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Apoptosis is a programmed cell death comprising two signaling cascades including the intrinsic and extrinsic pathways. This process has been shown to be involved in the therapy response of different cancer types, making it an effective target for treating cancer. Cancer has been considered a challenging issue in global health. Cancer cells possess six biological characteristics during their developmental process known as cancer hallmarks. Hallmarks of cancer include continuous growth signals, unlimited proliferation, resistance to proliferation inhibitors, apoptosis escaping, active angiogenesis, and metastasis. Sesquiterpene lactones are one of the large and diverse groups of planet-derived phytochemicals that can be used as sources for a variety of drugs. Some sesquiterpene lactones possess many biological activities such as anti-inflammatory, anti-viral, anti-microbial, anti-malarial, anticancer, anti-diabetic, and analgesic. This review article briefly overviews the intrinsic and extrinsic pathways of apoptosis and the interactions between the modulators of both pathways. Also, the present review summarizes the potential effects of sesquiterpene lactones on different modulators of the intrinsic and extrinsic pathways of apoptosis in a variety of cancer cell lines and animal models. The main purpose of the present review is to give a clear picture of the current knowledge about the pro-apoptotic effects of sesquiterpene lactones on various cancers to provide future direction in cancer therapeutics.
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1 INTRODUCTION
As a world health challenge, cancer has affected more than 17 million people in 2018 and over 8 million of these patients died from the disease. Moreover, recent estimates reveal that number of new cases can increase to more than 27 million by 2040 (Rajabi et al., 2021). Cancer therapy is a complicated process. Conventional cancer therapies include surgery, chemotherapy, and radiotherapy, while a number of novel methods such as targeted therapeutic strategies affecting molecular pathways involved in cancer development, promotion, and progression have been improved dramatically (Debela et al., 2021). Each tumor obtains six biological characteristics during its developmental process known as cancer hallmarks. Hallmarks of cancer include continuous growth signals, unlimited proliferation, resistance to proliferation inhibitors, apoptosis escaping, active angiogenesis, and metastasis (Hanahan, 2022). Targeting each of these processes can be considered an efficient therapeutic strategy to halt cancer.
Apoptosis is a programmed cell death mechanism with a physiological role to eliminate a single cell from the living tissue (Bedoui et al., 2020). Apoptosis, as a physiological mechanism, controls the unlimited expansion of the cell population either to keep tissue homeostasis or to eliminate harmful cells with vast DNA damage (Morana et al., 2022). Any pathological transformation that occurs in the tissue may trigger dysregulation of this physiological process leading to the development of some diseases, especially cancer (Koff et al., 2015). The induction of apoptosis has been reported as an effective approach to halt cancer cell growth cancer (Carneiro and El-Deiry, 2020). Phytochemical compounds, as secondary plant metabolites, have been shown as promising candidates for cancer therapy by inducing apoptotic cell death in cancer cells (Wani et al., 2023).
Sesquiterpene lactones are one of the large and diverse groups of planet-derived phytochemicals with a 15-carbon backbone structure (Matos et al., 2021). These phytochemicals have various biological activities such as anti-inflammatory, anti-viral, anti-microbial, anti-malarial, anticancer, anti-diabetic, and analgesic (Sokovic et al., 2017). Sesquiterpene lactones are derivatives of isopentenyl diphosphate and dimethylallyl diphosphate, which are the mediators of mevalonate and 2-C-methyl-D-erythritol pathways in the cytosol and chloroplast, respectively (Matos et al., 2021). Therefore, the main purposes of this review are to summarize apoptosis mechanisms, dysregulation of apoptosis during cancer development, and sesquiterpene lactones with the ability to target apoptosis in cancer cells.
2 MECHANISMS OF APOPTOTIC CELL DEATH
Apoptosis has been shown as a stage-dependent process. During the early stages of apoptosis, condensation of chromatin and nuclear takes place (Lossi, 2022). In late apoptosis, major events include cell shrinkage, plasma membrane blebbing, modification of organelles, loss of cell membrane integrity, and formation of apoptotic bodies (Green, 2022). The exposure of phosphatidylserine (PS) molecules on the outer layer of the cell membrane is a signal, known as “Eat me,” to attract phagocytes to engulf apoptotic cells (Segawa and Nagata, 2015). Apoptosis is mainly triggered in two different ways, including extrinsic or intrinsic pathways, which are described in the next section.
2.1 Extrinsic pathway
The extrinsic pathway of apoptosis is triggered from extracellular space by a direct connection between specific extracellular molecules, known as death ligands, and cell surface proteins, which are named death receptors (Lossi, 2022). To activate the intracellular cascade of the extrinsic pathway of apoptosis, death ligands, including Fas, TNF-related apoptosis-inducing ligand (TRAIL), and tumor necrosis factor (TNF) directly bind Fas receptor (FasR), TNF receptors, and TRAIL receptors on the cell surface (Green, 2022). Death receptors contain an intracellular conserved protein-protein interaction domain known as the death domain, which is binding sites for adaptor proteins, such as TNF receptor-associated death domain (TRADD) and Fas-associated death domain (FADD) as well as pro-caspase 8 and 10 (Huang et al., 1996; Cao et al., 2011; Lee et al., 2012b). An intracellular FADD like IL-1β -converting enzyme (FLICE) inhibitory protein (c-FLIP) blocks the first step of the extrinsic pathway by inhibiting procaspases (Humphreys et al., 2018). This anti-apoptotic protein has three different isoforms including c-FLIP(L), c-FLIP(S), and c-FLIP(R), which have anti-apoptosis activity during both physiologic and pathologic conditions by acting on caspase-8/10 activity (Bagnoli et al., 2010). The other inhibitors of the extrinsic pathway are decoy receptors (DcRs), which are cell-surface proteins with a role as competitive inhibitors of death receptors in binding to death ligands. DcR1 and DcR2 have been shown to bind TRAIL receptors and DcR3 acts as a decoy receptor for FasL in several cancer cells (Soto-Gamez et al., 2022). When activated, caspases 8 and 10 directly cleave effector caspases (3, 6, and 7) to activate them. They also cleave BH3 interacting domain death agonist (BID), which migrates into the mitochondria to trigger the intrinsic pathway of apoptosis by releasing cytochrome C into the cytoplasm (Huang et al., 2016). Thus, the intrinsic pathway of apoptosis can be initiated by indirect action of the extrinsic cascade.
2.2 Intrinsic pathway
The stimulation of the intrinsic pathway of apoptosis is under the control of some intracellular inducers (D'Arcy, 2019). These stimulators include oxidative stress, irradiation, cytotoxic drugs, DNA damage, and hypoxia (Mehrzadi et al., 2021). The intrinsic pathway is known as the mitochondrial pathway because it is mediated by mitochondria in the intracellular space (D'Arcy, 2019). The initial step in the induction of the intrinsic pathway is the enhancement of the permeability of the mitochondrial outer membrane, which leads to the release of cytochrome C into the cytoplasm of the cell (Zhang et al., 2017). Cytochrome C forms a multiprotein complex structure, known as the apoptosome, with apoptotic protease activating factor-1 (Apaf-1) and procaspase-9 in the cytosol (Zhang et al., 2017). Different factors are involved in the stimulation of cytochrome C release from mitochondria to cytosol including increased mitochondrial permeability transition (MPT), elevated ratio of proapoptotic B-cell lymphoma protein 2 (Bcl-2) family proteins, and hypotonicity of cytoplasm due to ionic effluxes (Naumova and Šachl, 2020). Among these factors, the Bcl-2 family members are the major regulators of the intrinsic pathway. This family contains two sets of proteins with two opposite roles in the induction of the intrinsic pathway of apoptosis. For example, anti-apoptotic proteins of this family including Bcl-2, Bcl-xL, Bcl-W, Bfl-1, and Mcl-1 inhibit apoptosis induction, but pro-apoptotic ones Bax, Bak, Bad, Bcl-Xs, Bid, Bik, Bim, and Hrk promote the initiation of apoptosis (Opferman and Kothari, 2018). The main function of the proapoptotic members of the Bcl-2 family is to perforate the mitochondrial membrane to help cytochrome C efflux; however anti-apoptotic members act by inhibiting the function of proapoptotic proteins (Uren et al., 2017). Upon the release of cytochrome C, three proteins also enter the cytosol. These proteins are apoptosis-inducing factor (AIF), the second mitochondria-derived activator of caspase (Smac)/direct IAP binding protein with low pI (DIABLO), and Omi/high-temperature requirement protein A (HtrA2), which bind to the inhibitor of apoptosis proteins (IAPs) and block these proteins. In the absence of the above-mentioned proteins, IAPs bind and inhibit caspase-9 and -3 leading to the inhibition of apoptosis (Flores-Romero et al., 2020). Caspase-9 is generally in its inactive form, called procaspase-9, which is activated by the function of apoptosome leading to the activation of effector caspases and cell destruction (Bratton and Salvesen, 2010). Figure 1 illustrates the overview of the intrinsic and extrinsic pathways of apoptosis and their different modulators.
[image: Figure 1]FIGURE 1 | An overview of the extrinsic and intrinsic pathways of apoptosis and their major modulators. FADD, Fas-associated death domain; Bax, Bcl2 associated X; Bcl-2, B cell lymphoma-2; Cyt C, cytochrome C; Apaf-1, apoptotic protease activating factor 1; AIF, apoptosis-inducing factor; Smac/DIABLO, second mitochondria-derived activator of caspase/direct IAP binding protein with low pI; HtrA2, Omi/high-temperature requirement protein A; XIAP, X-linked inhibitor of apoptosis protein; c-FLIP, cellular FADD-like IL-1β-converting enzyme (FLICE) inhibitory protein; t-BID, truncated BH3 interacting-domain death agonist.
3 APOPTOSIS DYSREGULATION IN CANCER
Dysregulation of both intrinsic and extrinsic pathways of apoptosis leads to apoptosis evasion and therapy resistance in cancerous tumors (Neophytou et al., 2021). Therefore, new therapeutic approaches are committed to preventing cancer cells from evading apoptotic cell death as one of the hallmarks of cancer (Neophytou et al., 2021). These mechanisms of apoptosis evasion are summarized in Figure 2.
[image: Figure 2]FIGURE 2 | Illustrative presentation of the different mechanisms by which cancer cells can escape apoptosis. NGB, Neuroglobin is an oxygen-binding globin with overexpressed levels in some cancer cells that forms a complex with cytochrome C and prohibits its release into the cytoplasm.
In the extrinsic pathway, death receptors are first-line molecules that may be affected in cancer cells. For example, therapy resistance in leukemia and neuroblastoma cells is attributed to CD95 downregulation on the cell surface of these cancer cells (Friesen et al., 1997). Downregulation of these receptors and lack of enough molecules on the cell surface of cancer cells may arise from some epigenetic alterations induced by cancerous conditions to evade apoptosis during cancer development (Manoochehri et al., 2016). Other cell surface receptors that may be used by cancer cells to escape apoptosis are DcRs. Glioblastoma, colon, and lung cancers amplify DcR3 to evade apoptosis by inhibiting Fas ligand-mediated cell death (Pitti et al., 1998). Death receptor-linked and soluble proteins in the cytosolic cascade of the extrinsic pathway are usually affected in cancer cells. Any dysregulation in the levels of FADD and cFLIP in renal carcinoma can hinder death receptor-mediated apoptosis and increase cell survival in this cancer (Ranjan et al., 2012). Loss of the expression or degradation of the FADD leads to apoptosis resistance in triple-negative breast cancer cells (Lee et al., 2012a). According to recent reports, 10% of human head and neck squamous cell carcinomas (HNSCCs) have a mutated caspase 8, which is responsible for the apoptosis-resistant phenotype in these patients (Li et al., 2014; Cui et al., 2021). In addition to genetic mutations, epigenetic mechanisms are also involved in the inactivation of caspase 8. For example, DNA methylation in the gene encoding caspase 8 results in the downregulation of this enzyme and leads to apoptosis escape in human malignant glioma cells (Teng et al., 2017).
Cancer cells also make some changes in factors involved in the intrinsic pathway to provide favorable conditions for apoptosis evasion. For example, some cancer cells upregulate Bcl-2 family proteins and downregulate proapoptotic protein Bax to prevent apoptotic cell death (Lopez et al., 2022). Downregulation of Bid in MCF-7 cells is associated with inhibition of TRAIL-induced caspase-8 activation (Sivaprasad et al., 2007). It has been reported that c-FLIP variants may cause resistance to death receptor ligands and chemotherapeutics in cancer cells. Furthermore, overexpression of c-FLIP is correlated with poor clinical results (Safa, 2013). Neuroglobin (NGB) is an oxygen-binding globin with overexpressed levels in some cancer cells (Fiocchetti et al., 2019). This protein has the ability to form a complex with cytochrome C, leading to the inhibition of cytochrome C release and blockage of apoptosis (Tiwari et al., 2018). It has been reported that downregulation and inactivation of Apaf-1 in skin and ovarian cancer cells resulted in apoptosis resistance and therapy failure (Tan et al., 2011; Tian et al., 2018). Overexpression of the X-linked inhibitor of apoptosis protein (XIAP) in many tumor cells has been reported as an adverse alteration that renders the cancer cell apoptosis-resistance capacity (Obexer and Ausserlechner, 2014).
4 SESQUITERPENE LACTONES WITH PRO-APOPTOTIC ACTIVITIES IN CANCER
4.1 Alantolactone
A study on the apoptosis-inducing activity of alantolactone, isolated from Inula helenium, in MDA-MB-231 breast cancer cells showed that this agent stimulates mitochondrial-mediated apoptosis in these cells. Alantolactone increased the Bax/Bcl-2 ratio and cytochrome C release from mitochondria to the cytoplasm. It also decreased mitochondrial membrane potential (MMP) and activated caspase 9 and 3. Furthermore, alantolactone exerted its anticancer effect on MDA-MB-231 breast cancer cells through reactive oxygen species (ROS)-mediated mitochondrial dysfunction (Cui L. et al., 2018). In another study, alantolactone induced apoptosis of MCF-7 cells by downregulating Bcl-2, upregulating Bax and p53, and activating caspases 3 and 12 (Liu et al., 2018). In chronic myelogenous leukemia (CML) cell line, K562, alantolactone treatment resulted in apoptosis induction by activating caspase-3 and poly (ADP-ribose) polymerase-1 (PARP-1) as well as the reduction of MMP in these cancer cells. Alantolactone triggered apoptotic cell death in the K562 cell line by inhibiting the nuclear factor kappa B (NF-κB) pathway and tumor necrosis factor α (TNFα) function on this pathway (Wei et al., 2013). Treatment of the human colon cancer cell line, RKO, with alantolactone decreased proliferation and increased apoptosis in these cancer cells. Alantolactone treatment also led to the accumulation of intracellular ROS and the disruption of MMP in RKO cells. This phytochemical induced apoptosis in RKO cells by modulating mitochondria pathway via diminishing Bcl-2 expression and augmenting Bax protein levels with activating effects on caspase-3 and -9 (Zhang et al., 2013). Ren et al. (2021) conducted a study to evaluate the effect of alantolactone on colorectal cancer and its underlying mechanism. Alantolactone could induce HCT-116 cell apoptosis by downregulating Bcl-2, upregulating Bax, activation of caspase 3, MMP loss, and G0/G1 phase arrest. The xenograft tumor model of the colon cancer cells in Balb/c mice showed that Alantolactone at a dose of 50 mg/kg significantly reduced the tumor size. Treatment of gastric cancer cell lines BGC-823 and SGC-7901 with different concentrations of alantolactone induced apoptosis of these cells by increasing the expression of Bax and p53 and decreasing the expression of anti-apoptotic protein Bcl-2. These effects may arise from the modulation of mitogen-activated protein kinase (MAPK) and nuclear factor-κB (NF-κB) pathways (He et al., 2019). The most frequent type of malignant and aggressive brain tumor in adults is glioblastoma multiform (GBM). Khan et al. (2012b) demonstrated that alantolactone suppresses the growth of GBM cell line U87 by inducing apoptosis in these cancer cells. They reported that alantolactone triggered apoptosis of U87 cells through upregulation of p53 and Bax, downregulation of Bcl-2, cytochrome C release, and activation of caspases 9 and 3. In the hepatocellular carcinoma cell line, HepG2, alantolactone induced apoptosis in a dose-dependent manner. The apoptosis-inducing activity of alantolactone in HepG2 cells was shown to be associated with an increased ratio of Bax to Bcl-2 proteins and activation of caspase 3. This phytochemical also hampered MMP and led to the formation of ROS in these cancer cells (Khan et al., 2013). In another study on HepG2 cells, this sesquiterpene lactone triggered apoptosis by acting on both intrinsic and extrinsic pathways. It downregulated protein levels of Bcl-2, increased cytosolic cytochrome C, decreased MMP, and activated caspase 3, 9, and 8 leading to the cleavage and activation of Bid (Lei et al., 2012). In A549 lung adenocarcinoma cells, alantolactone induced apoptosis and enhanced the chemosensitivity of A549 cells to doxorubicin by inhibiting the JAK/STAT3 pathway in these cells. It exerted apoptosis-promoting effects via increasing the expression levels of Bax and Bad, activation of caspase 3 and 9 as well as a decrease in the levels of Bcl-2, survivin, and XIAP (Maryam et al., 2017). Alantolactone effects on the proliferation and apoptosis of human melanoma cells (A375 and B16) have been illustrated by upregulation of Bax expression, activation of caspase 3, and downregulation of Bcl-2 and the proliferation marker PCNA (Zhang L. et al., 2023). This sesquiterpene has been shown to stimulate apoptosis in human multiple myeloma cell lines (OPM2 and IM-9). Alantolactone induced apoptosis in these cell lines by activating caspase 3 and caspase 9 with no significant effect on caspase 8. This phytochemical also downregulated Bcl-2 and survivin and upregulated Bax in both cell lines. These data suggest that alantolactone specifically triggers the intrinsic pathway of apoptosis in multiple myeloma cells (Yao et al., 2015). Treatment of human oral squamous cell carcinoma (OSCC) cells including CAL27 and SCC9 with alantolactone had anti-proliferative and pro-apoptotic activity. The authors of that study have declared that alantolactone led to CAL27 and SCC9 cell injury by the formation of ROS, loss of MMP, and ATP depletion. However, they did not check the other prominent markers of apoptosis (Zhang Y. et al., 2023). Alantolactone treatment in 143B and MG63 osteosarcoma cell lines promoted apoptosis and arrested the cell cycle at the G2/M phase. Mechanistically, alantolactone declined the protein level of anti-apoptotic factor Bcl-2 while increasing the protein level of pro-apoptotic factors, Bax and Bad. Furthermore, it induced the activation of caspase 3 and PARP. Moreover, it decreased tumor growth and metastasis of 143B cells in a xenograft model of osteosarcoma (Yang C. et al., 2022). Alipour et al. (2022) examined the effect of cisplatin, alantolactone, and ZnO nanoparticles (ZnONPs) on the induction of apoptosis in the SKOV3 ovarian cancer cell line. Their data revealed that both alantolactone and ZnONPs increase the sensitivity of SKOV3 cells to cisplatin. They further showed that the cells treated with a single, double, or triple combination of the three agents had a significant downregulation in the expression of Bcl-2, XIAP, and cyclin D1 and remarkable upregulation of pro-apoptotic factor Bax. ROS production was also higher in the treatment groups than in the untreated control cells. Alantolactone promoted apoptosis and induced cell cycle G1/G0 phase arrest in squamous lung cancer SK-MES-1 cells. I upregulated the levels of caspases 3, 8, and 9 as well as the PARP enzyme and pro-apoptotic factor Bax. Bcl-2 was the only factor that was found to be downregulated in alantolactone-treated SK-MES-1 cells (Zhao et al., 2015). Another sesquiterpene lactone, called 13-O-acetylsolstitialin A (13ASA), which was isolated from Centaurea cyanus, has been shown to suppress the proliferation of MCF-7 and MDA-MB-231 breast cancer cell lines. Further experiments revealed that 13ASA stimulated cell cycle arrest at subG1 and G1 phases possibly by suppressing the cyclin D1 and Cdk-4 protein levels. 13ASA significantly upregulated Bax and downregulated Bcl-2 proteins both in MCF-7 and MDA-MB-231 cell lines. The mechanisms of apoptosis-inducing activity of this agent were reported to act by decreasing MMP and increasing ROS concentration in the intracellular spaces (Keyvanloo Shahrestanaki et al., 2019). Table 1 summarizes pro-apoptotic sesquiterpene lactones and their underlying mechanisms of action in diffident cancers.
