K562 cells[35] and in Hela and SiHa human cervical tumor cells[53]. These findings indicate that sanguinarine, depending on the dose employed, down-regulates the expression levels of Bcl-2 protein while increasing those of Bax protein, which is a key regulator of mitochondrial damage. Notably, Bax expression has been associated with an increased sensitivity of cancer cells to chemptherapy[54], whereas an increase of Bcl-2 has been associated with the occurrence of drug-resistance phenomena[55]. 
It has been proved that sanguinarine is capable of inducing DNA damage, acting as an intercalating agent[56,57], and also a very rapid cell apoptosis which does not seem to be mediated by a p53-dependent DNA damage signalling in human colon cancer[41] and in malignant melanoma cells[38]. 
The concentration of sanguinarine plays a key role in the induction of cell death. Consistently, both apoptotic and non-apoptotic cell death pathways have been observed in response to sanguinarine. Thus, a sanguinarine-related and bimodal cell death effect, which consists of two different types of cell death, i.e. by apoptosis (induced by low SA concentration; characterized by caspase 3 and PARP positivity) and oncosis (induced by high SA concentration; characterized by caspase 3 and PARP negativity), has been demonstrated in various cancer cells types[52].
SANGUINARINE INDUCES ALTERATIONS IN CELL CYCLE
 Tumor cells are characterized by deregulated proliferation.  Conversely, normal cells proliferation is the results of the action of selected growth signals [cyclins and cyclin-dependent kinases (CDKs)] and anti-growth signals (p21 and p27 proteins). Cyclins and cyclin-dependent kinases cooperate in G1 for the initiation of the S phase and in G2 for inducing mitosis, whereas p21 and p27 selectively block the catalytic activity of CDK. Following addition of anti-mitogenic compounds or DNA injury, p21 and p27 bind to cyclin-CDK complex blocking their catalytic activity and consequently the cell cycle progression. 

Actually a number of inhibitors and/or regulators of the cell cycle, among which sanguinarine, are suggested as potential antitumor agents.  Sanguinarine treatment (0.2-2 M for 24 h) blocks cell cycle by enhancing the expression of CDK inhibitors and by reducing not only cyclin D1, D2 and E, but also CDK2, 4 and 6 in human prostate cancer cells[27]. This alkaloid also up-regulates p27 and down-regulates cyclin D1, while inhibiting the activation of STAT3, as demonstrated in vitro in basal cell-like MDA-MB-231 human breast cancer cells and in vivo in a murine breast cancer model[33].  Holy et al[31] studied the effects of sanguinarine (5-10 μmol/L) on the cell cycle regulatory molecules, by immune-cytochemistry, that visualized the cyclin D1 and topoisomerase II in MCF-7 breast cancer cells. They reported that sanguinarine-mediated cellular events induce cell cycle arrest in G0/G1 and inhibit cell proliferation, which is associated with a striking re-localization of cyclin D1 and topoisomerase II from the nucleus to the cytoplasm.
SANGUINARINE-INDUCED APOPTOSIS THROUGH THE GENERATION OF REACTIVE OXYGEN SPECIES
Apoptosis induced by sanguinarine has been associated also with the production of reactive oxygen species (ROS)[20,36,52,58]. ROS are a group of highly reactive molecules, among which are superoxide anion radical, hydrogen peroxide, singlet oxygen, and hydroxyl radical. ROS are the products of the oxygen metabolism within the cell. ROS are known as key regulators of normal cell proliferation and differentiation, however, high levels of ROS have also been associated with damage of DNA and proteins and thus with the occurrence of apoptosis[59,60]. Moreover, an overdone oxidative stress has been shown capable of inducing a reduction of the normal mitochondrial membrane potential, which in turn leads to apoptosis[21,61-63]. It has been shown that ROS generation, is crucial for the apoptosis induced by sanguinarine in human breast cancer[52], SK-Mel-2 human melanoma[37], human prostate cancer[25] and in both HCT-116[21] and HT-29 human colon cancer cells[40]. Consistently, pre-treatment of tumor cells with antioxidants such as N-acetylcysteine or glutathione counteracts the apoptosis induced by sanguinarine[21,32,37,52]. Moreover, the over-expression of cyclooxygenase-2 (COX-2) also rescues prostate cancer cells from sanguinarine-induced apoptosis by inhibiting the activity of NO synthase (NOS), thus suggesting the possibility to use a combination of COX-2 inhibitors and sanguinarine in the treatment of human prostate cancer[28].
SANGUINARINE-MEDIATED INHIBITION OF NF-KB
The molecular pathways associated with carcinogenesis are linked also with chronic inflammation, which emerges as an important co-factor in tumor development. The nuclear factor-kB (NF-kB) controls the inflammatory gene expression and recently it has been suspected to be involved also in the control of tumor development[64]. Resting NF-kB localizes within the cell cytoplasm in the form of a heterodimer composed by p50, p65, and the inhibitory subunit IkB[65]. Following activation, the IkB protein is phosphorylated, ubiquitinated and finally degradated. Then, the p50 and p65 reach the nucleus of cell, where they interact with selected DNA sequences localized in the promoter region of various genes, leading to their transcription. Consistently, the NF-kB signalling pathway has been indicated as a key-target for the development of new chemotherapeutic approaches in cancer. 