TABLE 1 | Sesquiterpene lactones with the ability to induce apoptosis in different cancers.
[image: Table 1]4.2 Ambrosin
In a study on a human drug-resistant breast cancer cell line MDA-MB-231, the anti-cancer activity of ambrosin has been evaluated. Ambrosin is a sesquiterpene lactone found in Hymenoclea salsola and Ambrosia maritime. The data shows that ambrosin induces apoptosis of MDA-MB-231 cells by increasing Bax and decreasing Bcl-2 expression levels. The IC50 value of ambrosin was calculated as 25 µM. However, ambrosin treatment at a concentration of 50 µM increased apoptotic MDA-MB-231 cells from 3.5% in the controls to 56%. This sesquiterpene lactone decreased MMP and increased the levels of ROS in MDA-MB-231 cells in a dose-dependent manner. Moreover, ambrosin had very low toxic effects on the MCF-12A normal breast cells (Fan et al., 2020). In a similar study, ambrosin significantly enhanced the apoptotic cell death in MDA-MB-231 cells in a dose- and time-dependent manner. It also led to the enhanced expression levels of caspase-3, caspase-9, and Bax with decreased levels of Bcl-2 in MDA-MB-231 cells at concentrations more than 8 µM (Meng and Shao, 2021).
4.3 Antrocin
Antrocin is a sesquiterpene lactone derived from Antrodia cinnamomea with different biological activities. A study by Chiu et al. (2016) unraveled that antrocin could stimulate both intrinsic and extrinsic pathways of apoptosis in the human bladder cancer 5637 cell line. Their data evidenced the upregulation of Fas, FasL, DR5, and Bax with enhanced activity of caspases 3, 8, and 9. Antrocin also decreased the protein expression of Bcl-2 and Bcl-xL. Rao et al. (2011) investigated the anticancer effects of antrocin on triple-negative breast cancer cells MDA-MB-231. They found that antrocin promoted apoptosis of these cancer cells by a mechanism that leads to the activation of caspase-3 and PARP enzymes. Antrocin also increased the protein expression of pro-apoptotic factor Bax, enhanced the release of cytochrome C, and suppressed the expression of anti-apoptotic proteins Bcl-2, Bcl-xL, and survivin in a time- and dose-dependent manner in MDA-MB-231 cells. In another in-vitro and in-vivo study on breast cancer models, the authors asserted that antrocin treatment triggered apoptosis in MCF-7 and MDA-MB-231 cell lines by a mechanism that targets β-catenin, Akt, and Notch. Hey also revealed a significant suppressing effect of antrocin on the MDA-MB-231 xenograft model. However, they have not evaluated any apoptosis marker (Chen et al., 2019). Yeh et al. (2013) showed that antrocin suppressed the proliferation of two non-small-cell lung cancer cells, H441 and H1975. Antrocin also induced apoptosis in these cells by activating caspase 3, increasing the expression of Bax, and decreasing the levels of Bcl2, MCL-1, and survivin in H441 and H1975 cell lines. In prostate cancer cell line PC3-KD, antrocin initiates apoptotic cell death mechanism through modulating different apoptosis markers. This sesquiterpene lactone led to elevated levels of cleaved forms of caspase 3, caspase 9, and PARP. It further upregulated Bax and downregulated Bcl-2 to trigger apoptosis in PC3-KD cells (Chen Y. A. et al., 2018).
4.4 Artemisinin
Artemisinin is a sesquiterpene lactone isolated from Artemisia annua L. with apoptosis-inducing effects on T-cell leukemia cell line Molt-4 (Singh and Lai, 2004). Artemisinin shows pro-apoptotic effects on cisplatin-resistant MDA-MB-231 breast cancer cells. It acts by downregulating Bcl-2 and upregulating Bax protein expressions (Guan and Guan, 2020). Primary gallbladder cancer cell lines (GBC-SD and NOZ) undergo apoptosis when treated with artemisinin. Anti-proliferative activity of artemisinin was also revealed in an in-vitro and an in-vivo xenograft model of gallbladder cancer. Western blot analysis demonstrated that artemisinin treatment led to cytochrome C release into the cytoplasm and activated caspase-3 in both cell lines. Artemisinin resulted in G1-phase arrest, promoted ROS generation, and decreased MMP in these gallbladder cancer cells (Jia et al., 2016). Chen J. et al. (2018) treated C6 glioma cells and a rat C6 brain-glioma model with artemisinin to evaluate the anti-tumor activity of artemisinin in-vitro and in-vivo. They asserted that artemisinin had decreased Bcl-2 protein levels and increased Bax and caspase 3 expressions in C6 cells but their western blotting results are not clearly evident and do not show significant changes. However, the expression of these factors has been clearly changed in the rat model of disease. In human hepatocarcinoma cell lines (HepG2 and Hep3B), artemisinin and dihydroartemisinin triggered apoptosis through increasing the ratio of Bax to Bcl-2 and activating caspase 3 and PARP in line with the downregulation of mouse double minute 2 (MDM2). In in-vivo models of HepG2 and Hep3B xenograft tumors, both compounds suppressed tumor size and altered the expression of the above-mentioned apoptosis markers similar to in-vitro models (Hou et al., 2008). Artemisinin treatment can induce autophagy in non-small lung carcinoma (A549) cells at the early stage of treatment. This compound also induces apoptosis in A549 cells via a mitochondrial-mediated pathway by decreasing the expression of Bax, increasing the expression of Bcl-2 and cytochrome C leading to the activation of caspase 3. ROS production is another mechanism of apoptosis induction by artemisinin. Pre-treatment with chloroquine synergistically enhanced the apoptosis-inducing activity of artemisinin in A549 cells (Ganguli et al., 2014). A combination of artemisinin and metformin has been reported to induce cell cycle arrest in T-47D breast cancer cells. This combined treatment triggered apoptosis in these cancer cells through enhancing Bcl-2, suppressing Bax and survivin as well as the activation of caspase 7 and caspase 3. Nano-formulated forms of this combination even had stronger anti-proliferative activity in comparison to free forms (Hassani et al., 2022). Zhu et al. (2014) studied the pro-apoptotic effect of artemisinin on human neuroblastoma cell lines SK-N-AS, SK-N-DZ, and SHEP1 by flow cytometry. However, they have not checked the expression of apoptosis markers to further support flow cytometry data. Nam et al. (2007) demonstrated that deoxoartemisinin trimer, an artemisinin derivative, showed strong antiproliferative and apoptosis-inducing effects on oral cancer cell line YD-10B. They clarified that this derivative induced apoptosis by acting on a mechanism that involves caspase 3 activation but no other intrinsic or extrinsic markers of apoptosis were checked.
4.5 Brevilin A
Brevilin A, a sesquiterpene lactone from Centipeda minima, has been unraveled to promote apoptosis in MCF-7 breast carcinoma cells by enhancing G2/M phase cell cycle arrest. Induction of apoptosis by Brevilin A led to the augmentation of Bax and Bak, formation of ROS, diminution of Bcl-2 and XIAP, and activation of caspase 9 and PARP. However, no data were reported on the activation of caspase 3, as the leading marker of apoptosis induction (Saleem et al., 2020). You et al. (2018) evaluated the anti-tumor effects of Brevilin A on in-vivo and in-vitro models of colon adenocarcinoma CT26 cells. The results showed that Brevilin A induces apoptosis in these cancer cells by increasing ROS formation and decreasing MMP. Apoptosis induction by Brevilin A was identified by the formation of activated forms of caspase 8, caspase 9, and caspase 3 together with increased expression of Bax and decreased expression of Bcl-2. Their data also indicated that Brevilin A has positive effects on the induction of autophagy. The results of the in-vivo study indicated the growth-inhibitory activity of Brevilin A by triggering apoptosis and autophagy in tumor tissues. Lee et al. (2022) studied the effects of brevilin A on human gastric cancer (AGS) cells. They observed that CMX and brevilin A triggered apoptotic cell death AGS cells by increasing the activated forms of caspase 8 and caspase 3, reducing Bcl-2, and inducing the expression of Bax. In U87 glioblastoma cells, brevilin A reduced the proliferation and induced apoptotic cell death in a dose-dependent manner. The mechanism of brevilin A to stimulate apoptosis in U87 cells involved oxidative stress induction, Bax upregulation, Bcl-2 downregulation, MMP diminution, cytosolic cytochrome C accumulation, XIAP reduction, and increased expression of activated forms of caspase 9 and caspase 3, and PARP (Wang J. et al., 2018). Brevilin A inhibits proliferation and promotes morphological changes in two non-small cell lung cancer cells (A549 and NCI-H1650). Moreover, this sesquiterpene lactone upregulates Bax and downregulates Bcl-2 with no significant effect on XIAP protein expression. It also disrupts MMP and increases ROS levels in A549 and NCI-H1650 together with increased expression of cleaved forms of caspase 3 and PARP enzymes (Khan et al., 2020). Brevilin A upregulated Bax, cleaved caspase 9, and PARP along with a significant downregulation in the levels of Bcl-2 in human nasopharyngeal carcinoma cell line CNE-2 to induce cell cycle arrest at the G2/M phase. In the xenograft model of nude mice, brevilin A suppressed the growth of tumor tissue (Liu R. et al., 2019). This phytochemical suppressed the proliferation and stimulated apoptosis in melanoma cell lines A375 and A2058. Its pro-apoptotic activity was shown by activating caspases 3, 7, 8, and 9 together with the cleavage of PARP enzyme and decreased expression of anti-apoptotic proteins Bcl-xL and Mcl-1 (Su et al., 2020).
4.6 Bigelovin
Bigelovin is a sesquiterpene lactone isolated from Inula helianthus aquatic. This phytochemical has been shown to reduce the viability of human colon cancer cells and induce apoptosis of these cancer cells by a mechanism involving the inhibition of NF-κB downstream genes (Feng et al., 2021). Li, et al. described the anti-colorectal cancer effects of bigelovin in-vitro and in-vivo. Bigelovin induced apoptosis in HT-29 and HCT 116 cells by causing G2/M cell cycle arrest, activating caspases 3 and 7 and PARP, inducing DNA damage, upregulating DR5 or DcR2, and generating ROS. However, it had no remarkable effect on caspase 9 activation or showed a reducing effect on caspase 8, Bax, and Bcl-2. These data suggest that bigelovin may act on the extrinsic pathway to kill colorectal cancer cells. The growth xenograft model of the HCT116 tumor was reversed after bigelovin treatment. The results of the in-vivo study also confirmed the induction of the extrinsic pathway by bigelovin (Li et al., 2017). Intravenous injection of bigelovin at a range dose of 0.3–3 mg/kg significantly reduced the size of the tumor in two colon cancer mice models, orthotopic tumor allografts, and experimental metastatic models. This phytochemical has been revealed to induce apoptosis and inhibit inflammation and angiogenesis in these murine models of disease (Li et al., 2018). Wang B. et al. (2018) explored the potential anti-cancer effects of bigelovin on human liver cancer in-vitro and in-vivo. They reported that liver cancer cell lines, HepG2 and SMMC-7721, underwent apoptosis following bigelovin treatment, which activated PARP and caspases 3, and 9, augmented Bax, and suppressed Bcl-2 expressions. Bigelovin also induced autophagy in these cancer cell lies. Xenograft model of HepG2 tumor treated with bigelovin significantly suppressed in a dose-dependent manner. Zeng et al. (2009) reported anti-proliferative effects of bigelovin on human monoblastic leukemia U937 cells with an IC50 value of 0.47 µM. They identified morphological features of apoptosis in bigelovin-treated cells. The authors also demonstrated that bigelovin treatment increased the percentage of Annexin V positive U937 cells and caused the cell cycle arrest at the G0/G1 phase.
4.7 Britannin
Britannin is a sesquiterpene lactone isolated from Inula aucheriana with anti-cancer effects on different cancer cells (Moghadam et al., 2012). This sesquiterpene lactone has been observed to stimulate apoptosis in human pancreatic cancer cell lines AsPC-1 and Panc-1. Its apoptosis-inducing effects on these cell lines are mediated by the upregulation of BCL-2 and downregulation of BAX together with activating caspase 3, cytochrome C efflux from mitochondria into the cytosol, PARP cleavage, and ROS generation (Moeinifard et al., 2017). Mohammadlou and co-workers examined the anticancer effect of britannin on acute lymphoblastic leukemia (ALL) cell lines NALM-6, REH, and JURKAT cells. They reported that NALM-6 cells had the highest sensitivity to this sesquiterpene lactone. In this cell line, britannin induced ROS-dependent G1 cell cycle arrest (Mohammadlou et al., 2021). In another study, they assessed the cytotoxic effects of britannin alone or in combination with vincristine on another ALL cell line MOLT-4. They found that britannin hampered the proliferation of MOLT-4 cells and caused G1/S phase cell cycle arrest. Britannin pro-apoptotic effects on this cell line were exerted by a mechanism that involved ROS formation, Bax and Bim upregulation, caspase3 activation, Bcl-2 downregulation, and XIAP inhibition. Britannin also showed a synergistic effect with Vincristine on MOLT-4 cells (Mohammadlou et al., 2022b). Hamzeloo-Moghadam et al. (2015) investigated the anticancer activity of britannin on two human breast cancer cell lines MCF-7 and MDA-MB-468. Induction of the activity of caspases 3 and 9 following britannin treatment affirmed the pro-apoptotic effect of this phytochemical on breast cancer cells. The Western blot results indicated the inhibitory activity of britannin on anti-apoptotic Bcl-2 and pro-apoptotic Bax proteins. It also increased ROS formation, blocked MMP, and increased cytosolic levels of cytochrome C in MCF-7 and MDA-MB-468 breast cancer cells. Rajabi et al. (2023) indicated that the apoptosis-inducing effect of britannin on MCF-7 cells involves the inhibition of the JAK/STAT signaling pathway. Evaluating the effect of britannin on CML cell line K562 and acute myeloid leukemia (AML) cell line U937 by Mohammadlou et al. (2022a) revealed its anti-proliferative activity against both cell lines. However, the proliferation of K562 cells was suppressed at higher concentrations of britannin in comparison to U937 cells. They reported that britannin treatment significantly augmented the expression of pro-apoptotic genes BAX, BAD, and BID and remarkably suppressed the expression of anti-apoptotic genes BCL-2, BCL-XL, and MCL-1 in both cell lines. However, they have not measured the protein expression of these genes and the activated forms of caspase enzymes. A study by Cui Y. Q. et al. (2018) unraveled that britannin significantly induced apoptosis in human liver cancer cell line HepG2 in a ROS-dependent manner. Activation of three caspase enzymes 3, 8, and 9 due to britannin treatment of HepG2 cells indicated the involvement of both extrinsic and intrinsic apoptotic pathways. Moreover, they showed that britannin could stimulate autophagy in these cancer cells. A xenograft model of HepG2-derived tumor using BALB/c nude mice uncovered that britannin has a suppressing effect on tumor growth in-vivo. Zeng et al. (2020) evaluated the in-vitro and in-vivo effects of britannin on the growth of human prostate cancer cell lines (PC-3, PC-3-LUC, and DU-145). The in-vitro study showed the anti-proliferative and pro-apoptotic activity of britannin in all three cell lines. Mechanistic experiments on PC-3 cell lines revealed upregulated levels of pro-apoptotic protein Bax and downregulated levels of Bcl-2 protein in this cell line. The authors have claimed that an increase in caspase 9 and caspase 3 expression levels was observed in our preliminary pathway target study. However, there is no data regarding the western blotting of these two enzymes in that study. The results of their in-vivo experiment uncovered that britannin inhibited the growth of PC-3-LUC tumors.
4.8 Costunolide
Costunolide is a sesquiterpene lactone derived from Saussurea lappa. Tabata et al. (2015) reported anticancer effects of costunolide on four human neuroblastoma cell lines, including IMR-32, NB-39, SK-N-SH, and LA-N-1. They provided evidence to show that costunolide stimulated apoptotic characteristics in IMR-32 cells. The mechanistic study led to the observation of caspase 7 and PARP activation after 24 h treatment of IMR-32 cells with costunolide. However, this phytochemical compound did not affect the expression of caspase 3, caspase 9, Bax, and Bcl-2, suggesting that the mitochondrial pathway had no role in the apoptosis-inducing activity of costunolide. Choi et al. (2012) found that costunolide inhibits cell proliferation in MDA-MB-231 breast cancer cells. They also established that costunolide triggers apoptosis in this cell line by acting on the Fas receptor and activation of caspases 3 and 8 and PARP cleavage. However, it had no significant effect on MMP and expression of Bcl2 and Bax proteins. These data may suggest that costunolide induces apoptosis in MDA-MB-231 through the extrinsic pathway. Costunolide inhibited the proliferation of human esophageal cancer cells Eca-109 in a dose-dependent manner. It also decreased MMP and increased intracellular ROS levels to induce apoptosis in these cells. The apoptosis-inducing activity of costunolide was shown by increasing Bax, decreasing Bcl-2, and activating caspase 3 and PARP1 in the Eca-109 cell line (Hua et al., 2016a). Two studies have shown the anticancer effects of costunolide on three different gastric cancer cell lines. In one study, the effect and mechanism of costunolide on two gastric cancer cell lines HGC-27 and SNU-1 were assayed. The obtained data evidenced the anti-proliferative and pro-apoptotic activity of costunolide in both cell lines. Further experiments identified that costunolide upregulated Bax and Bak, downregulated Bcl-2, and activated caspase 3 and PARP1 in both cell lines. However, it had no effect on the levels of fas, DR4, fasL, and caspase 8, suggesting the involvement of the intrinsic apoptosis pathway in the apoptosis-inducing effects of costunolide on gastric cancer cells (Xu et al., 2021). In the other study, costunolide induced apoptosis in human gastric adenocarcinoma BGC-823 cells in vitro and in vivo. The results of that study revealed that costunolide hampered MMP together with an increase in the expression of Bax, cleaved caspase 9, cleaved caspase 7, cleaved caspase 3, and cleaved PARP proteins. Costunolide also lowered the expression of Bcl-2, pro-caspase 9, pro-caspase 7, pro-caspase 3, and PARP proteins. In addition, costunolide prohibited the growth of the xenograft model of BGC-823 cells in athymic nude mice. This sesquiterpene lactone similarly activated caspase 9 and caspase 3 along with the upregulation of Bax and downregulation of Bcl-2 proteins in xenografted tumors (Yan et al., 2019). Choi and Lee (2009) reported that costunolide induced apoptosis in human promonocytic leukemia U937 cells by increasing the production of ROS and suppression of Bcl-2. Treatment of the xenograft mice model of this cancer significantly suppressed tumor growth