Sanguinarine has been suggested as a potential actor in the control of NF-kB-dependent pathological responses by blocking phosphorylation and degradation of IkB. Studies by Chaturvedi et al[50] showed that in human myeloid ML-1a cells, the treatment with sanguinarine is capable of abrogating, dose- and time-dependently, the activation of NF-kB induced by tumor necrosis factor (TNF).
INHIBITION OF TUMOR ANGIOGENESIS BY SANGUINARINE
Many reports indicate that sanguinarine exerts antitumor activity not only by inhibiting tumor cells migration and/or invasion, but also by repressing angiogenesis[22,66]. Since solid tumors require active angiogenesis, the inhibition of endothelial cell proliferation result in the inhibition of tumor growth and progression. The best known angiogenic growth factor is represented by VEGF. Several studies have explored the relationship existing among sanguinarine, angiogenesis and metastatization. In particular, Eun and Koh[13] showed that sanguinarine inhibits the VEGF-induced endothelial cell migration, sprouting and survival in vitro, and blocks blood vessel formation in vivo in different experimental models. Furthermore, Basini et al[67] showed that sanguinarine is capable of blocking the VEGF-induced blood vessel growth. Depending on the concentration used, sanguinarine also inhibits VEGF secretion in human microvascular endothelial cells HMVEC as well as in A549 lung cancer cells[68]. This inhibitory effect has been associated with the suppression of the phosphorilation of Akt, p38 and VE-cadherin, which are well known modulators of the VEGF signal transduction pathway[67,69]. Moreover, sanguinarine enhances apoptosis in human mammary adenocarcinoma MCF-7 through the inhibition of VEGF release, induced by generation of reactive oxygen species[32]. Sanguinarine also inhibits angiogenesis in preclinical experimental tumor models, such as mouse melanoma[48] and rat colorectal cancer, as we reported previously[49]. In both the experimental studies, the therapeutic efficacy of sanguinarine could not be attributed only to a direct anti-proliferative activity but also to the inhibition of tumor angiogenesis induced by this alkaloid.
The rationale of using VEGF-targeted therapies in the treatment of cancer lies in the possibility they offer to counteract the over-expression of VEGF provoked by chemotherapeutic drugs and radiation[70]. Consistently, dacarbazine, which is used in the therapy of human melanoma, induces increased VEGF-A production[71], and dacarbazine-resistant melanoma cells show an increased in vivo growth together with an increased microvessel density[72]. These studies suggest the potential application of sanguinarine, alone or in association with other VEGF inhibitors, in the control of both angiogenesis and metastatization of solid tumors.
INHIBITION OF TUMOR CELL INVASION BY SANGUINARINE
 In solid tumors, neoplastic cells can penetrate the basement membrane by proteolysis and initiate metastatization, which accounts for the majority of cancer deaths. Metastatization is the results of the cooperation between cancer cells and a sort of “inflammed” microenvironment[73]. Consistently, inflammatory cells are an important source of proteases capable of causing a degradation of extracellular matrix, which represents a crucial event in the initiation of cancer cell invasion. Matrix metalloproteinases (MMPs) are an example of agents capable to degrade the extracellular matrix[74,75] and an over-production of these enzymes has been detected in various metastatic cancers[76-78]. Indeed, there is a strong evidence that increased expression and activation of MMP-2 and MMP-9 is present in tumor tissues but not in normal tissues in patients with breast cancer[79] and that MMP-2 induces cancer cell migration by means of its interaction with collagen[80]. 
Recent findings show that sanguinarine inhibits the TPA-induced breast cancer cell migration and invasion while inhibiting the expression of MMP-9 NF-kB and AP-1 signaling pathways[81]. Moreover, previous studies by Sun et al[66] have showed that sanguinarine reduces prostate cancer cell growth and invasion by the inhibition of STAT3 activation. STAT3 is constitutively active in human prostate cancer metastases and has a key role in the phenomena of tumor cell migration and invasion in different types of cancer[82-84]. Since the invasivity and/or metastatic potential of a tumor parallel its maligncy, the above findings indicate that sanguinarine may play a crucial role as a therapeutic agent in anticancer therapy not only for its ability to induce apoptosis but also for its own “anti-invasive” properties.
SYNERGISTIC INTERACTION OF SANGUINARINE WITH CHEMOTHERAPEUTIC AGENTS
Several plant SMs are capable of influencing effectively the multidrug resistance phenomenon in tumor cells and are able also to “chemo-sensitize” them[85-89]. Some clinical studies have explored the possible advantage of combining natural products with classical chemotherapeutic regimens[90-92]. Phytotherapy, which employs plants extracts, is still used worldwide for the treatment of various human diseases. However, evidence has been proved that combinations of individual SM in an extract may exert synergistic effects. As an example, a recent study demonstrates that the combined use of non-toxic concentrations of sanguinarine and digitonin with doxorubicin, synergistically sensitizes Caco-2 (human colorectal adenocarcinoma) and CEM/ADR5000 adryamicin-resistant leukemia cells and increases the cytotoxicity of the chemotherapeutic agent doxorubicin[93]. In this regard, it is worth mentioning that the main advantage of combination therapies is represented by the possibility of reducing the doses and thus the toxicity of chemotherapy, while retaining its own efficacy. Thus, because of its potential synergistic interaction with chemotherapeutic agents, the therapeutic use of sanguinarine as an adjuvant, in association with chemotherapy, might be considered as a theoretical option in cancer therapy. 
CONCLUSION
A successful resolution to the design of antitumor drugs relies, at least in part, on the possibility to overcome the intrinsic resistance to undergo apoptosis detected in many transformed cells. Findings from the studies above mentioned show that sanguinarine is capable of inhibiting tumor growth through different molecular pathways (Figure 2). A summary of the results is shown in Table 1. In conclusion, despite sanguinarine has been extensively studied, the precise mechanisms responsible its antitumor effects still have not been completely elucidated and are strictly dependent on the cell type studied. According to the results obtained so far, it can be said that the anti-tumor action of this alkaloid is the result of a combined effect both on proliferation and invasiveness of tumor cells, that on regulation of the complex phenomena of tumor angiogenesis. In particular, owing to its pro-apoptotic potential, sanguinarine is a good candidate for the development of new anticancer therapies either when used alone or in combination with other chemotherapeutic regimens. More extensive investigation and greater caution are needed, however, to clarify the following important issues. First of all, most of the studies above mentioned have been performed in vitro using cancer cell lines, whereas there are only a few in vivo studies validating the efficacy and safety of sanguinarine administration in animal tumor models. The results of our in vivo studies confirm the effectiveness and safety of using oral sanguinarine administration to control tumor growth in rats[49]. Similar results had been previously reported in a murine melanoma model[48]. In that study, and in agreement with our findings, the anti-proliferative and anti-angiogenic effects of the oral sanguinarine administration were observed at a dosage, i.e., 5 mg/kg, devoid of apparent toxicity. On the other hand, an increase of serum levels of transaminases and LDH, hepatic vacuolization, lipid accumulation and peroxidation in the liver and a reduction of triglycerides, were observed in mice treated with high-dose sanguinarine (10mg/kg), suggesting liver injury[94]. Previous studies showed that sanguinarine can cause physiological dysfunction in skeletal, smooth and cardiac muscles[95-97]. More recent studies clearly indicate that sanguinarine acts as a pro-apoptotic factor and alters mouse normal embryonic development at a physiological dosage, i.e., 0.5-2 μmol/L, which are obtained via dietary intake[98]. These experimental results need further confirmation in view of the possible administration of the compound in pregnancy, although at present no teratogenic effects have been reported in humans.
Most of the studies actually known have reported that sanguinarine exerts cytotoxic activity selectively on cancer cells. Consistently, sanguinarine is a negative regulator of human epidermoid carcinoma cells (A431) but not of normal epidermal keratinocytes[23]. Evidence of this differential activity have been reported recently, showing that mouse lymphocytic leukemic cells are more sensitive to sanguinarine than normal splenocytes[99].  