and increased survival of the animals. In human lung cancer A549 cells, costunolide activated caspases 3 and 9, augmented Bax, diminished Bcl-2, cleaved PARP, and increased cytosolic concentration of cytochrome C to induce apoptosis in these cancer cells in a ROS-dependent manner (Wang et al., 2016). In another human lung squamous carcinoma cell line SK-MES-1, costunolide treatment significantly triggered apoptosis and induced cell cycle arrest at G1/S transition. Costunolide induced apoptosis in these cells via augmenting the expression of Bax, suppressing Bcl-2, and activating caspase 3 and PARP enzymes (Hua et al., 2016b). Costunolide isolated from the stem of Lycium shawii initiated apoptosis in oral squamous cell carcinoma (OSCC) cell line CAL 27. This compound upregulated Bak, amplified the levels of cleaved caspases 3 and 6, and anti-apoptotic factor BCL2L1 in this cell line (Shams et al., 2023). In platinum-resistant human ovarian cancer cells (MPSC1 and SKOV3), costunolide has been shown to act stronger than cisplatin in decreasing cell viability. Costunolide promoted apoptosis of MPSC1 and SKOV3 cell lines through activating of caspases 3, 8, and 9 along with the suppression of Bcl-2 and production of ROS (Yang et al., 2011). The combination of costunolide and doxorubicin stimulated the induction of mitochondria-dependent apoptosis in two prostate cancer cell lines PC-3 and DU-145. This combination induced the cleavage of caspase 3, caspase 9, and PARP. It also has been shown to upregulate pro-apoptotic factors Bax and Bak and downregulated anti-apoptotic factors Bcl-2 and Bcl-xL in both cancer cell lines (Chen et al., 2017). This natural sesquiterpene compound decreased the viability of four human renal carcinoma cell lines (786-O, A-498, ANCH, and 769-P). Further experiments revealed that costunolide increases the ratio of Bax to Bcl-2, decreases MMP, and augments the release of cytochrome C into the cytoplasm. It also significantly activated caspase 9, caspase 3, and PARP enzyme, but had no effect on caspase 8 in 769-P cells. Other experiments showed that costunolide induces both apoptosis and autophagy in this cell line in a ROS-mediated way (Fu et al., 2020). Zhang et al. (2016) also observed similar data in their study on osteosarcoma. They demonstrated that costunolide had apoptotic activity in human osteosarcoma U2OS cells. Moreover, they found that costunolide increases the Bax/Bcl-2 ratio, promotes MMP loss, and induces cytochrome C release to trigger apoptosis in U2OS cells in a ROS-dependent manner. Their results also showed that costunolide increased cleaved forms of caspases 3 and 9 with no remarkable effect on the activation of caspase 8. Lee et al. (2021) uncovered the pro-apoptotic activity of costunolide in the A431 human epidermoid carcinoma cell line. They reported that costunolide induced A431 cell apoptosis by increasing the amount of cleaved caspase 3 and PARP. They further identified that costunolide induces apoptosis in these cancer cells by amplifying the expression of the pro-apoptotic protein Bax while downregulating anti-apoptotic proteins Bcl-2 and Bcl-xL.
4.9 Cynaropicrin
Cynaropicrin is a sesquiterpene lactone extracted from Saussurea lappa with cytotoxic effects on human leukemia cell lines, including U937, Eol-1, and Jurkat T cells. It has been reported that cynaropicrin induces apoptosis and cell cycle arrest at the G1/S phase in U937 cells in a ROS-mediated manner (Cho et al., 2004). Cynaropicrin has been described to cause apoptotic cell death in the human glioblastoma U-87 MG cell line. Cynaropicrin exerts this effect on U-87 MG through inducing intracellular ROS generation, reducing MM, and promoting the release of cytochrome C into the cytoplasm of these cancer cells. It also led to the activation of caspase 3 and caspase 9, suggesting the involvement of the mitochondrial pathway of apoptosis in cynaropicrin effects on U-87 MG cells (Rotondo et al., 2022). Liu T. et al. (2019) conducted a study to evaluate the effect of cynaropicrin on the Hela human cervical cancer cell line. They reported that cynaropicrin induces apoptosis in Hela cells by a novel mechanism that involves the thioredoxin system. They also asserted that this sesquiterpene functions by activating caspase 3 and inducing the production of ROS to trigger apoptosis in Hela cells. However, they have not assessed other apoptosis markers to affirm their obtained data. Yang R. et al. (2022) studied the effect of cynaropicrin on neuroblastoma models in-vitro and in-vivo. In-vitro, two SK-N-BE (2) and SH-SY5Y cell lines were shown to undergo apoptotic cell death by a mechanism that increases the ratio of Bax/Bcl-2 and leads to the activation of caspase 3 and PARP enzymes. Their in-vivo results evidenced the growth-inhibiting effect of cynaropicrin on a xenograft model of neuroblastoma in nude mice.
4.10 Dehydrocostus lactone
Dehydrocostus lactone (DHL) is a natural sesquiterpene lactone isolated from Saussurea lappa root with a variety of biological activities. Gu et al. (2023) reported the anticancer effect of DHL on HepG2 human hepatocellular carcinoma cells with an IC50 value of 20.33 µM. They also performed a TUNEL assay and the results showed that DHL is a pro-apoptotic agent against HepG2 cells. However, they did not evaluate any of the apoptosis markers to affirm their data. Peng et al. (2017) conducted a study to examine the effects of DHL, costunolide, their combination and volatile oil from saussurea lappa root (VOSL) on two human breast cancer cell lines MCF-7 and MDA-MB-231 cell in-vitro and in-vivo. The results showed that all compounds had anti-proliferative and pro-apoptotic effects on the two cell lines. Besides, all compounds significantly increased the expression of Bax and decreased the expression of Bcl-2. The compounds also decreased the levels of p-BID. These data reveal the implication of the mitochondrial pathway of apoptosis. In another study by Kuo et al. (2009) on MCF-7 and MDA-MB-231 cell lines, it was illustrated that DHL induces upregulation of pro-apoptotic Bax and Bad proteins and promotes downregulation of anti-apoptotic factors Bcl-2 and Bcl-XL along with the activation of caspase 9. DHL also stimulated the translocation of apoptosis-inducing factor (AIF) and endonuclease G (EndoG) from mitochondria into and nucleus in both breast cancer cell lines. Jiang et al. (2015) reported that DHL induces apoptosis in two cervical cancer cell lines Hela and C33a at doses of 2.5, 5, and 10 μg/mL. However, they did not check any of the apoptosis markers. Cai et al. (2019) described the anti-viability and apoptosis-inducing effect of DHL on human chronic myeloid leukemia (CML) K562 cells. However, they only measured the expression of Bcl-2 and Bax. The results evidenced that DHL upregulated Bax and downregulated Bcl-2. In another study on the same cell line, they reported that DHL triggers apoptosis by a mechanism that involves the suppression of different cyclin molecules and three anti-apoptotic factors, including Bcl-2, Bcl-xL, and Mcl-1. Also, DHL increased Bax level, ROS production, and disrupted MMP to induce apoptosis in these cancer cells (Cai et al., 2017). Long et al. (2019) explored the antiproliferative properties of DHL in human gastrinoma cancer cell line BON-1. They provided limited data to show that DHL had apoptotic activity against BON-1 cancer cells. They reported IC50 values of 71.9 μM and 52.3 μM at 24 and 48 h DHL treatment and observed sub-G1 cell cycle arrest and MMP loss in BON-1 cells. Peng and co-workers studied the pro-apoptotic effects of DHL on Eca109 and KYSE150 esophageal cancer cells. They found that the apoptosis-stimulating effect of DHL on these cells involves the upregulation of Bcl-2, downregulation of Bax, and activation of caspases 3 and 9, and PARP enzymes in a ROS-dependent manner. In addition, DHL suppressed the growth of Eca109 tumor xenograft in nude mice by similar changes in above mentioned markers in tumor tissue (Peng et al., 2022). In human glioblastoma cell line U87, DHL significantly inhibited in viability and promoted apoptosis. This sesquiterpene significantly elevated the expression of Bax and the levels of cleaved forms of caspases 3 and 9. It also triggered the release of cytochrome C into the cytoplasm of U87 cells and suppressed the expression of the Bcl-2 protein (Wang et al., 2017). DHL inhibits the growth of laryngeal carcinoma in-vitro and in-vivo. Zhang and co-workers provided evidence to prove that DHL could induce apoptosis in laryngeal cancer cells Hep-2 and TU212 cells by inducing the expression of Bax and activity of caspase 3, caspase 9, and PARP. DHL treatment of the Hep-2 nude mouse xenograft model also led to the same results in addition to significant suppression of tumor growth (Zhang et al., 2020). Two hepatocellular carcinoma (HCC) cell lines, including HepG2 and SK-HEP-1, treated with DHL underwent apoptosis, which was identified by increased DNA damage and G1-phase cell cycle arrest. The mechanism of DHL in promoting apoptosis in these cells involved the upregulation of Bax and downregulation of Bcl-2 in addition to PARP activation. HepG2 xenograft in mice was significantly decreased in size due to DHL treatment (Tian et al., 2023). Hsu Y. L. et al. (2009) found that DHL inhibited the proliferation and induced apoptosis of HepG2 and PLC/PRF/5 cells. DHE acted by upregulating pro-apoptotic factors Bax and Bak, downregulating anti-apoptotic factors Bcl-2 and Bcl-XL, and translocation of AIF and Endo G to the nucleus. Hung et al. (2010) investigated the anticancer effect of DHL on human non-small cell lung cancer cell lines, A549, NCI-H460, and NCI-H520. Their results illustrated that DHL decreased the proliferation of all three cell lines but induced apoptosis in A549 and NCI-H460 cells. They also measured a variety of genes and proteins but no apoptosis marker was assessed in that study. Hsu H.-F. et al. (2009) observed that DHL suppresses the proliferation of human lung cancer A549 cells. Their further experiments demonstrated that the A549 cells underwent cell cycle arrest at the sub-G1 phase by a mechanism that activated caspases 3 and 9 with no effect on caspase 8. An in-vitro study by Sheng et al. (2018) showed that DHL diminished the proliferation of lung cancer cells (A549 and H460) and exerted synergistic effects on antiproliferative activity of doxorubicin. DHL induced apoptosis in lung cancer cells by activating caspase 3, caspase 9, and PARP together with downregulation of anti-apoptotic factor Bcl-2. Choi and Ahn designed a study to examine the pro-apoptotic activity of DHL on human ovarian cancer SK-OV-3 cells. The results showed that DHL treatment led to a significant cell cycle arrest at the G2/M phase through activating caspase 3 and PARP enzymes, overexpression of Bax, underexpression of Bcl-2, and release of cytochrome C into the cytoplasm of SK-OV-3 cells (Choi and Ahn, 2009). DHL has been shown to trigger apoptosis in human prostate cancer DU145 cells via elevating the levels of cleaved caspases 8, 9, 7, and 3 and PARP. It also amplified the levels of pro-apoptotic proteins Bax, Bak, Bok, Bik, truncated Bid (t-Bid), and Bmf. DHL increased cytosolic levels of cytochrome C and decreased Bcl-xL expression in DU145 cells (Kim et al., 2008). Kretschmer et al. (2012) conducted a study to explore the anti-human soft tissue sarcoma effect of DHL on SW-872, SW-982, and TE-671 cell lines. They found that DHL leads to a significant decrease in the number of cells in the G1 phase and an increase of cells in the S and G2/M phases. Further, enhanced activity of caspase 3/7, and increased levels of cleaved caspase-3 and cleaved PARP were observed in DHL-treated cell lines.
4.11 Deoxyelephantopin
Deoxyelephantopin is a sesquiterpene lactone isolated from Elephantopus scaber, which is a Chinese medicinal plant with anti-inflammatory and anticancer properties. Mehmood et al. (2017b) explored the anti-proliferation and apoptosis-stimulating effect of deoxyelephantopin on HepG2 cells. They found that deoxyelephantopin-mediated apoptosis was accompanied by the formation of ROS, redox imbalance, MMP loss, Bcl-2 underexpression, Bax overexpression, cytochrome C release, caspases 3 activation, and PARP cleavage HepG2 cells. Huang et al. (2010) conducted a study to assess the anti-breast cancer effect of deoxyelephantopin on a highly metastatic mouse breast adenocarcinoma cell line TS/A and a TS/A tumor model in BALB/c mice. They found that deoxyelephantopin prohibited cell proliferation, migration and invasion of TS/A cells and induced G (2)/M arrest and apoptosis in TS/A cells. Regarding the apoptosis-inducing effect of deoxyelephantopin, they observed the decreased levels of initiator procaspases 8 and 9 and executioner procaspases 3, 7, and 6 together with the activation of PARP enzyme. In-vivo, they showed that pre-treatment of mice with deoxyelephantopin is more effective than post-treatment in suppressing the growth of the metastatic TS/A cells. Deoxyelephantopin has antiproliferative and apoptosis-promoting effects on human cervical squamous cell carcinoma cell line SiHa. Its effect on apoptotic factors involves the activation of caspases 3, 7, 8, and 9, upregulation of Bax, and downregulation of Bcl-2 and Bcl-xL in a ROS-dependent mechanism (Farha et al., 2014). In another human cervical cancer cell line HeLa, deoxyelephantopin was reported to trigger apoptosis and cell cycle arrest at the G2/M phase characterized by the activation of three apoptosis-associated enzymes, including caspase 3, caspase 9, and PARP (Zou et al., 2008). Deoxyelephantopin has been shown to induce apoptosis in colon cancer cell lines (HCT116 and sw620) and the HCT116 xenograft mice model of the disease. In-vitro, deoxyelephantopin treatment led to G2/M phase arrest and subsequent apoptosis by acting on the suppression of Bcl-2 and activation of caspase 3 and PARP. In-vivo, it caused a significant reduction in the tumor volume of diseased mice (Ji et al., 2022). In another study on HCT116 cells, deoxyelephantopin caused morphological changes associated with apoptotic cell death in this cancer cell line. This sesquiterpene significantly led to the activation of caspase 3 and PARP cleavage to trigger apoptosis in HCT116 cells (Chan et al., 2016). Su and co-workers identified that deoxyelephantopin treatment of the human nasopharyngeal cancer cell line resulted in cell cycle arrest in the S and G2/M phases. Western blotting analysis uncovered that deoxyelephantopin-treated cells had elevated levels of pro-apoptotic Bax, Bad, Bok, Bmf, and PUMA proteins as well as a significant release of cytochrome C into the cytoplasm of CNE cells. It also suppressed the expression of Bcl-2 and Bcl-xL proteins with a significant decrease in MMP and a remarkable activation of caspases 3, 7, 8, 9, and 10 (Su et al., 2011). The exposure of MG-63 and U2OS human osteosarcoma cell lines to deoxyelephantopin has been revealed to increase the intracellular ROS levels, Bax/Bcl-2 ratio, cleaved caspase 3, cleaved caspase 9, and cleaved PARP leading to the initiation of apoptotic cell death in both cancer cell lines (Zou et al., 2017). Ji et al. (2020) evaluated the effect of deoxyelephantopin on pancreatic cancer in-vitro and in-vivo. In-vitro, two human pancreatic cancer cell lines BxPC-3 and CFPAC-1 were treated with different doses of deoxyelephantopin and the results showed that the expression of Bax, cytoplasmic levels of cytochrome C, and the levels of cleaved forms of caspases 3 and 9 were significantly augmented in both cancer cell lines in comparison to untreated cell lines. The expression of anti-apoptotic protein Bcl-2 was decreased in BxPC-3 and CFPAC-1 cell lines. In-vivo, treatment of the BxPC-3 cell xenograft model of pancreatic cancer with deoxyelephantopin led to a significant decrease in tumor size.
4.12 Ergolide
Ergolide is a sesquiterpene lactone derived from Inula Brittanica with promising anti-proliferative activity in some cancers such as metastatic uveal melanoma (Sundaramurthi et al., 2023). Two studies have evaluated the anti-proliferative and apoptotic activity of ergolide on cancer cells. In one study, treatment of ALL cell lines (Nalm6 and MOLT-4) with ergolide has resulted in the induction of apoptosis in a ROS-mediated way, leading to the activation of caspase 3 and PAPR enzymes. Furthermore, ergolide was found to upregulate proapoptotic factors Bax and Bim and downregulate anti-apoptotic factors Bcl-2 and XIAP. The increase in the ratio of Bax to Bcl-2 in both Nalm6 and MOLT-4 cell lines (Song et al., 2005). In the second study, Jurkat T cells were treated with different concentrations of ergolide to assess the anti-ALL effect of this agent in-vitro. Ergolide-induced apoptosis in Jurkat T cells was observed by DNA fragmentation, caspase 3 activation, and PARP cleavage. Moreover, ergolide treatment resulted in the upregulation of Bax, downregulation of Bcl-2 and XIAP, leading to the release of cytochrome C into the cytoplasm of Jurkat T cells (Song et al., 2005).
4.13 Eupalinolide
Eupalinolide J is a sesquiterpene lactone present in Eupatorium lindleyanum DC. We, et al. studied the anticancer effect of eupalinolide J on two human prostate cancer cell lines PC-3 and DU-145. Their analyses showed that this sesquiterpene induced cell cycle arrest in both cell lines at the G0/G1 phase. It also disrupted MMP and upregulated the levels of cleaved forms of caspases 3 and 9 in PC-3 and DU-145 cell lines (Wu et al., 2020). Zhao et al. (2022) conducted a study to investigate the effect of eupalinolide O on triple-negative breast cancer (TNBC) in-vitro and in-vivo. They reported that eupalinolide O suppressed the proliferation and induced apoptosis of two TNBC cell lines MDA-MB-231 and MDA-MB-453. The mechanism of apoptosis induction by eupalinolide O implicated the disruption in MMP, increased formation of intracellular ROS, and elevated activity of caspase 3. This sesquiterpene also increased the expression of Bax, PARP, and caspase 9 and decreased the expression of Bcl-2 genes. In-vivo, tumor xenograft of both MDA-MB-231 and MDA-MB-453 cell lines demonstrated the growth inhibitory effect of eupalinolide O on both TNBC tumors with an increased level of Ki67 protein and intra-tumor ROS and decreased expression of caspase 3. Yang et al. (2016) evaluated the effect of eupalinolide O on another human MDA-MB-468 TNBC cell line in-vitro. They showed that eupalinolide O treatment resulted in cell cycle arrest in the G2/M phase. The expression of pro-apoptotic proteins Bax and Bad was significantly increased and the expression of anti-apoptotic proteins Bcl-2 and Bcl-xL was decreased in MDA-MB-468. eupalinolide O also increased the activated forms of caspase 3, caspase 9, and PARP but had no effect on caspase 8 activity in these cancer cells. Zhang et al. (2022) indicated that eupalinolide A could suppress the proliferation and growth of hepatocellular carcinoma cells and tumors. Eupalinolide A induced cell cycle arrest in tow hepatocellular carcinoma cell lines (MHCC97-L and HCCLM3) at the G1 phase but had no remarkable effects on apoptosis and autophagy markers. In-vivo, eupalinolide A significantly decreased the tumor volume of the xenograft models of MHCC97-L and HCCLM3 cell lines.
4.14 Gaillardin
As a novel sesquiterpene lactone isolated from aerial parts of Inula oculus-christi, gaillardin has recently been reported to have anticancer properties. It can induce apoptosis in breast cancer. Apoptosis-induction in these cancer cells is accompanied by disrupting MMP, increasing intracellular RO, and activating caspases 3, 6, and 9. It also is able to upregulate the pro-apoptotic protein Bax and downregulate the anti-apoptotic protein Bcl-2 in MCF-7 and MDA-MB-468 cell lines (Fallahian et al., 2015). Karami et al. (2020) identified that treatment of ALL cell lines (NALM-6 and MOLT-4) with gaillardin resulted in the cell cycle arrest at G0/G1 phase in a dose-dependent manner. Furthermore, they reported that gaillardin treatment induces apoptotic cell death both in NALM-6 and MOLT-4 cell lines by a mechanism that leads to the upregulation of the mRNA expression of caspase 3, Bax, and Bcl-2. Sayyadi et al. (2021) studied the anti-proliferative effect of gaillardin on the acute promyelocytic leukemia (APL) cell line, NB4. Flow cytometry data showed the apoptosis-stimulating effect of gaillardin on NB4 cells by decreasing the expression levels of the Bcl-2 gene and increasing mRNA levels of Bax and Bad. In gastric cancer cell lines (AGS and MKN45), gaillardin treatment significantly decreased cell viability and induced apoptosis in a time and concentration-dependent manner. Apoptosis induction in these cancer cell lines was shown by Bax and caspase 3 genes upregulation and Bcl-2 gene downregulation (Roozbehani et al., 2021).
4.15 Helenalin
Helenalin is a sesquiterpene lactone found in Arnica montana and Arnica chamissonis ssp. Foliosa with the capacity to induce apoptosis in Caki and ACHN renal cell carcinoma cells and human colon carcinoma HT29 and HCT116 cells (Jang et al., 2013). Helenalin has been evidenced to trigger cell death apoptosis-resistant Bcl-2 overexpressing cancer cells such as leukemic Jurkat, breast MCF-7, and pancreatic L6.3pl cell lines. In these cells, helenalin directly acts on Bcl-2 in the intrinsic pathway and induces ROS to trigger apoptosis in Jurkat cells with no significant effect on cytochrome C release, MMP, caspases, AIF, Omi/HtrA2, Apaf/apoptosome (Hoffmann et al., 2011). Dirsch et al. (2001) showed that helenalin induced apoptosis in leukemia Jurkat T cells which are CD95 death receptor-deficient and overexpress Bcl-2. They revealed that helenalin led to a time-dependent proteolytic activation of procaspase 3 and 8 in these cancer cells. Helenalin treatment also resulted in the release of cytochrome C and loss of MMP. Their data suggested helenalin as a novel agent to combat apoptosis resistance in Bcl-2-overexpressing cells.
4.16 Isoalantolactone
Isoalantolactone (IAL) is a sesquiterpene lactone naturally found in the roots of Inula helenium L. with cytotoxicity against different cancer cells. Li et al. (2022) observed that IAL induces G0/G1 phase cell cycle arrest, apoptosis, and autophagy in colorectal cancer (CRC) cell lines, including HCT116 and SW620. Pro-apoptotic activity of IAL in these cancer cell lines was shown by downregulation of anti-apoptotic proteins Bcl-2, Bcl-xL, and Mcl-1 as well as downregulation of pro-apoptotic protein Bax and activation of PARP enzyme in both cancer cell lines. In-vivo results evidenced that IAL suppressed HCT116 tumor growth in BALB/c-nu/nu mice by decreasing the protein expression of Bcl-2 and Bcl-xL and cleavage of PARP enzyme in tumor tissue. IAL has shown a significant cytotoxic effect on human gastric adenocarcinoma SGC-7901 cells. This sesquiterpene induced G2/M and S phase arrest and triggered apoptosis in these cancer cells which was associated with the downregulation of Bcl-2 and upregulation of Bax that led to the loss of MMP and activation of caspase 3 in SGC-7901 cells (Rasul et al., 2013b). Treatment of U87 human glioblastoma cell line with IAL has led to a significant increase in the level of Bax to Bcl-2 proteins that resulted in the release of cytochrome C into the cytoplasm of U87 cells and cleavage of caspases 3 and 9 and PARP. The xenograft model of BALB/c nu/nu mice using the U87 cell line was developed to evaluate the in-vivo effect of IAL. The results showed that IAL could significantly hamper tumor growth (Xing et al., 2019). The exposure of head and neck squamous cell carcinoma cell line (UM-SCC-10A) to IAL was associated with decreased proliferation and induced apoptosis. Apoptosis induction was associated with cell cycle arrest at the G1 phase, increased expression of Bax, decreased level of Bcl-2, mitochondrial release of cytochrome C, disruption of MMP, and cleavage of caspase 3 in UM-SCC-10A cells (Wu et al., 2013). It has been reported that IAL induced apoptosis in human erythroleukemia drug-resistant cell line K562/A02 through a mechanism that acts by increasing the level of intracellular ROS, augmenting the protein levels of Bcl-2, diminishing the protein expression of Bax, inducing cytochrome C release, and cleavage of caspase 3, caspase 9, and PARP (Cai et al., 2014). Kim et al. (2021) declared that treatment of human hepatocellular carcinoma Hep3B cells with IAL was accompanied by the induction of apoptosis. IAL upregulated death receptors such as DR4, DR5, and Fas, transformed Bid to t-Bid, increased the ratio of Bax to Bcl-2, induced cytochrome C release, induced the cleavage of caspases 8 and 9, and finally caused the activation of caspase 3 and PARP in Hep3B cells in a ROS-mediated apoptosis. These data show that IAL activated both pathways of apoptosis in hepatocellular carcinoma cells. IAL-treated lung squamous carcinoma SK-MES-1 cells have been found to undergo apoptotic cell death in a concentration-dependent manner. Downregulation of Bcl-2, upregulation of Bax, disruption of MMP, generation of ROS, activation of caspase 3, and cleavage of were the main alterations that were observed in IAL-treated SK-MES-1 cells (Jin et al., 2017). Di et al. (2014) investigated the effect of IAL on human osteosarcoma cell lines U2OS, MG-63, and Saos-2 cells. Apoptosis study on U2OS cells provided evidence to demonstrate that IAL may stimulate S and G2/M cell cycle arrest in a ROS-dependent way. It also decreased MMP, upregulated DR5, FADD and cleaved caspase 8. This agent promoted apoptosis in U2OS cells by suppressing Bcl-2, inducing Bax, and activating caspase 3 and its downstream substrate, PARP. Ovarian cancer cell lines (SKOV-3 and OVCAR-3) treated with IAL underwent cell cycle arrest at G2/M phase arrest and apoptosis. IAL exerted its apoptotic effects on these cancer cell lines by increasing intracellular ROS, amplifying Bax, suppressing Bcl-2, and activating caspase 3 and PARP (Xie et al., 2023). Two studies have been conducted to assess the effects of IAL on the proliferation and apoptosis in pancreatic cancer. In one study, it was found that IAL inhibited proliferation and triggered apoptosis in pancreatic cancer PANC-1 cells. Further analyses demonstrated that induction of apoptosis was associated with amplified levels of ROS, dissipated MMP, increased levels of cytosolic cytochrome C, increased expression of Bax, elevated active caspase 3, and decreased expression of Bcl-2 in a dose-dependent manner (Khan et al., 2012a). In the other study, IAL inhibited the proliferation of three pancreatic adenocarcinoma cell lines pancreatic carcinoma cell lines (PANC-1, AsPC-1, BxPC-3) while the apoptosis assay and its markers were evaluated in the PANC-1 cell line. The results indicated the induction of apoptosis PANC-1 cells by increasing cytosolic levels of caspase3 and Bax expression. No other apoptotic marker was measured in that study. Finally, the xenograft model of the disease in BALB/c nude male mice using all three cell lines showed that IAL could significantly suppress the growth of pancreatic adenocarcinoma tumors in-vivo (Zhang C. et al., 2021). A study on the effect of IAL on the induction of apoptosis in prostate cancer cells, including PC-3 and DU145, showed the amplification of the number of apoptotic cells in IAL-treated cell lines. Furthermore, IAL treatment increased the activity of caspases 3 and 9 and downregulated the expression of Bcl-2 protein in a dose-dependent manner. However, it is not clear these factors were changed in which type of these cancer cell lines (Chen W. et al., 2018). In another study, IAL induced apoptosis in prostate cancer PC3 cells through a mechanism that led to the generation of ROS, dissipation of MMP, upregulation of Bax, downregulation of Bcl-2 and survivin and activation of caspase 3 (Rasul et al., 2013a).
4.17 Isoalantolactone
Isoalantolactone, as a sesquiterpene lactone, is a natural compound found in the roots of Inula helenium. Only one study was found to evaluate the anti-cancer and pro-apoptotic effects of isocostunolide. In that study, it was found that isocostunolide could significantly exert cytotoxic effects on three different cancer cell lines (melanoma, A2058; colorectal, HT-29; and hepatocarcinoma, HepG2). Flow cytometry data showed that isocostunolide effectively induced apoptosis in A2058 cancer cells by a significant loss of G0/G1 phase cells. Further analyses revealed that apoptotic activity of isocostunolide in A2058 cells was associated with the activation of caspases 3 and 8, truncation of Bid, amplification of Fas, cleavage of PARP, downregulation of Bcl-2, and release of cytochrome C into the cytosol of A2058 cells (Chen et al., 2007).
4.18 Isodeoxyelephantopin
Isodeoxyelephantopin is a sesquiterpene lactone derived from Elephantopus scaber Linn. Isodeoxyelephantopin has been shown to act as an apoptotic agent against the human leukemia KBM-5 cell line. Ichikawa et al. (2006) reported that isodeoxyelephantopin triggers apoptosis in KBM-5 cells by blocking the expression of tumor necrosis factor-α (TNF-α)-induced anti-apoptotic factors such as IAP1/2, Bcl-2, Bcl-xL, Bfl-1/A1, TRAF1, FLIP, and survivin. Verma et al. (2019) evaluated the pro-apoptotic activity of isodeoxyelephantopin against breast cancer MDA-MB-231 and MCF-7 cell lines and underlying mechanisms. They reported that isodeoxyelephantopin suppressed the proliferation of both MDA-MB-231 and MCF-7 breast cancer cell lines and induced an accumulation of cells in the sub-G1 and G2/M phases. Isodeoxyelephantopin treatment of MDA-MB-231 cells led to the MMP loss, and cleavage of caspases 7 and 9, and PARP as well as a significant suppression in the protein level of anti-apoptotic factors Bcl-2 and Bcl-xL. Isodeoxyelephantopin antiproliferative effects on breast carcinoma T47D cells and lung carcinoma A549 cells were demonstrated. They declared that isodeoxyelephantopin suppresses the proliferation of A549 and T47D cells in a dose- and time-dependent manner. They also identified that isodeoxyelephantopin–treated cells die by apoptotic mechanism, which was associated with increased activity of caspase 3 and cell cycle arrest at the G2/M phase (Kabeer et al., 2014).
4.19 Janerin
As a sesquiterpene lactone isolated from Centaurothamnus maximus, janerin is a cytotoxic natural compound. It has been reported that janerin could reduce the proliferation of THP-1 AML cell line in a concentration-dependent way. Janerin treatment of these cancer cells has been shown to induce cell cycle arrest at the G2/M phase and apoptosis. Western blotting analysis illustrated the upregulation of pro-apoptotic factor Bax, activation of PARP and caspase 3, and the downregulation of the anti-apoptotic marker Bcl-2 in THP-1 cells (Ahmed et al., 2021).
4.20 Lactucopicrin
As a sesquiterpene lactone derived from the plant Lactuca virosa, Lactucopicrin has anticancer activity against different cancer types. In a study by Meng et al. (2019), the anti-viability and pro-apoptotic effect of lactucopicrin was assessed on human osteosarcoma Saos-2 cells. As an apoptosis-inducing agent, lactucopicrin induced cell cycle arrest in Saos-2 cells at the sub-G1 phase, upregulated the expression of Bax, and downregulated the level of Bcl-2 proteins. Zhang X. et al. (2018) evaluated the anticancer effects of lactucopicrin on human skin cancer SKMEL-5 cells. The results evidenced significant anti-proliferative and pro-apoptotic effects of this sesquiterpene on the SKMEL-5 cells. They implied that the anticancer effects of this agent were due to the induction of apoptosis, which was confirmed by the increased expression of Bax and decreased expression of Bcl-2 proteins in SKMEL-5 cells. In a study by Rotondo et al. (2020), the anticancer effects of lactucopicrin on glioblastoma continuous cell line U87Mg were examined. They reported a dose and time-dependent reduction of U87Mg cell proliferation and a cell cycle arrest at the G2/M phase in a ROS-mediated manner following lactucopicrin treatment. Their further analyses clarified that lactucopicrin stimulated apoptosis by downregulating procaspase 6 and activating PARP. However, no other apoptosis markers were evaluated in that study.
4.21 Parthenolide
Parthenolide is a sesquiterpene lactone isolated from Tanacetum parthenium that has anticancer effects on some types of cancer (Guzman et al., 2005). Guzman et al. (2005) reported apoptosis-stimulating activity of parthenolide against AML cells in a ROS-dependent way. However, they did not evaluate apoptosis biomarkers. Jorge et al. (2023) reported that parthenolide induced apoptotic cell death in several lymphoid malignancies, including NCI-H929 (MM), Farage (GCB-DLBCL), Raji (BL), 697 and KOPN-8 (B-ALL), and CEM and MOLT-4 (T-ALL) cell lines. The results showed cell cycle arrest, MMP decline, ROS production, activated caspase 3, and increased Fas-L in parthenolide-treated cell lines. An in-vitro study conducted by Cheng and Xie (2011) showed that parthenolide has the ability to induce apoptosis in human bladder cancer cells via reducing the protein expression of Bcl-2 and activating the PARP enzyme. Treatment of 5637 cells with parthenolide led to G1 phase cell cycle arrest. They did not check other apoptosis markers to affirm their obtained data. In an in-vitro study, Sweeney and co-workers identified that parthenolide had pro-apoptotic effects on the breast cancer MDA-MB-231 cell line. Further, in-vivo experiments showed non-significant enhanced survival in animal models (Sweeney et al., 2005). No other apoptosis biomarker was measured in that study. Berdan et al. (2019) showed anti-proliferative activity of parthenolide evidenced by propidium iodide-positive and annexin-V-positive breast cancer cells, 231MFP and HCC38. Given that parthenolide treatment led to the activation of caspase-3/7, they suggested that a portion of the cell death is apoptotic. However, no other apoptosis markers were estimated in that study. Ghorbani-Abdi-Saedabad et al. (2020) conducted a study to estimate the apoptosis-stimulating effect of parthenolide on breast cancer cell line MDA-MB-468. The results of real-time PCR indicated that the parthenolide-treated cells showed upregulated levels of Bax and downregulated levels of Bcl2 genes. The authors have asserted that parthenolide treatment resulted in a significant increase in caspase 3 protein level. However, there is no Western blotting image in the paper. In a study by Al-Fatlawi et al. (2015), the effect of parthenolide on the proliferation and apoptosis of human cervical cancer (SiHa) and breast cancer (MCF-7) cell lines were evaluated. According to their results, parthenolide suppressed the proliferation of SiHa and MCF-7 cell lines. Moreover, parthenolide-treated cells had upregulated levels of p53, Bax, caspases 3, 6, and -9 genes and downregulated mRNA of the Bcl-2 gene. Parthenolide effects on apoptosis Hela cervical cancer cells were also evaluated in a study by Jeyamohan et al. (2016). Parthenolide treatment decreased HeLa cell viability and induced mitochondrial-mediated apoptosis by activation of caspase 3, upregulation of Bax, and downregulation of Bcl-2. Duan et al. (2016) reported that parthenolide induces ROS-mediated apoptosis in HeLa cells but no marker of apoptosis was measured. Cholangiocarcinoma cell lines (SCK, JCK, Cho-CK, and Choi-CK) have been shown to undergo apoptosis due to parthenolide treatment in an investigation by Kim et al. (2005). They reported that parthenolide downregulated the Fas mRNA expression in all cell lines and decreased the FasL gene expression in the three cell lines but not in the SCK cells. Moreover, Parthenolide showed no effect on the expression of the Bcl-2 and Bcl-xL proteins in all cell lines. Although parthenolide had no effect on Bad expression, cleavage of Bid and upregulation of Bak and Bax were observed in all four cell lines. Flores-Lopez et al. (2018) suggested that parthenolide may induce apoptosis in CML cell lines (K562, KCL-22, and Meg-01) compared with untreated but did not measure apoptosis-related markers to confirm their observations. In colorectal cancer cells, parthenolide exposure could lead to apoptotic cell death of SW620 cells evidenced by the inhibited expression of anti-apoptotic proteins (Bcl-2 and Bcl-xL) and activated caspase 3 enzyme (Liu Y. C. et al., 2017). Kim et al. (2012) conducted in-vitro and in-vivo experiments to unravel parthenolide-mediated cell death in human colorectal cancer cell lines HT-29, SW620, and LS174T. They demonstrated the apoptosis-inducing activity of parthenolide in these cancer cells using Annexin V assay and Hoechst 33,258 staining. However, apoptosis markers were measured in HT-29 cells, which showed mitochondrial-mediated apoptosis evidenced by downregulation of Bcl-2 and upregulation of Bax and t-Bid, leading to the release of cytochrome C and caspase activation. Intraperitoneal injection of parthenolide revealed significant suppression of tumor growth and angiogenesis in the xenograft model. Anderson and Bejcek reported limited data on the pro-apoptotic effect of parthenolide on glioblastoma U-87 MG cells confirmed by the activation of caspases3/7 (Anderson and Bejcek, 2008). Hepatocellular carcinoma cell lines, including HepG2, MHCC 97H, and Huh7 treated with parthenolide triggered mitochondria-dependent apoptosis, which was affirmed by the upregulation of Bax, downregulation of Bcl-2 and cleavage of caspase 3. In-vivo model of the disease using the H22 cell line showed that parthenolide was not effective in suppressing tumor growth but the combination of parthenolide with arsenic trioxide led to significant tumor suppression (Yi et al., 2022). Parthenolide treatment of human lung cancer A549 cells has been uncovered to activate caspase 3 and caspase 9 in a way that involves the NF-kappaB signaling pathway (Fang et al., 2010). In an in-vitro experiment, it was proven that parthenolide induced apoptotic cell death in A375 melanoma cells. The cells exposed to parthenolide had decreased MMP, increased levels of ROS, and augmented the activity of caspase 3 (Lesiak et al., 2010). Ovarian cancer cell lines OVCAR-3 and SK-OV-3 were treated with parthenolide in a study by Kwak, et al. The results suggested that parthenolide treatment could decrease cytosolic Bid, Bcl-2, Bcl-xL, and survivin levels in addition to a significant increase in a cytochrome C release, and Bax levels, and cleaved PARP-1 OVCAR-3 cells. Further, this sesquiterpene may enhance the activities of caspases 3, 8, and 9 in OVCAR-3 and that of caspase 3 in SK-OV-3 cells in a dose-dependent way (Kwak et al., 2014). Parthenolide has been shown to trigger both apoptosis and autophagy in human pancreatic cancer Panc-1 and BxPC3 cells. To induce apoptosis in these cancer cells, parthenolide induced the cleavage and activation of caspase 3 and PARP enzymes (Liu W. et al., 2017).
4.22 Santamarine
Santamarine is a sesquiterpene lactone found in Magnolia grandiflora and Ambrosia confertiflora plants. It has been shown to have potential anticancer activity against HepG2 cells. This sesquiterpene can inhibit the proliferation and induce apoptosis of these cancer cells. Induction of apoptosis has been found to be accompanied by the generation of ROS, MMP loss, and elevation of the cellular levels of Bax, Bad, and cytochrome C. It also triggers the activation of caspases 3, 8, and 9 and the cleavage of Bid and PARP enzymes in the HepG2 cell line (Mehmood et al., 2017a). In A549 lung adenocarcinoma cells, santamarine promotes apoptosis by the induction of oxidative stress. The induction of apoptosis in this cell line has been shown by downregulation of Bcl-2, upregulation of Bax, disruption of MMP, activation of caspase 3, and cleavage of PARP in a dose-dependent manner (Wu et al., 2017). The other study on cervical cancer cell line HeLa showed that santamarine treatment induces apoptotic cell death in these cancer cells by a mechanism that involves the accumulation of high levels of ROS and activation of caspase 3. No other markers of apoptosis were evaluated in that study (Zhang J. et al., 2021).
4.23 Scabertopin
Scabertopin is one of the major sesquiterpene lactones derived from Elephantopus scaber L. We found only one study on the apoptosis-inducing effects of scabertopin on cancer cells. Gao et al. (2022) conducted a study to explore the anticancer effects of scabertopin on three bladder cancer cell lines (J82, T24, RT4, and 5637). The results showed that scabertopin treatment significantly suppressed the proliferation of all three bladder cancer cell lines. Further mechanistic analyses on the J82 cell line revealed that scabertopin induced apoptotic cell death in this cell line but no marker of apoptosis, including Bax, Bcl-2, and caspases 3, 8, and 9, were changed in that study. They also reported that scabertopin-treated J82 cells did not die by apoptosis, ferroptosis, or pyroptosis.