It is a matter of fact, however, that sanguinarine has been listed as responsible for the toxicity of Argemone mexicana seed oil[100-102]. Das et al[103] reported that topical use of argemone oil (0.15-0.3 mL) or sanguinarine (4.5-18 μmol/L) followed by application of tetradecanoylphorbolmyristate acetate (TPA) induces tumor development in a murine experimental model. Ansari et al[104] also reported that intraperitoneal administration of sanguinarine induces DNA damage in Swiss albino mice. Sanguinarine in argemone oil, is suspected to cause glaucoma[101,102]. Argemone oil increases incidence of bladder cancer in animal models[103] and of gall bladder cancer in humans[104]. Furthermore, sanguinarine extract from bloodroot (Sanguinaria canadensis), previously used in oral hygiene products, was discontinued until a link between product administration and occurrence of leukoplakia was established[105,106]. Hepatic microsomes transform sanguinarine in a mutagenic epoxide and the same sanguinarine is capable of activating polycyclic aromatic hydrocarbon signaling[107]. However, related to this topic, the results available in literature are not univocal[3]. So that is still not clear if sanguinarine may act as a carcinogenic without the cooperation of other risk factors or it is capable of acting in concert with various co-carcinogens. In light of the above facts, the possibility of obtaining beneficial effects in humans by using sanguinarine remains largely unpredictable.
Finally, since at present there is increasing interest in nanotechnology application in cancer therapy and in order to prevent the potential toxic and/or side effects induced by sanguinarine administration, in vivo studies might be performed in experimental tumor models by encapsulating the alkaloid in tumor-targeted nanoparticles[108], which accumulate preferentially in tumors recognizing single cancer cells for diagnosis and treatment. Actually, the administration of sanguinarine (10 mg/kg) per os and encapsulated by lipid nanoparticles (SG-SLNs), has been shown to induce an anti-inflammatory effect in an LPS-induced endotoxin shock murine model, and the pharmacokinetic studies have proved that the AUC 0-24 and C max of SG-SLNs were significantly increased when compared to those of sanguinarine alone[109]. 
In conclusion, several studies indicate the potential application of sanguinarine as an adjuvant in the therapy of cancer, but further detailed pharmacokinetic and toxicology studies, which have to be conducted in appropriate experimental tumor models, are absolutely required to assess the efficacy and safety of this compound before such an antitumor strategy can be translated in clinical trials. 
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Figure 1 Chemical structure of sanguinarine.
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Figure 2  Cellular and molecular mechanisms underlying the antitumor activity of sanguinarine, as assessed by means of  in vitro and  in vivo experimental studies. ROS: Reactive oxygen species; Bcl: B cell lymphoma.
	Table 1 The antitumor activity of sanguinarine

	 

	

	Sanguinarine induces apoptosis in tumor cells through multiple pathways, including the activation of NF-kB, the mitochondrial damage and cell cycle arrest

	

	Sanguinarine-induced apoptosis is associated with the decrease of Bcl-2 and the increase of Bax proteins and the generation of reactive oxygen species

	

	Sanguinarine causes cell cycle arrest by increasing the expression of p27 and decreasing cyclin D1, D2 and E, and CDK2, 4 and 6

	

	Sanguinarine inhibits tumor progression associated with chronic inflammation via the inhibition of NF-kB

	

	Sanguinarine inhibits tumor angiogenesis through the inhibition of VEGF secretion and VEGF signal transduction (Akt, p38 and VE-cadherin)

	

	Sanguinarine has an inhibitory effect on tumor cell migration by the inhibition of MMP-9 and STAT 3 activation

	

	Sanguinarine exerts a synergistic effect with chemotherapeutic agents and enhances the chemosensitivity of Caco 2 and CEM/ADR5000 adryamicin-resistant leukemia cells

	


NF-KB: Nuclear factor-kB; CDK: Cyclin-dependent kinase; Bcl: B cell lymphoma; VEGF: Vascular endothelial growth factor.
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