4.24 Sesquiterpene lactone 3
In a study by Zhang X. W. et al. (2018), sesquiterpene lactone 3 (SL3), as a bioactive component Artemisia argyi, was shown to have anticancer effects on two gastric carcinoma cell lines AGS and MGC803. Further mechanistic study demonstrated that SL3 induced apoptosis in both cancer cell lines by activating cleavage of caspase 3 and PARP enzymes. However, no other apoptosis marker was evaluated.
4.25 Uvedafolin
Uvedafolin is a sesquiterpene lactone isolated from the leaves of Smallanthus sonchifolius. Uvedafolin has been claimed to induce apoptotic cell death in cervical cancer HeLa cells. Uvedafolin treatment of HeLa cells has led to cell cycle arrest at the G2/M phase and induced apoptosis by a mitochondrial-related mechanism that activates caspase 3, 7, and 9, dissipates MMP, and increases cytochrome C release into the cytosol (Kitai et al., 2017).
4.26 Vernolactone
Vernolactone is a sesquiterpene lactone compound found in Vernonia zeylanica. Mendis et al. (2019) isolated this sesquiterpene from chloroform and ethyl acetate fractions of V. zeylanica and explored its anti-cancer effects on three breast cancer cell lines (MCF -7, MDA-MB-231, SKBR-3). The results showed that vernolactone was an anti-proliferative agent against SKBR-3 and MDA-MB-231 breast cancer cells, with minimal effect on MCF-7 and normal breast epithelial cell line MCF-10A. Further analyses evidenced apoptotic cell death indexes such as morphological alterations, DNA fragmentation, increased activity of caspases 3 and 7, upregulation of Bax, and downregulation of survivin. In a second study, the effects of vernolactone on apoptosis and autophagy induction in human embryonic carcinoma stem-like cells (NTERA-2) were examined. The results suggested that vernolactone has the ability to induce both autophagy and apoptosis, which was affirmed by a significant increase in the activities of caspase 3 and caspase 7 and a significant decrease in the level of survivin in NTERA-2 cells at the concentrations of 2 μg/mL and 4 μg/mL (Abeysinghe et al., 2019).
5 CONCLUDING REMARKS
Most of the studies available in the literature have evaluated the effect of sesquiterpene lactones on the mitochondrial or intrinsic pathway of apoptosis. It is not clear why the researchers have assessed the intrinsic pathway of apoptosis in their research projects. Only 16 studies were found that have examined both pathways of apoptosis. As indicated in the literature, therapy resistance is a major challenge during cancer therapy approaches (Gupta et al., 2022). This resistance may arise from the cross-talks between different signaling pathways in the intracellular spaces (Yamaguchi et al., 2014; Sun et al., 2016). Cancer cells sometimes escape therapeutic agents by switching from one pathway to another (Noubissi et al., 2018). Thus, the drugs with more than two targets in the cancer cells are more competent to cease cancer growth and progression. This present review article also highlighted that only 27 studies have investigated the anti-cancer effect of sesquiterpene lactones on an animal model. Because of many ethical and practical concerns related to human studies, animal models have been essential in cancer research. Although the successful translation of the outcomes from animal studies to clinical cancer trials is about 8%, animal models could be considered a good way to obtain essential information from the in-vivo effects of cancer therapeutics (Mak et al., 2014).
6 FUTURE DIRECTIONS
Future studies on pro-apoptotic effects of natural or chemical agents need to assess at least key factors of both intrinsic and extrinsic pathways such as Fas receptors, Bid, and caspases 9, 8, and 3. In addition, the expression levels of c-FLIP and IAPs are of great importance in the investigation of the apoptosis-inducing activity of a drug candidate. Also, future studies on anticancer activities of sesquiterpene lactones should evaluate these activities in an established model of the disease to affirm in-vitro data. Combination therapy is a therapeutic strategy that combines two or more therapeutic compounds to enhance the efficacy of each drug in treating a single disease (Correia et al., 2021). This approach is more appropriate for anti-cancer drugs because it may lead to targeting several pathways synergistically and could potentially reduce drug resistance (Bayat Mokhtari et al., 2017). Thus, it appears that combination therapy using different phytochemicals or phytochemicals and chemical compounds is a promising strategy to overcome therapy resistance in cancer therapy. Bioavailability is one of the major drawbacks in therapeutic agents with natural origin (Estrela et al., 2017). Therefore, it is necessary to conduct pharmacokinetic studies to assess the bioavailability of therapeutic phytochemicals to select the best one for further therapy evaluation. One of the promising and effective approaches for increasing the bioavailability and targetability of drugs, especially natural agents, is the use of nanomaterial structures (Salehi et al., 2020; Solanki et al., 2022).
7 CLINICAL GAPS
Although sesquiterpene lactones have been identified as a potential anti-cancer agent based on pre-clinical data, they may not be utilized as a first-line therapy for cancer patients in clinical settings due to some drawbacks. One of the limitations comes from the lack of preclinical pharmacological studies to determine the different aspects of the pharmacokinetics of this bioactive compound. Another drawback may arise from the limited number of in vivo studies and translational investigations with this compound to affirm effective doses in human subjects. As mentioned before, bioavailability is a big challenge in the use of natural compounds. One potential solution for this limitation could be the use of nano pharmaceutical approaches to incorporate sesquiterpene lactones into specific and well-characterized nanoparticles to enhance the bioavailability of the drug and appropriate delivery to the target organs. The other obstacle to using these therapeutic agents is the lack of clinical studies that establish the efficacy, adverse effects, and toxic impacts of these compounds on human subjects. Although sesquiterpene lactones are not good enough to be used as first-line in cancer therapy, they may be appropriate to be utilized as add-on therapy in combination with chemotherapeutic compounds. However, it is necessary to evaluate the synergistic or antagonistic interactions between sesquiterpene lactones with chemotherapeutics.
AUTHOR CONTRIBUTIONS
C-YH: Writing–original draft, Writing–review and editing. SR: Writing–original draft, Writing–review and editing. MH-M: Writing–original draft, Writing–review and editing. AK: Writing–original draft, Writing–review and editing. MM: Writing–original draft, Writing–review and editing. PG: Writing–original draft, Writing–review and editing.
FUNDING
The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abeysinghe, N. K., Thabrew, I., Samarakoon, S. R., Ediriweera, M. K., Tennekoon, K. H., Pathiranage, V. P. C., et al. (2019). Vernolactone promotes apoptosis and autophagy in human teratocarcinomal (NTERA-2) cancer stem-like cells. Stem Cells Int. 2019, 6907893. doi:10.1155/2019/6907893
 Ahmed, M. Z., Nasr, F. A., Qamar, W., Noman, O. M., Khan, J. M., Al-Mishari, A. A., et al. (2021). Janerin induces cell cycle arrest at the G2/M phase and promotes apoptosis involving the MAPK pathway in THP-1, leukemic cell line. Molecules 26, 7555. doi:10.3390/molecules26247555
 Al-Fatlawi, A. A., Al-Fatlawi, A., Irshad, M., Rahisuddin, , and Ahmad, A. (2015). Effect of parthenolide on growth and apoptosis regulatory genes of human cancer cell lines. Pharm. Biol. 53, 104–109. doi:10.3109/13880209.2014.911919
 Alipour, S., Babaei, G., Gholizadeh-Ghaleh Aziz, S., and Abolhasani, S. (2022). Alantolactone and ZnO nanoparticles induce apoptosis activity of cisplatin in an ovarian cancer cell line (SKOV3). Res. Pharm. Sci. 17, 294–304. doi:10.4103/1735-5362.343083
 Anderson, K. N., and Bejcek, B. E. (2008). Parthenolide induces apoptosis in glioblastomas without affecting NF-kappaB. J. Pharmacol. Sci. 106, 318–320. doi:10.1254/jphs.sc0060164
 Bagnoli, M., Canevari, S., and Mezzanzanica, D. (2010). Cellular FLICE-inhibitory protein (c-FLIP) signalling: a key regulator of receptor-mediated apoptosis in physiologic context and in cancer. Int. J. Biochem. Cell Biol. 42, 210–213. doi:10.1016/j.biocel.2009.11.015
 Bayat Mokhtari, R., Homayouni, T. S., Baluch, N., Morgatskaya, E., Kumar, S., Das, B., et al. (2017). Combination therapy in combating cancer. Oncotarget 8, 38022–38043. doi:10.18632/oncotarget.16723
 Bedoui, S., Herold, M. J., and Strasser, A. (2020). Emerging connectivity of programmed cell death pathways and its physiological implications. Nat. Rev. Mol. Cell Biol. 21, 678–695. doi:10.1038/s41580-020-0270-8
 Berdan, C. A., Ho, R., Lehtola, H. S., To, M., Hu, X., Huffman, T. R., et al. (2019). Parthenolide covalently targets and inhibits focal adhesion kinase in breast cancer cells. Cell Chem. Biol. 26, 1027–1035. doi:10.1016/j.chembiol.2019.03.016
 Bratton, S. B., and Salvesen, G. S. (2010). Regulation of the apaf-1-caspase-9 apoptosome. J. Cell Sci. 123, 3209–3214. doi:10.1242/jcs.073643
 Cai, H., Meng, X., Li, Y., Yang, C., and Liu, Y. (2014). Growth inhibition effects of isoalantolactone on K562/A02 cells: caspase-dependent apoptotic pathways, S phase arrest, and downregulation of Bcr/Abl. Phytother. Res. 28, 1679–1686. doi:10.1002/ptr.5182
 Cai, H., Qin, X., and Yang, C. (2017). Dehydrocostus lactone suppresses proliferation of human chronic myeloid leukemia cells through bcr/abl-JAK/STAT signaling pathways. J. Cell Biochem. 118, 3381–3390. doi:10.1002/jcb.25994
 Cai, H., Yang, C. H., and He, X. L. (2019). Effect of dehydrocostus lactone on proliferation of K562 cells and its mechanism. Zhongguo Shi Yan Xue Ye Xue Za Zhi 27, 1436–1439. doi:10.19746/j.cnki.issn.1009-2137.2019.05.013
 Cao, X., Pobezinskaya, Y. L., Morgan, M. J., and Liu, Z. G. (2011). The role of TRADD in TRAIL-induced apoptosis and signaling. Faseb J. 25, 1353–1358. doi:10.1096/fj.10-170480
 Carneiro, B. A., and El-Deiry, W. S. (2020). Targeting apoptosis in cancer therapy. Nat. Rev. Clin. Oncol. 17, 395–417. doi:10.1038/s41571-020-0341-y
 Chan, C. K., Chan, G., Awang, K., and Abdul Kadir, H. (2016). Deoxyelephantopin from Elephantopus scaber inhibits HCT116 human colorectal carcinoma cell growth through apoptosis and cell cycle arrest. Molecules 21, 385. doi:10.3390/molecules21030385
 Chen, C. N., Huang, H. H., Wu, C. L., Lin, C. P., Hsu, J. T., Hsieh, H. P., et al. (2007). Isocostunolide, a sesquiterpene lactone, induces mitochondrial membrane depolarization and caspase-dependent apoptosis in human melanoma cells. Cancer Lett. 246, 237–252. doi:10.1016/j.canlet.2006.03.004
 Chen, J., Chen, B., Zou, Z., Li, W., Zhang, Y., Xie, J., et al. (2017). Costunolide enhances doxorubicin-induced apoptosis in prostate cancer cells via activated mitogen-activated protein kinases and generation of reactive oxygen species. Oncotarget 8, 107701–107715. doi:10.18632/oncotarget.22592
 Chen, J., Zhang, L., and Hao, M. (2018a). Effect of artemisinin on proliferation and apoptosis-related protein expression in vivo and in vitro. Saudi J. Biol. Sci. 25, 1488–1493. doi:10.1016/j.sjbs.2018.04.003
 Chen, J. H., Wu A, T. H., Tzeng D, T. W. T., Huang, C. C., Tzeng, Y. M., and Chao, T. Y. (2019). Antrocin, a bioactive component from Antrodia cinnamomea, suppresses breast carcinogenesis and stemness via downregulation of β-catenin/Notch1/Akt signaling. Phytomedicine 52, 70–78. doi:10.1016/j.phymed.2018.09.213
 Chen, W., Li, P., Liu, Y., Yang, Y., Ye, X., Zhang, F., et al. (2018b). Isoalantolactone induces apoptosis through ROS-mediated ER stress and inhibition of STAT3 in prostate cancer cells. J. Exp. Clin. Cancer Res. 37, 309. doi:10.1186/s13046-018-0987-9
 Chen, Y. A., Tzeng, D. T. W., Huang, Y. P., Lin, C. J., Lo, U. G., Wu, C. L., et al. (2018c). Antrocin sensitizes prostate cancer cells to radiotherapy through inhibiting PI3K/AKT and MAPK signaling pathways. Cancers (Basel) 11, 34. doi:10.3390/cancers11010034
 Cheng, G., and Xie, L. (2011). Parthenolide induces apoptosis and cell cycle arrest of human 5637 bladder cancer cells in vitro. Molecules 16, 6758–6768. doi:10.3390/molecules16086758
 Chiu, K. Y., Wu, C. C., Chia, C. H., Hsu, S. L., and Tzeng, Y. M. (2016). Inhibition of growth, migration and invasion of human bladder cancer cells by antrocin, a sesquiterpene lactone isolated from Antrodia cinnamomea, and its molecular mechanisms. Cancer Lett. 373, 174–184. doi:10.1016/j.canlet.2015.11.046
 Cho, J. Y., Kim, A. R., Jung, J. H., Chun, T., Rhee, M. H., and Yoo, E. S. (2004). Cytotoxic and pro-apoptotic activities of cynaropicrin, a sesquiterpene lactone, on the viability of leukocyte cancer cell lines. Eur. J. Pharmacol. 492, 85–94. doi:10.1016/j.ejphar.2004.03.027
 Choi, E. J., and Ahn, W. S. (2009). Antiproliferative effects of dehydrocostuslactone through cell cycle arrest and apoptosis in human ovarian cancer SK-OV-3 cells. Int. J. Mol. Med. 23, 211–216. doi:10.3892/ijmm_00000119
 Choi, J. H., and Lee, K. T. (2009). Costunolide-induced apoptosis in human leukemia cells: involvement of c-jun N-terminal kinase activation. Biol. Pharm. Bull. 32, 1803–1808. doi:10.1248/bpb.32.1803
 Choi, Y. K., Seo, H. S., Choi, H. S., Choi, H. S., Kim, S. R., Shin, Y. C., et al. (2012). Induction of Fas-mediated extrinsic apoptosis, p21WAF1-related G2/M cell cycle arrest and ROS generation by costunolide in estrogen receptor-negative breast cancer cells, MDA-MB-231. Mol. Cell Biochem. 363, 119–128. doi:10.1007/s11010-011-1164-z
 Correia, A. S., Gärtner, F., and Vale, N. (2021). Drug combination and repurposing for cancer therapy: the example of breast cancer. Heliyon 7, e05948. doi:10.1016/j.heliyon.2021.e05948
 Cui, L., Bu, W., Song, J., Feng, L., Xu, T., Liu, D., et al. (2018a). Apoptosis induction by alantolactone in breast cancer MDA-MB-231 cells through reactive oxygen species-mediated mitochondrion-dependent pathway. Arch. Pharm. Res. 41, 299–313. doi:10.1007/s12272-017-0990-2
 Cui, Y. Q., Liu, Y. J., and Zhang, F. (2018b). The suppressive effects of Britannin (Bri) on human liver cancer through inducing apoptosis and autophagy via AMPK activation regulated by ROS. Biochem. Biophys. Res. Commun. 497, 916–923. doi:10.1016/j.bbrc.2017.12.144
 Cui, Z., Dabas, H., Leonard, B. C., Shiah, J. V., Grandis, J. R., and Johnson, D. E. (2021). Caspase-8 mutations associated with head and neck cancer differentially retain functional properties related to TRAIL-induced apoptosis and cytokine induction. Cell Death Dis. 12, 775. doi:10.1038/s41419-021-04066-z
 D'arcy, M. S. (2019). Cell death: a review of the major forms of apoptosis, necrosis and autophagy. Cell Biol. Int. 43, 582–592. doi:10.1002/cbin.11137
 Debela, D. T., Muzazu, S. G., Heraro, K. D., Ndalama, M. T., Mesele, B. W., Haile, D. C., et al. (2021). New approaches and procedures for cancer treatment: current perspectives. SAGE Open Med. 9, 20503121211034366. doi:10.1177/20503121211034366
 Di, W., Khan, M., Rasul, A., Sun, M., Sui, Y., Zhong, L., et al. (2014). Isoalantolactone inhibits constitutive NF-κB activation and induces reactive oxygen species-mediated apoptosis in osteosarcoma U2OS cells through mitochondrial dysfunction. Oncol. Rep. 32, 1585–1593. doi:10.3892/or.2014.3368
 Dirsch, V. M., Stuppner, H., and Vollmar, A. M. (2001). Helenalin triggers a CD95 death receptor-independent apoptosis that is not affected by overexpression of Bcl-x(L) or Bcl-2. Cancer Res. 61, 5817–5823.
 Duan, D., Zhang, J., Yao, J., Liu, Y., and Fang, J. (2016). Targeting thioredoxin reductase by parthenolide contributes to inducing apoptosis of HeLa cells. J. Biol. Chem. 291, 10021–10031. doi:10.1074/jbc.M115.700591
 Estrela, J. M., Mena, S., Obrador, E., Benlloch, M., Castellano, G., Salvador, R., et al. (2017). Polyphenolic phytochemicals in cancer prevention and therapy: bioavailability versus bioefficacy. J. Med. Chem. 60, 9413–9436. doi:10.1021/acs.jmedchem.6b01026
 Fallahian, F., Aghaei, M., Abdolmohammadi, M. H., and Hamzeloo-Moghadam, M. (2015). Molecular mechanism of apoptosis induction by Gaillardin, a sesquiterpene lactone, in breast cancer cell lines: gaillardin-induced apoptosis in breast cancer cell lines. Cell Biol. Toxicol. 31, 295–305. doi:10.1007/s10565-016-9312-6
 Fan, S., Cui, Y., Hu, Z., Wang, W., Jiang, W., and Xu, H. (2020). Ambrosin sesquiterpene lactone exerts selective and potent anticancer effects in drug-resistant human breast cancer cells (MDA-MB-231) through mitochondrial mediated apoptosis, ROS generation and targeting Akt/β-Catenin signaling pathway. J. buon 25, 2221–2227.
 Fang, L. J., Shao, X. T., Wang, S., Lu, G. H., Xu, T., and Zhou, J. Y. (2010). Sesquiterpene lactone parthenolide markedly enhances sensitivity of human A549 cells to low-dose oxaliplatin via inhibition of NF-kappaB activation and induction of apoptosis. Planta Med. 76, 258–264. doi:10.1055/s-0029-1186083
 Farha, A. K., Dhanya, S. R., Mangalam, S. N., Geetha, B. S., Latha, P. G., and Remani, P. (2014). Deoxyelephantopin impairs growth of cervical carcinoma SiHa cells and induces apoptosis by targeting multiple molecular signaling pathways. Cell Biol. Toxicol. 30, 331–343. doi:10.1007/s10565-014-9288-z
 Feng, Y., Xia, J., Xu, X., Zhao, T., Tan, Z., Wang, Q., et al. (2021). Sesquiterpene lactone Bigelovin induces apoptosis of colon cancer cells through inducing IKK-β degradation and suppressing nuclear factor kappa B activation. Anticancer Drugs 32, 664–673. doi:10.1097/cad.0000000000001073
 Fiocchetti, M., Fernandez, V. S., Montalesi, E., and Marino, M. (2019). Neuroglobin: a novel player in the oxidative stress response of cancer cells. Oxid. Med. Cell Longev. 2019, 6315034. doi:10.1155/2019/6315034
 Flores-Lopez, G., Moreno-Lorenzana, D., Ayala-Sanchez, M., Aviles-Vazquez, S., Torres-Martinez, H., Crooks, P. A., et al. (2018). Parthenolide and DMAPT induce cell death in primitive CML cells through reactive oxygen species. J. Cell Mol. Med. 22, 4899–4912. doi:10.1111/jcmm.13755
 Flores-Romero, H., Ros, U., and Garcia-Saez, A. J. (2020). Pore formation in regulated cell death. Embo J. 39, e105753. doi:10.15252/embj.2020105753
 Friesen, C., Fulda, S., and Debatin, K. M. (1997). Deficient activation of the CD95 (APO-1/Fas) system in drug-resistant cells. Leukemia 11, 1833–1841. doi:10.1038/sj.leu.2400827
 Fu, D., Wu, D., Cheng, W., Gao, J., Zhang, Z., Ge, J., et al. (2020). Costunolide induces autophagy and apoptosis by activating ROS/MAPK signaling pathways in renal cell carcinoma. Front. Oncol. 10, 582273. doi:10.3389/fonc.2020.582273
 Ganguli, A., Choudhury, D., Datta, S., Bhattacharya, S., and Chakrabarti, G. (2014). Inhibition of autophagy by chloroquine potentiates synergistically anti-cancer property of artemisinin by promoting ROS dependent apoptosis. Biochimie 107, 338–349. doi:10.1016/j.biochi.2014.10.001
 Gao, Y., Nie, Z., Cao, H., Huang, D., Chen, M., Xiang, Y., et al. (2022). Scabertopin derived from Elephantopus scaber L. Mediates necroptosis by inducing reactive oxygen species production in bladder cancer in vitro. Cancers (Basel) 14, 5976. doi:10.3390/cancers14235976
 Ghorbani-Abdi-Saedabad, A., Hanafi-Bojd, M. Y., Parsamanesh, N., Tayarani-Najaran, Z., Mollaei, H., and Hoshyar, R. (2020). Anticancer and apoptotic activities of parthenolide in combination with epirubicin in mda-mb-468 breast cancer cells. Mol. Biol. Rep. 47, 5807–5815. doi:10.1007/s11033-020-05649-3
 Green, D. R. (2022). The death receptor pathway of apoptosis. Cold Spring Harb. Perspect. Biol. 14, a041053. doi:10.1101/cshperspect.a041053
 Gu, W., Zhao, H., Yuan, H., and Zhao, S. (2023). Dehydrocostus lactone reduced malignancy of HepG2 human hepatocellular carcinoma cells via down-regulation of the PI3K/AKT signaling pathway. Bull. Exp. Biol. Med. 174, 360–364. doi:10.1007/s10517-023-05708-2
 Guan, X., and Guan, Y. (2020). Artemisinin induces selective and potent anticancer effects in drug resistant breast cancer cells by inducing cellular apoptosis and autophagy and G2/M cell cycle arrest. J. buon 25, 1330–1336.
 Gupta, S., Verma, V., and Dwarakanath, B. S. (2022). Emerging concepts in cancer therapy: mechanisms of resistance. Cancer Rep. Hob. 5, e1715. doi:10.1002/cnr2.1715
 Guzman, M. L., Rossi, R. M., Karnischky, L., Li, X., Peterson, D. R., Howard, D. S., et al. (2005). The sesquiterpene lactone parthenolide induces apoptosis of human acute myelogenous leukemia stem and progenitor cells. Blood 105, 4163–4169. doi:10.1182/blood-2004-10-4135
 Hamzeloo-Moghadam, M., Aghaei, M., Fallahian, F., Jafari, S. M., Dolati, M., Abdolmohammadi, M. H., et al. (2015). Britannin, a sesquiterpene lactone, inhibits proliferation and induces apoptosis through the mitochondrial signaling pathway in human breast cancer cells. Tumour Biol. 36, 1191–1198. doi:10.1007/s13277-014-2744-9
 Hanahan, D. (2022). Hallmarks of cancer: new dimensions. Cancer Discov. 12, 31–46. doi:10.1158/2159-8290.cd-21-1059
 Hassani, N., Jafari-Gharabaghlou, D., Dadashpour, M., and Zarghami, N. (2022). The effect of dual bioactive compounds artemisinin and metformin Co-loaded in PLGA-PEG nano-particles on breast cancer cell lines: potential apoptotic and anti-proliferative action. Appl. Biochem. Biotechnol. 194, 4930–4945. doi:10.1007/s12010-022-04000-9
 He, Y., Cao, X., Kong, Y., Wang, S., Xia, Y., Bi, R., et al. (2019). Apoptosis-promoting and migration-suppressing effect of alantolactone on gastric cancer cell lines BGC-823 and SGC-7901 via regulating p38MAPK and NF-κB pathways. Hum. Exp. Toxicol. 38, 1132–1144. doi:10.1177/0960327119855128
 Hoffmann, R., Von Schwarzenberg, K., López-Antón, N., Rudy, A., Wanner, G., Dirsch, V. M., et al. (2011). Helenalin bypasses Bcl-2-mediated cell death resistance by inhibiting NF-κB and promoting reactive oxygen species generation. Biochem. Pharmacol. 82, 453–463. doi:10.1016/j.bcp.2011.05.029
 Hou, J., Wang, D., Zhang, R., and Wang, H. (2008). Experimental therapy of hepatoma with artemisinin and its derivatives: in vitro and in vivo activity, chemosensitization, and mechanisms of action. Clin. Cancer Res. 14, 5519–5530. doi:10.1158/1078-0432.ccr-08-0197
 Hsu, H.-F., Wu, Y.-C., Chen, L.-C., and Houng, J.-Y. (2009a). Induction of apoptosis of A549 lung cancer cell line by dehydrocostus lactone isolated from Glossogyne tenuifolia. J. Food Drug Analysis 17, 5. doi:10.38212/2224-6614.2293
 Hsu, Y. L., Wu, L. Y., and Kuo, P. L. (2009b). Dehydrocostuslactone, a medicinal plant-derived sesquiterpene lactone, induces apoptosis coupled to endoplasmic reticulum stress in liver cancer cells. J. Pharmacol. Exp. Ther. 329, 808–819. doi:10.1124/jpet.108.148395
 Hua, P., Sun, M., Zhang, G., Zhang, Y., Song, G., Liu, Z., et al. (2016a). Costunolide induces apoptosis through generation of ROS and activation of P53 in human esophageal cancer eca-109 cells. J. Biochem. Mol. Toxicol. 30, 462–469. doi:10.1002/jbt.21810
 Hua, P., Zhang, G., Zhang, Y., Sun, M., Cui, R., Li, X., et al. (2016b). Costunolide induces G1/S phase arrest and activates mitochondrial-mediated apoptotic pathways in SK-MES 1 human lung squamous carcinoma cells. Oncol. Lett. 11, 2780–2786. doi:10.3892/ol.2016.4295
 Huang, B., Eberstadt, M., Olejniczak, E. T., Meadows, R. P., and Fesik, S. W. (1996). NMR structure and mutagenesis of the Fas (APO-1/CD95) death domain. Nature 384, 638–641. doi:10.1038/384638a0
 Huang, C. C., Lo, C. P., Chiu, C. Y., and Shyur, L. F. (2010). Deoxyelephantopin, a novel multifunctional agent, suppresses mammary tumour growth and lung metastasis and doubles survival time in mice. Br. J. Pharmacol. 159, 856–871. doi:10.1111/j.1476-5381.2009.00581.x
 Huang, K., Zhang, J., O'neill, K. L., Gurumurthy, C. B., Quadros, R. M., Tu, Y., et al. (2016). Cleavage by caspase 8 and mitochondrial membrane association activate the BH3-only protein Bid during TRAIL-induced apoptosis. J. Biol. Chem. 291, 11843–11851. doi:10.1074/jbc.M115.711051
 Humphreys, L., Espona-Fiedler, M., and Longley, D. B. (2018). FLIP as a therapeutic target in cancer. Febs J. 285, 4104–4123. doi:10.1111/febs.14523
 Hung, J. Y., Hsu, Y. L., Ni, W. C., Tsai, Y. M., Yang, C. J., Kuo, P. L., et al. (2010). Oxidative and endoplasmic reticulum stress signaling are involved in dehydrocostuslactone-mediated apoptosis in human non-small cell lung cancer cells. Lung Cancer 68, 355–365. doi:10.1016/j.lungcan.2009.07.017
 Ichikawa, H., Nair, M. S., Takada, Y., Sheeja, D. B., Kumar, M. A., Oommen, O. V., et al. (2006). Isodeoxyelephantopin, a novel sesquiterpene lactone, potentiates apoptosis, inhibits invasion, and abolishes osteoclastogenesis through suppression of nuclear factor-kappaB (nf-kappaB) activation and nf-kappaB-regulated gene expression. Clin. Cancer Res. 12, 5910–5918. doi:10.1158/1078-0432.ccr-06-0916
 Jang, J. H., Iqbal, T., Min, K. J., Kim, S., Park, J. W., Son, E. I., et al. (2013). Helenalin-induced apoptosis is dependent on production of reactive oxygen species and independent of induction of endoplasmic reticulum stress in renal cell carcinoma. Toxicol Vitro 27, 588–596. doi:10.1016/j.tiv.2012.10.014
 Jeyamohan, S., Moorthy, R. K., Kannan, M. K., and Arockiam, A. J. (2016). Parthenolide induces apoptosis and autophagy through the suppression of PI3K/Akt signaling pathway in cervical cancer. Biotechnol. Lett. 38, 1251–1260. doi:10.1007/s10529-016-2102-7
 Ji, D., Zhong, X., Huang, P., Kang, P., Leng, K., Zheng, W., et al. (2020). Deoxyelephantopin induces apoptosis via oxidative stress and enhances gemcitabine sensitivity in vitro and in vivo through targeting the NF-κB signaling pathway in pancreatic cancer. Aging (Albany NY) 12, 11116–11138. doi:10.18632/aging.103327
 Ji, H., Zhang, K., Pan, G., Li, C., Li, C., Hu, X., et al. (2022). Deoxyelephantopin induces apoptosis and enhances chemosensitivity of colon cancer via miR-205/bcl2 Axis. Int. J. Mol. Sci. 23, 5051. doi:10.3390/ijms23095051
 Jia, J., Qin, Y., Zhang, L., Guo, C., Wang, Y., Yue, X., et al. (2016). Artemisinin inhibits gallbladder cancer cell lines through triggering cell cycle arrest and apoptosis. Mol. Med. Rep. 13, 4461–4468. doi:10.3892/mmr.2016.5073
 Jiang, E., Sun, X., Kang, H., Sun, L., An, W., Yao, Y., et al. (2015). Dehydrocostus lactone inhibits proliferation, antiapoptosis, and invasion of cervical cancer cells through PI3K/Akt signaling pathway. Int. J. Gynecol. Cancer 25, 1179–1186. doi:10.1097/igc.0000000000000474
 Jin, C., Zhang, G., Zhang, Y., Hua, P., Song, G., Sun, M., et al. (2017). Isoalantolactone induces intrinsic apoptosis through p53 signaling pathway in human lung squamous carcinoma cells. PLoS One 12, e0181731. doi:10.1371/journal.pone.0181731
 Jorge, J., Neves, J., Alves, R., Geraldes, C., Gonçalves, A. C., and Sarmento-Ribeiro, A. B. (2023). Parthenolide induces ROS-mediated apoptosis in lymphoid malignancies. Int. J. Mol. Sci. 24, 9167. doi:10.3390/ijms24119167
 Kabeer, F. A., Sreedevi, G. B., Nair, M. S., Rajalekshmi, D. S., Gopalakrishnan, L. P., and Prathapan, R. (2014). Isodeoxyelephantopin from Elephantopus scaber (Didancao) induces cell cycle arrest and caspase-3-mediated apoptosis in breast carcinoma T47D cells and lung carcinoma A549 cells. Chin. Med. 9, 14. doi:10.1186/1749-8546-9-14
 Karami, A., Hamzeloo-Moghadam, M., Yami, A., Barzegar, M., Mashati, P., and Gharehbaghian, A. (2020). Antiproliferative effect of gaillardin from Inula oculus-christi in human leukemic cells. Nutr. Cancer 72, 1043–1056. doi:10.1080/01635581.2019.1665188
 Keyvanloo Shahrestanaki, M., Bagheri, M., Ghanadian, M., Aghaei, M., and Jafari, S. M. (2019). Centaurea cyanus extracted 13-O-acetylsolstitialin A decrease Bax/Bcl-2 ratio and expression of cyclin D1/Cdk-4 to induce apoptosis and cell cycle arrest in MCF-7 and MDA-MB-231 breast cancer cell lines. J. Cell Biochem. 120, 18309–18319. doi:10.1002/jcb.29141
 Khan, M., Ding, C., Rasul, A., Yi, F., Li, T., Gao, H., et al. (2012a). Isoalantolactone induces reactive oxygen species mediated apoptosis in pancreatic carcinoma PANC-1 cells. Int. J. Biol. Sci. 8, 533–547. doi:10.7150/ijbs.3753
 Khan, M., Li, T., Ahmad Khan, M. K., Rasul, A., Nawaz, F., Sun, M., et al. (2013). Alantolactone induces apoptosis in HepG2 cells through GSH depletion, inhibition of STAT3 activation, and mitochondrial dysfunction. Biomed. Res. Int. 2013, 719858. doi:10.1155/2013/719858
 Khan, M., Maryam, A., Saleem, M. Z., Shakir, H. A., Qazi, J. I., Li, Y., et al. (2020). Brevilin A induces ROS-dependent apoptosis and suppresses STAT3 activation by direct binding in human lung cancer cells. J. Cancer 11, 3725–3735. doi:10.7150/jca.40983
 Khan, M., Yi, F., Rasul, A., Li, T., Wang, N., Gao, H., et al. (2012b). Alantolactone induces apoptosis in glioblastoma cells via GSH depletion, ROS generation, and mitochondrial dysfunction. IUBMB Life 64, 783–794. doi:10.1002/iub.1068
 Kim, E. J., Lim, S. S., Park, S. Y., Shin, H. K., Kim, J. S., and Park, J. H. (2008). Apoptosis of DU145 human prostate cancer cells induced by dehydrocostus lactone isolated from the root of Saussurea lappa. Food Chem. Toxicol. 46, 3651–3658. doi:10.1016/j.fct.2008.08.038
 Kim, J. H., Liu, L., Lee, S. O., Kim, Y. T., You, K. R., and Kim, D. G. (2005). Susceptibility of cholangiocarcinoma cells to parthenolide-induced apoptosis. Cancer Res. 65, 6312–6320. doi:10.1158/0008-5472.can-04-4193
 Kim, M. Y., Lee, H., Ji, S. Y., Kim, S. Y., Hwangbo, H., Park, S. H., et al. (2021). Induction of apoptosis by isoalantolactone in human hepatocellular carcinoma Hep3B cells through activation of the ROS-dependent JNK signaling pathway. Pharmaceutics 13, 1627. doi:10.3390/pharmaceutics13101627
 Kim, S. L., Trang, K. T., Kim, S. H., Kim, I. H., Lee, S. O., Lee, S. T., et al. (2012). Parthenolide suppresses tumor growth in a xenograft model of colorectal cancer cells by inducing mitochondrial dysfunction and apoptosis. Int. J. Oncol. 41, 1547–1553. doi:10.3892/ijo.2012.1587
 Kitai, Y., Zhang, X., Hayashida, Y., Kakehi, Y., and Tamura, H. (2017). Induction of G(2)/M arrest and apoptosis through mitochondria pathway by a dimer sesquiterpene lactone from Smallanthus sonchifolius in HeLa cells. J. Food Drug Anal. 25, 619–627. doi:10.1016/j.jfda.2016.10.005
 Koff, J. L., Ramachandiran, S., and Bernal-Mizrachi, L. (2015). A time to kill: targeting apoptosis in cancer. Int. J. Mol. Sci. 16, 2942–2955. doi:10.3390/ijms16022942
 Kretschmer, N., Rinner, B., Stuendl, N., Kaltenegger, H., Wolf, E., Kunert, O., et al. (2012). Effect of costunolide and dehydrocostus lactone on cell cycle, apoptosis, and ABC transporter expression in human soft tissue sarcoma cells. Planta Med. 78, 1749–1756. doi:10.1055/s-0032-1315385
 Kuo, P. L., Ni, W. C., Tsai, E. M., and Hsu, Y. L. (2009). Dehydrocostuslactone disrupts signal transducers and activators of transcription 3 through up-regulation of suppressor of cytokine signaling in breast cancer cells. Mol. Cancer Ther. 8, 1328–1339. doi:10.1158/1535-7163.mct-08-0914
 Kwak, S. W., Park, E. S., and Lee, C. S. (2014). Parthenolide induces apoptosis by activating the mitochondrial and death receptor pathways and inhibits FAK-mediated cell invasion. Mol. Cell Biochem. 385, 133–144. doi:10.1007/s11010-013-1822-4
 Lee, D., Kwak, H. J., Kim, B. H., Kim, D. W., Kim, H. Y., Kim, S. H., et al. (2022). Brevilin A isolated from Centipeda minima induces apoptosis in human gastric cancer cells via an extrinsic apoptotic signaling pathway. Plants (Basel) 11, 1658. doi:10.3390/plants11131658
 Lee, E. W., Kim, J. H., Ahn, Y. H., Seo, J., Ko, A., Jeong, M., et al. (2012a). Ubiquitination and degradation of the FADD adaptor protein regulate death receptor-mediated apoptosis and necroptosis. Nat. Commun. 3, 978. doi:10.1038/ncomms1981
 Lee, E. W., Seo, J., Jeong, M., Lee, S., and Song, J. (2012b). The roles of FADD in extrinsic apoptosis and necroptosis. BMB Rep. 45, 496–508. doi:10.5483/bmbrep.2012.45.9.186
 Lee, S. H., Cho, Y. C., and Lim, J. S. (2021). Costunolide, a sesquiterpene lactone, suppresses skin cancer via induction of apoptosis and blockage of cell proliferation. Int. J. Mol. Sci. 22, 2075. doi:10.3390/ijms22042075
 Lei, J. C., Yu, J. Q., Yin, Y., Liu, Y. W., and Zou, G. L. (2012). Alantolactone induces activation of apoptosis in human hepatoma cells. Food Chem. Toxicol. 50, 3313–3319. doi:10.1016/j.fct.2012.06.014
 Lesiak, K., Koprowska, K., Zalesna, I., Nejc, D., Düchler, M., and Czyz, M. (2010). Parthenolide, a sesquiterpene lactone from the medical herb feverfew, shows anticancer activity against human melanoma cells in vitro. Melanoma Res. 20, 21–34. doi:10.1097/CMR.0b013e328333bbe4
 Li, C., Egloff, A. M., Sen, M., Grandis, J. R., and Johnson, D. E. (2014). Caspase-8 mutations in head and neck cancer confer resistance to death receptor-mediated apoptosis and enhance migration, invasion, and tumor growth. Mol. Oncol. 8, 1220–1230. doi:10.1016/j.molonc.2014.03.018
 Li, J., Zhu, P., Chen, Y., Zhang, S., Zhang, Z., Zhang, Z., et al. (2022). Isoalantolactone induces cell cycle arrest, apoptosis and autophagy in colorectal cancer cells. Front. Pharmacol. 13, 903599. doi:10.3389/fphar.2022.903599
 Li, M., Song, L. H., Yue, G. G., Lee, J. K., Zhao, L. M., Li, L., et al. (2017). Bigelovin triggered apoptosis in colorectal cancer in vitro and in vivo via upregulating death receptor 5 and reactive oxidative species. Sci. Rep. 7, 42176. doi:10.1038/srep42176
 Li, M., Yue, G. G., Song, L. H., Huang, M. B., Lee, J. K., Tsui, S. K., et al. (2018). Natural small molecule bigelovin suppresses orthotopic colorectal tumor growth and inhibits colorectal cancer metastasis via IL6/STAT3 pathway. Biochem. Pharmacol. 150, 191–201. doi:10.1016/j.bcp.2018.02.017
 Liu, J., Liu, M., Wang, S., He, Y., Huo, Y., Yang, Z., et al. (2018). Alantolactone induces apoptosis and suppresses migration in MCF-7 human breast cancer cells via the p38 MAPK, NF-κB and Nrf2 signaling pathways. Int. J. Mol. Med. 42, 1847–1856. doi:10.3892/ijmm.2018.3751
 Liu, R., Qu, Z., Lin, Y., Lee, C. S., Tai, W. C., and Chen, S. (2019a). Brevilin A induces cell cycle arrest and apoptosis in nasopharyngeal carcinoma. Front. Pharmacol. 10, 594. doi:10.3389/fphar.2019.00594
 Liu, T., Zhang, J., Han, X., Xu, J., Wu, Y., and Fang, J. (2019b). Promotion of HeLa cells apoptosis by cynaropicrin involving inhibition of thioredoxin reductase and induction of oxidative stress. Free Radic. Biol. Med. 135, 216–226. doi:10.1016/j.freeradbiomed.2019.03.014
 Liu, W., Wang, X., Sun, J., Yang, Y., Li, W., and Song, J. (2017a). Parthenolide suppresses pancreatic cell growth by autophagy-mediated apoptosis. Onco Targets Ther. 10, 453–461. doi:10.2147/ott.s117250
 Liu, Y. C., Kim, S. L., Park, Y. R., Lee, S. T., and Kim, S. W. (2017b). Parthenolide promotes apoptotic cell death and inhibits the migration and invasion of SW620 cells. Intest. Res. 15, 174–181. doi:10.5217/ir.2017.15.2.174
 Long, H. Y., Huang, Q. X., Yu, Y. Y., Zhang, Z. B., Yao, Z. W., Chen, H. B., et al. (2019). Dehydrocostus lactone inhibits in vitro gastrinoma cancer cell growth through apoptosis induction, sub-G1 cell cycle arrest, DNA damage and loss of mitochondrial membrane potential. Arch. Med. Sci. 15, 765–773. doi:10.5114/aoms.2018.73128
 Lopez, A., Reyna, D. E., Gitego, N., Kopp, F., Zhou, H., Miranda-Roman, M. A., et al. (2022). Co-targeting of BAX and BCL-XL proteins broadly overcomes resistance to apoptosis in cancer. Nat. Commun. 13, 1199. doi:10.1038/s41467-022-28741-7
 Lossi, L. (2022). The concept of intrinsic versus extrinsic apoptosis. Biochem. J. 479, 357–384. doi:10.1042/bcj20210854
 Mak, I. W., Evaniew, N., and Ghert, M. (2014). Lost in translation: animal models and clinical trials in cancer treatment. Am. J. Transl. Res. 6, 114–118.
 Manoochehri, M., Borhani, N., Karbasi, A., Koochaki, A., and Kazemi, B. (2016). Promoter hypermethylation and downregulation of the FAS gene may be involved in colorectal carcinogenesis. Oncol. Lett. 12, 285–290. doi:10.3892/ol.2016.4578
 Maryam, A., Mehmood, T., Zhang, H., Li, Y., Khan, M., and Ma, T. (2017). Alantolactone induces apoptosis, promotes STAT3 glutathionylation and enhances chemosensitivity of A549 lung adenocarcinoma cells to doxorubicin via oxidative stress. Sci. Rep. 7, 6242. doi:10.1038/s41598-017-06535-y
 Matos, M. S., Anastácio, J. D., and Nunes Dos Santos, C. (2021). Sesquiterpene lactones: promising natural compounds to fight inflammation. Pharmaceutics 13, 991. doi:10.3390/pharmaceutics13070991
 Mehmood, T., Maryam, A., Tian, X., Khan, M., and Ma, T. (2017a). Santamarine inhibits NF-кB and STAT3 activation and induces apoptosis in HepG2 liver cancer cells via oxidative stress. J. Cancer 8, 3707–3717. doi:10.7150/jca.20239
 Mehmood, T., Maryam, A., Zhang, H., Li, Y., Khan, M., and Ma, T. (2017b). Deoxyelephantopin induces apoptosis in HepG2 cells via oxidative stress, NF-κB inhibition and mitochondrial dysfunction. Biofactors 43, 63–72. doi:10.1002/biof.1324
 Mehrzadi, S., Pourhanifeh, M. H., Mirzaei, A., Moradian, F., and Hosseinzadeh, A. (2021). An updated review of mechanistic potentials of melatonin against cancer: pivotal roles in angiogenesis, apoptosis, autophagy, endoplasmic reticulum stress and oxidative stress. Cancer Cell Int. 21, 188. doi:10.1186/s12935-021-01892-1
 Mendis, A. S., Thabrew, I., Ediriweera, M. K., Samarakoon, S. R., Tennekoon, K. H., Adhikari, A., et al. (2019). Isolation of a new sesquiterpene lactone from Vernonia zeylanica (L) less and its anti-proliferative effects in breast cancer cell lines. Anticancer Agents Med. Chem. 19, 410–424. doi:10.2174/1871520619666181128163359
 Meng, Q., Tang, B., and Qiu, B. (2019). Growth inhibition of Saos-2 osteosarcoma cells by lactucopicrin is mediated via inhibition of cell migration and invasion, sub-G1 cell cycle disruption, apoptosis induction and Raf signalling pathway. J. buon 24, 2136–2140.
 Meng, X., and Shao, Z. (2021). Ambrosin exerts strong anticancer effects on human breast cancer cells via activation of caspase and inhibition of the Wnt/β-catenin pathway. Trop. J. Pharm. Res. 20, 809–814. doi:10.4314/tjpr.v20i4.22
 Moeinifard, M., Hassan, Z. M., Fallahian, F., Hamzeloo-Moghadam, M., and Taghikhani, M. (2017). Britannin induces apoptosis through AKT-FOXO1 pathway in human pancreatic cancer cells. Biomed. Pharmacother. 94, 1101–1110. doi:10.1016/j.biopha.2017.08.025
 Moghadam, M. H., Hajimehdipoor, H., Saeidnia, S., Atoofi, A., Shahrestani, R., Read, R. W., et al. (2012). Anti-proliferative activity and apoptotic potential of britannin, a sesquiterpene lactone from Inula aucheriana. Nat. Prod. Commun. 7, 1934578X1200700–980. doi:10.1177/1934578x1200700804
 Mohammadlou, H., Hamzeloo-Moghadam, M., Moeinifard, M., and Gharedbaghian, A. (2022a). Cytotoxic effects of britannin on acute and chronic myeloid leukemia cells through inducing p21-mediated apoptotic cell death. Turk J. Pharm. Sci. 19, 314–321. doi:10.4274/tjps.galenos.2021.88655
 Mohammadlou, H., Hamzeloo-Moghadam, M., Mohammadi, M. H., Yami, A., and Gharehbaghian, A. (2021). Britannin, a sesquiterpene lactone induces ROS-dependent apoptosis in NALM-6, REH, and JURKAT cell lines and produces a synergistic effect with vincristine. Mol. Biol. Rep. 48, 6249–6258. doi:10.1007/s11033-021-06572-x
 Mohammadlou, H., Hamzeloo-Moghadam, M., Yami, A., Feizi, F., Moeinifard, M., and Gharehbaghian, A. (2022b). Britannin a sesquiterpene lactone from Inula aucheriana exerted an anti-leukemic effect in acute lymphoblastic leukemia (ALL) cells and enhanced the sensitivity of the cells to vincristine. Nutr. Cancer 74, 965–977. doi:10.1080/01635581.2021.1931700
 Morana, O., Wood, W., and Gregory, C. D. (2022). The apoptosis paradox in cancer. Int. J. Mol. Sci. 23, 1328. doi:10.3390/ijms23031328
 Nam, W., Tak, J., Ryu, J. K., Jung, M., Yook, J. I., Kim, H. J., et al. (2007). Effects of artemisinin and its derivatives on growth inhibition and apoptosis of oral cancer cells. Head. Neck 29, 335–340. doi:10.1002/hed.20524
 Naumova, N., and Šachl, R. (2020). Regulation of cell death by mitochondrial transport systems of calcium and bcl-2 proteins. Membr. (Basel) 10, 299. doi:10.3390/membranes10100299
 Neophytou, C. M., Trougakos, I. P., Erin, N., and Papageorgis, P. (2021). Apoptosis deregulation and the development of cancer multi-drug resistance. Cancers (Basel) 13, 4363. doi:10.3390/cancers13174363
 Noubissi, F. K., Yedjou, C. G., Spiegelman, V. S., and Tchounwou, P. B. (2018). Cross-Talk between wnt and hh signaling pathways in the pathology of basal cell carcinoma. Int. J. Environ. Res. Public Health 15, 1442. doi:10.3390/ijerph15071442
 Obexer, P., and Ausserlechner, M. J. (2014). X-linked inhibitor of apoptosis protein - a critical death resistance regulator and therapeutic target for personalized cancer therapy. Front. Oncol. 4, 197. doi:10.3389/fonc.2014.00197
 Opferman, J. T., and Kothari, A. (2018). Anti-apoptotic BCL-2 family members in development. Cell Death Differ. 25, 37–45. doi:10.1038/cdd.2017.170
 Peng, Y., Zhou, T., Wang, S., Bahetjan, Y., Li, X., and Yang, X. (2022). Dehydrocostus lactone inhibits the proliferation of esophageal cancer cells in vivo and in vitro through ROS-mediated apoptosis and autophagy. Food Chem. Toxicol. 170, 113453. doi:10.1016/j.fct.2022.113453
 Peng, Z., Wang, Y., Fan, J., Lin, X., Liu, C., Xu, Y., et al. (2017). Costunolide and dehydrocostuslactone combination treatment inhibit breast cancer by inducing cell cycle arrest and apoptosis through c-Myc/p53 and AKT/14-3-3 pathway. Sci. Rep. 7, 41254. doi:10.1038/srep41254
 Pitti, R. M., Marsters, S. A., Lawrence, D. A., Roy, M., Kischkel, F. C., Dowd, P., et al. (1998). Genomic amplification of a decoy receptor for Fas ligand in lung and colon cancer. Nature 396, 699–703. doi:10.1038/25387
 Rajabi, S., Irani, M., Moeinifard, M., and Hamzeloo-Moghadam, M. (2023). Britannin suppresses MCF-7 breast cancer cell growth by inducing apoptosis and inhibiting autophagy. Avicenna J. Phytomedicine . doi:10.22038/AJP.2023.22995
 Rajabi, S., Maresca, M., Yumashev, A. V., Choopani, R., and Hajimehdipoor, H. (2021). The most competent plant-derived natural products for targeting apoptosis in cancer therapy. Biomolecules 11, 534. doi:10.3390/biom11040534
 Ranjan, K., Surolia, A., and Pathak, C. (2012). Apoptotic potential of Fas-associated death domain on regulation of cell death regulatory protein cFLIP and death receptor mediated apoptosis in HEK 293T cells. J. Cell Commun. Signal 6, 155–168. doi:10.1007/s12079-012-0166-2
 Rao, Y. K., Wu, A. T., Geethangili, M., Huang, M. T., Chao, W. J., Wu, C. H., et al. (2011). Identification of antrocin from Antrodia camphorata as a selective and novel class of small molecule inhibitor of Akt/mTOR signaling in metastatic breast cancer MDA-MB-231 cells. Chem. Res. Toxicol. 24, 238–245. doi:10.1021/tx100318m
 Rasul, A., Di, J., Millimouno, F. M., Malhi, M., Tsuji, I., Ali, M., et al. (2013a). Reactive oxygen species mediate isoalantolactone-induced apoptosis in human prostate cancer cells. Molecules 18, 9382–9396. doi:10.3390/molecules18089382
 Rasul, A., Khan, M., Yu, B., Ali, M., Bo, Y. J., Yang, H., et al. (2013b). Isoalantolactone, a sesquiterpene lactone, induces apoptosis in SGC-7901 cells via mitochondrial and phosphatidylinositol 3-kinase/Akt signaling pathways. Arch. Pharm. Res. 36, 1262–1269. doi:10.1007/s12272-013-0217-0
 Ren, Y., Lv, C., Zhang, J., Zhang, B., Yue, B., Luo, X., et al. (2021). Alantolactone exhibits antiproliferative and apoptosis-promoting properties in colon cancer model via activation of the MAPK-JNK/c-Jun signaling pathway. Mol. Cell Biochem. 476, 4387–4403. doi:10.1007/s11010-021-04247-6
 Roozbehani, M., Abdolmohammadi, M. H., Hamzeloo-Moghadam, M., Irani, S., and Fallahian, F. (2021). Gaillardin, a potent sesquiterpene lactone induces apoptosis via down-regulation of NF-κβ in gastric cancer cells, AGS and MKN45. J. Ethnopharmacol. 281, 114529. doi:10.1016/j.jep.2021.114529
 Rotondo, R., Oliva, M. A., and Arcella, A. (2022). The sesquiterpene lactone cynaropicrin manifests strong cytotoxicity in glioblastoma cells U-87 MG by induction of oxidative stress. Biomedicines 10, 1583. doi:10.3390/biomedicines10071583
 Rotondo, R., Oliva, M. A., Staffieri, S., Castaldo, S., Giangaspero, F., and Arcella, A. (2020). Implication of lactucopicrin in autophagy, cell cycle arrest and oxidative stress to inhibit U87Mg glioblastoma cell growth. Molecules 25, 5843. doi:10.3390/molecules25245843
 Safa, A. R. (2013). Roles of c-FLIP in apoptosis, necroptosis, and autophagy. J. Carcinog. Mutagen Suppl 6, 003. doi:10.4172/2157-2518.s6-003
 Saleem, M. Z., Nisar, M. A., Alshwmi, M., Din, S. R. U., Gamallat, Y., Khan, M., et al. (2020). Brevilin A inhibits STAT3 signaling and induces ROS-dependent apoptosis, mitochondrial stress and endoplasmic reticulum stress in MCF-7 breast cancer cells. Onco Targets Ther. 13, 435–450. doi:10.2147/ott.s228702
 Salehi, B., Mishra, A. P., Nigam, M., Kobarfard, F., Javed, Z., Rajabi, S., et al. (2020). Multivesicular liposome (depofoam) in human diseases. Iran. J. Pharm. Res. 19, 9–21. doi:10.22037/ijpr.2020.112291.13663
 Sayyadi, M., Moradabadi, A., Noroozi-Aghideh, A., and Yazdanian, M. (2021). Effect of gaillardin on proliferation and apoptosis of acute promyelocytic leukemia cell lines, NB4 as cancer treatment. Biointerface Res. Appl. Chem. 11, 7445–7452. doi:10.33263/BRIAC111.74457452
 Segawa, K., and Nagata, S. (2015). An apoptotic 'eat me' signal: phosphatidylserine exposure. Trends Cell Biol. 25, 639–650. doi:10.1016/j.tcb.2015.08.003
 Shams, A., Ahmed, A., Khan, A., Khawaja, S., Rehman, N. U., Qazi, A. S., et al. (2023). Naturally isolated sesquiterpene lactone and hydroxyanthraquinone induce apoptosis in oral squamous cell carcinoma cell line. Cancers (Basel) 15, 557. doi:10.3390/cancers15020557
 Sheng, W., Mao, H., Wang, C., Yang, N., Zhang, Z., and Han, J. (2018). Dehydrocostus lactone enhances chemotherapeutic potential of doxorubicin in lung cancer by inducing cell death and limiting metastasis. Med. Sci. Monit. 24, 7850–7861. doi:10.12659/msm.911410
 Singh, N. P., and Lai, H. C. (2004). Artemisinin induces apoptosis in human cancer cells. Anticancer Res. 24, 2277–2280.
 Sivaprasad, U., Shankar, E., and Basu, A. (2007). Downregulation of Bid is associated with PKCepsilon-mediated TRAIL resistance. Cell Death Differ. 14, 851–860. doi:10.1038/sj.cdd.4402077
 Sokovic, M., Ciric, A., Glamoclija, J., and Skaltsa, H. (2017). Biological activities of sesquiterpene lactones isolated from the genus Centaurea L. (Asteraceae). Curr. Pharm. Des. 23, 2767–2786. doi:10.2174/1381612823666170215113927
 Solanki, R., Jodha, B., Prabina, K. E., Aggarwal, N., and Patel, S. (2022). Recent advances in phytochemical based nano-drug delivery systems to combat breast cancer: a review. J. Drug Deliv. Sci. Technol. 77, 103832. doi:10.1016/j.jddst.2022.103832
 Song, Y. J., Lee, D. Y., Kim, S. N., Lee, K. R., Lee, H. W., Han, J. W., et al. (2005). Apoptotic potential of sesquiterpene lactone ergolide through the inhibition of NF-kappaB signaling pathway. J. Pharm. Pharmacol. 57, 1591–1597. doi:10.1211/jpp.57.12.0009
 Soto-Gamez, A., Wang, Y., Zhou, X., Seras, L., Quax, W., and Demaria, M. (2022). Enhanced extrinsic apoptosis of therapy-induced senescent cancer cells using a death receptor 5 (DR5) selective agonist. Cancer Lett. 525, 67–75. doi:10.1016/j.canlet.2021.10.038
 Su, M., Chung, H. Y., and Li, Y. (2011). Deoxyelephantopin from Elephantopus scaber L. induces cell-cycle arrest and apoptosis in the human nasopharyngeal cancer CNE cells. Biochem. Biophys. Res. Commun. 411, 342–347. doi:10.1016/j.bbrc.2011.06.144
 Su, T., Wang, Y. P., Wang, X. N., Li, C. Y., Zhu, P. L., Huang, Y. M., et al. (2020). The JAK2/STAT3 pathway is involved in the anti-melanoma effects of brevilin A. Life Sci. 241, 117169. doi:10.1016/j.lfs.2019.117169
 Sun, X., Bao, J., You, Z., Chen, X., and Cui, J. (2016). Modeling of signaling crosstalk-mediated drug resistance and its implications on drug combination. Oncotarget 7, 63995–64006. doi:10.18632/oncotarget.11745
 Sundaramurthi, H., Tonelotto, V., Wynne, K., O'connell, F., O’reilly, E., Costa-Garcia, M., et al. (2023). Ergolide mediates anti-cancer effects on metastatic uveal melanoma cells and modulates their cellular and extracellular vesicle proteomes. Open Res. Eur. 3, 88. doi:10.12688/openreseurope.15973.2
 Sweeney, C. J., Mehrotra, S., Sadaria, M. R., Kumar, S., Shortle, N. H., Roman, Y., et al. (2005). The sesquiterpene lactone parthenolide in combination with docetaxel reduces metastasis and improves survival in a xenograft model of breast cancer. Mol. Cancer Ther. 4, 1004–1012. doi:10.1158/1535-7163.mct-05-0030
 Tabata, K., Nishimura, Y., Takeda, T., Kurita, M., Uchiyama, T., and Suzuki, T. (2015). Sesquiterpene lactones derived from Saussurea lappa induce apoptosis and inhibit invasion and migration in neuroblastoma cells. J. Pharmacol. Sci. 127, 397–403. doi:10.1016/j.jphs.2015.01.002
 Tan, L., Kwok, R. P., Shukla, A., Kshirsagar, M., Zhao, L., Opipari, A. W., et al. (2011). Trichostatin A restores Apaf-1 function in chemoresistant ovarian cancer cells. Cancer 117, 784–794. doi:10.1002/cncr.25649
 Teng, Y., Dong, Y. C., Liu, Z., Zou, Y., Xie, H., Zhao, Y., et al. (2017). DNA methylation-mediated caspase-8 downregulation is associated with anti-apoptotic activity and human malignant glioma grade. Int. J. Mol. Med. 39, 725–733. doi:10.3892/ijmm.2017.2881
 Tian, J., Shen, R., Yan, Y., and Deng, L. (2018). miR-186 promotes tumor growth in cutaneous squamous cell carcinoma by inhibiting apoptotic protease activating factor-1. Exp. Ther. Med. 16, 4010–4018. doi:10.3892/etm.2018.6679
 Tian, Y., Ma, B., Zhao, X., Tian, S., Li, Y., Pei, H., et al. (2023). Dehydrocostus lactone inhibits the proliferation and metastasis of hepatocellular carcinoma cells via modulating p53-p21-CDK2 signaling pathway. Arabian J. Chem. 16, 104994. doi:10.1016/j.arabjc.2023.104994
 Tiwari, P. B., Chapagain, P. P., and Üren, A. (2018). Investigating molecular interactions between oxidized neuroglobin and cytochrome c. Sci. Rep. 8, 10557. doi:10.1038/s41598-018-28836-6
 Uren, R. T., Iyer, S., and Kluck, R. M. (2017). Pore formation by dimeric Bak and Bax: an unusual pore?Philos. Trans. R. Soc. Lond B Biol. Sci. 372, 20160218. doi:10.1098/rstb.2016.0218
 Verma, S. S., Rai, V., Awasthee, N., Dhasmana, A., Rajalaksmi, D. S., Nair, M. S., et al. (2019). Isodeoxyelephantopin, a sesquiterpene lactone induces ROS generation, suppresses NF-κB activation, modulates LncRNA expression and exhibit activities against breast cancer. Sci. Rep. 9, 17980. doi:10.1038/s41598-019-52971-3
 Wang, B., Zhou, T. Y., Nie, C. H., Wan, D. L., and Zheng, S. S. (2018a). Bigelovin, a sesquiterpene lactone, suppresses tumor growth through inducing apoptosis and autophagy via the inhibition of mTOR pathway regulated by ROS generation in liver cancer. Biochem. Biophys. Res. Commun. 499, 156–163. doi:10.1016/j.bbrc.2018.03.091
 Wang, J., Li, M., Cui, X., Lv, D., Jin, L., Khan, M., et al. (2018b). Brevilin A promotes oxidative stress and induces mitochondrial apoptosis in U87 glioblastoma cells. Onco Targets Ther. 11, 7031–7040. doi:10.2147/ott.s179730
 Wang, J., Yu, Z., Wang, C., Tian, X., Huo, X., Wang, Y., et al. (2017). Dehydrocostus lactone, a natural sesquiterpene lactone, suppresses the biological characteristics of glioma, through inhibition of the NF-κB/COX-2 signaling pathway by targeting IKKβ. Am. J. Cancer Res. 7, 1270–1284.
 Wang, Z., Zhao, X., and Gong, X. (2016). Costunolide induces lung adenocarcinoma cell line A549 cells apoptosis through ROS (reactive oxygen species)-mediated endoplasmic reticulum stress. Cell Biol. Int. 40, 289–297. doi:10.1002/cbin.10564
 Wani, A. K., Akhtar, N., Mir, T. U. G., Singh, R., Jha, P. K., Mallik, S. K., et al. (2023). Targeting apoptotic pathway of cancer cells with phytochemicals and plant-based nanomaterials. Biomolecules 13, 194. doi:10.3390/biom13020194
 Wei, W., Huang, H., Zhao, S., Liu, W., Liu, C. X., Chen, L., et al. (2013). Alantolactone induces apoptosis in chronic myelogenous leukemia sensitive or resistant to imatinib through NF-κB inhibition and Bcr/Abl protein deletion. Apoptosis 18, 1060–1070. doi:10.1007/s10495-013-0854-2
 Wu, M., Zhang, H., Hu, J., Weng, Z., Li, C., Li, H., et al. (2013). Isoalantolactone inhibits UM-SCC-10A cell growth via cell cycle arrest and apoptosis induction. PLoS One 8, e76000. doi:10.1371/journal.pone.0076000
 Wu, X., Zhu, H., Yan, J., Khan, M., and Yu, X. (2017). Santamarine inhibits NF-κB activation and induces mitochondrial apoptosis in A549 lung adenocarcinoma cells via oxidative stress. Biomed. Res. Int. 2017, 4734127. doi:10.1155/2017/4734127
 Wu, Z., Xu, X., Dai, L., Wang, Y., Yang, B., Zhao, H., et al. (2020). Eupalinolide J induces apoptosis, cell cycle arrest, mitochondrial membrane potential disruption and DNA damage in human prostate cancer cells. J. Toxicol. Sci. 45, 15–23. doi:10.2131/jts.45.15
 Xie, Z., Xu, J., Xiao, D., Lei, J., and Yu, J. (2023). Dual regulation of Akt and glutathione caused by isoalantolactone effectively triggers human ovarian cancer cell apoptosis. Acta Biochim. Biophys. Sin. (Shanghai). 55, 62–71. doi:10.3724/abbs.2023003
 Xing, J. S., Wang, X., Lan, Y. L., Lou, J. C., Ma, B., Zhu, T., et al. (2019). Isoalantolactone inhibits IKKβ kinase activity to interrupt the NF-κB/COX-2-mediated signaling cascade and induces apoptosis regulated by the mitochondrial translocation of cofilin in glioblastoma. Cancer Med. 8, 1655–1670. doi:10.1002/cam4.2013
 Xu, C., Huang, X., Lei, X., Jin, Z., Wu, M., Liu, X., et al. (2021). Costunolide-induced apoptosis via promoting the reactive oxygen species and inhibiting AKT/GSK3β pathway and activating autophagy in gastric cancer. Front. Cell Dev. Biol. 9, 722734. doi:10.3389/fcell.2021.722734
 Yamaguchi, H., Chang, S. S., Hsu, J. L., and Hung, M. C. (2014). Signaling cross-talk in the resistance to HER family receptor targeted therapy. Oncogene 33, 1073–1081. doi:10.1038/onc.2013.74
 Yan, Z., Xu, T., An, Z., Hu, Y., Chen, W., Ma, J., et al. (2019). Costunolide induces mitochondria-mediated apoptosis in human gastric adenocarcinoma BGC-823 cells. BMC Complement. Altern. Med. 19, 151. doi:10.1186/s12906-019-2569-6
 Yang, B., Zhao, Y., Lou, C., and Zhao, H. (2016). Eupalinolide O, a novel sesquiterpene lactone from Eupatorium lindleyanum DC., induces cell cycle arrest and apoptosis in human MDA-MB-468 breast cancer cells. Oncol. Rep. 36, 2807–2813. doi:10.3892/or.2016.5115
 Yang, C., Zhang, L., Huang, H., Yuan, X., Zhang, P., Ye, C., et al. (2022a). Alantolactone inhibits proliferation, metastasis and promotes apoptosis of human osteosarcoma cells by suppressing Wnt/β-catenin and MAPKs signaling pathways. Genes Dis. 9, 466–478. doi:10.1016/j.gendis.2020.07.014
 Yang, R., Ma, S., Zhuo, R., Xu, L., Jia, S., Yang, P., et al. (2022b). Suppression of endoplasmic reticulum stress-dependent autophagy enhances cynaropicrin-induced apoptosis via attenuation of the P62/Keap1/Nrf2 pathways in neuroblastoma. Front. Pharmacol. 13, 977622. doi:10.3389/fphar.2022.977622
 Yang, Y. I., Kim, J. H., Lee, K. T., and Choi, J. H. (2011). Costunolide induces apoptosis in platinum-resistant human ovarian cancer cells by generating reactive oxygen species. Gynecol. Oncol. 123, 588–596. doi:10.1016/j.ygyno.2011.08.031
 Yao, Y., Xia, D., Bian, Y., Sun, Y., Zhu, F., Pan, B., et al. (2015). Alantolactone induces G1 phase arrest and apoptosis of multiple myeloma cells and overcomes bortezomib resistance. Apoptosis 20, 1122–1133. doi:10.1007/s10495-015-1140-2
 Yeh, C. T., Huang, W. C., Rao, Y. K., Ye, M., Lee, W. H., Wang, L. S., et al. (2013). A sesquiterpene lactone antrocin from Antrodia camphorata negatively modulates JAK2/STAT3 signaling via microRNA let-7c and induces apoptosis in lung cancer cells. Carcinogenesis 34, 2918–2928. doi:10.1093/carcin/bgt255
 Yi, J., Gong, X., Yin, X. Y., Wang, L., Hou, J. X., Chen, J., et al. (2022). Parthenolide and arsenic trioxide co-trigger autophagy-accompanied apoptosis in hepatocellular carcinoma cells. Front. Oncol. 12, 988528. doi:10.3389/fonc.2022.988528
 You, P., Wu, H., Deng, M., Peng, J., Li, F., and Yang, Y. (2018). Brevilin A induces apoptosis and autophagy of colon adenocarcinoma cell CT26 via mitochondrial pathway and PI3K/AKT/mTOR inactivation. Biomed. Pharmacother. 98, 619–625. doi:10.1016/j.biopha.2017.12.057
 Zeng, G. Z., Tan, N. H., Ji, C. J., Fan, J. T., Huang, H. Q., Han, H. J., et al. (2009). Apoptosis inducement of bigelovin from Inula helianthus-aquatica on human Leukemia U937 cells. Phytother. Res. 23, 885–891. doi:10.1002/ptr.2671
 Zeng, Q., Zeng, Y., Nie, X., Guo, Y., and Zhan, Y. (2020). Britanin exhibits potential inhibitory activity on human prostate cancer cell lines through PI3K/Akt/NF-κB signaling pathways. Planta Med. 86, 1401–1410. doi:10.1055/a-1211-4656
 Zhang, C., Huang, L., Xiong, J., Xie, L., Ying, S., Jia, Y., et al. (2021a). Isoalantolactone inhibits pancreatic cancer proliferation by regulation of PI3K and Wnt signal pathway. PLoS One 16, e0247752. doi:10.1371/journal.pone.0247752
 Zhang, C., Lu, T., Wang, G. D., Ma, C., and Zhou, Y. F. (2016). Costunolide, an active sesquiterpene lactone, induced apoptosis via ROS-mediated ER stress and JNK pathway in human U2OS cells. Biomed. Pharmacother. 80, 253–259. doi:10.1016/j.biopha.2016.03.031
 Zhang, J., Xu, Q., Yang, H. Y., Yang, M., Fang, J., and Gao, K. (2021b). Inhibition of thioredoxin reductase by santamarine conferring anticancer effect in HeLa cells. Front. Mol. Biosci. 8, 710676. doi:10.3389/fmolb.2021.710676
 Zhang, J., Yu, Q., Han, L., Chen, C., Li, H., and Han, G. (2017). Study on the apoptosis mediated by cytochrome c and factors that affect the activation of bovine longissimus muscle during postmortem aging. Apoptosis 22, 777–785. doi:10.1007/s10495-017-1374-2
 Zhang, L., Chen, J., Chen, Y., Zou, D., Pu, Y., Wei, M., et al. (2023a). Alantolactone inhibits melanoma cell culture viability and migration and promotes apoptosis by inhibiting wnt/β-catenin signaling. Anticancer Agents Med. Chem. 23, 94–104. doi:10.2174/1871520622666220519100054
 Zhang, R., Hao, J., Wu, Q., Guo, K., Wang, C., Zhang, W. K., et al. (2020). Dehydrocostus lactone inhibits cell proliferation and induces apoptosis by PI3K/Akt/Bad and ERS signalling pathway in human laryngeal carcinoma. J. Cell Mol. Med. 24, 6028–6042. doi:10.1111/jcmm.15131
 Zhang, X., Lan, D., Ning, S., and Ruan, L. (2018a). Anticancer action of lactucopicrin in SKMEL-5 human skin cancer cells is mediated via apoptosis induction, G2/M cell cycle arrest and downregulation of m=TOR/PI3K/AKT signalling pathway. J. buon 23, 224–228.
 Zhang, X. W., Wang, S., Tu, P. F., and Zeng, K. W. (2018b). Sesquiterpene lactone from Artemisia argyi induces gastric carcinoma cell apoptosis via activating NADPH oxidase/reactive oxygen species/mitochondrial pathway. Eur. J. Pharmacol. 837, 164–170. doi:10.1016/j.ejphar.2018.07.053
 Zhang, Y., Bao, Y. L., Wu, Y., Yu, C. L., Huang, Y. X., Sun, Y., et al. (2013). Alantolactone induces apoptosis in RKO cells through the generation of reactive oxygen species and the mitochondrial pathway. Mol. Med. Rep. 8, 967–972. doi:10.3892/mmr.2013.1640
 Zhang, Y., Dong, F., Cao, Z., Wang, T., Pan, L., Luo, W., et al. (2022). Eupalinolide A induces autophagy via the ROS/ERK signaling pathway in hepatocellular carcinoma cells in vitro and in vivo. Int. J. Oncol. 61, 131. doi:10.3892/ijo.2022.5421
 Zhang, Y., Yang, B., Tu, C., Ping, Y., Chen, S., Wu, T., et al. (2023b). Mitochondrial impairment and downregulation of Drp1 phosphorylation underlie the antiproliferative and proapoptotic effects of alantolactone on oral squamous cell carcinoma cells. J. Transl. Med. 21, 328. doi:10.1186/s12967-023-04188-2
 Zhao, P., Pan, Z., Luo, Y., Zhang, L., Li, X., Zhang, G., et al. (2015). Alantolactone induces apoptosis and cell cycle arrest on lung squamous cancer SK-MES-1 cells. J. Biochem. Mol. Toxicol. 29, 199–206. doi:10.1002/jbt.21685
 Zhao, Y., Fu, L., Chen, J., Zhou, J., Tian, C., Zhou, D., et al. (2022). Eupalinolide O induces apoptosis in human triple-negative breast cancer cells via modulating ROS generation and akt/p38 MAPK signaling pathway. J. Oncol. 2022, 8802453. doi:10.1155/2022/8802453
 Zhu, S., Liu, W., Ke, X., Li, J., Hu, R., Cui, H., et al. (2014). Artemisinin reduces cell proliferation and induces apoptosis in neuroblastoma. Oncol. Rep. 32, 1094–1100. doi:10.3892/or.2014.3323
 Zou, G., Gao, Z., Wang, J., Zhang, Y., Ding, H., Huang, J., et al. (2008). Deoxyelephantopin inhibits cancer cell proliferation and functions as a selective partial agonist against PPARgamma. Biochem. Pharmacol. 75, 1381–1392. doi:10.1016/j.bcp.2007.11.021
 Zou, J., Zhang, Y., Sun, J., Wang, X., Tu, H., Geng, S., et al. (2017). Deoxyelephantopin induces reactive oxygen species-mediated apoptosis and autophagy in human osteosarcoma cells. Cell Physiol. Biochem. 42, 1812–1821. doi:10.1159/000479537
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
The author(s) declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.
Copyright © 2024 Hsu, Rajabi, Hamzeloo-Moghadam, Kumar, Maresca and Ghildiyal. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1371002-t001.jpg
Molecule

Alantolactone

13-O-acetylsolstitalin

Ambrosin

Antrocin

Artemisinin

Deoxoartemisinin

Bresilin A

Bigelovin

Britannin

Costunalide

Cynaropicrin

Dehydrocostus lactone.

Deoxyelephantopin

Ergolide

Eupalinolide |

Eupalinolide O

Eupalinolide O

Gaillardin

Helenalin

Isoalantolactone.

Locostunolide

Liodeoxyelephantopin

Lactucopicrin

Parthenalide

Santamarine

Sesquiterpene
lactone 3

Uredafolin

Vernolactone.

Plant source

Inuda helenium

Centaurea cyanus

Hymenoclea sasola and
Ambrosia maritima

Antrodia cin

Artemisia anna

Artemisinin derivative

Centipeda minima

Inul helianthus aquatic

Il aucheriana

Saussurea lappa

Saussurea lappa

Saussurea lappa

Saussurea costus

Aucklandia lappa Decre

Saussurea lappa.

Glossogyne Tenuifolia

Saussurea lappa

Elephantopus scaber

Inula britanica

Eupatorium lindleyanum

Eupatorium lindleyanum

Eupatorium lindleyanum

Inula oculus-christi

Arnica montana and Arnica
chamissonis sip. Foliosa

Inula helenium L

Inula helenium

Elephantopus scaber Linn

Centaurothamns masinus

Lactuca virosa

Tanacetum parthenium

Magnolia grandifiora and
Ambrosia confertiflora

Artemisia argyi

Smallanthus sonchifoliss

Vernonia Zeylanica

Concentration (M)

5.10,and 15 M

10,20, and 30 uM

Sand 10M

25.nd 5 M

75,15, and 30 M for cel line:
50 my/kg for animal model

10 and 20 g

oM

15 and 60 M

4,68, and 10 M

5and 75 M

Sand 124M

4,8, 10 M for cel lines

15 and 25 my/ke over 30 days for animal
model

4475 M for slantolactone.
3076 WM for cisplatin
16.56 M for ZnONPs

20 and 40 Mt

10 and 100 M

1650 = 25 yM.

8,32, and 61 M

1004M

10uM
5 108M

100 M

50 and 100 M

20 M for cel lines
100 mglkg per day)over 30 days for animal
model

25,510, 20 and 40 pg/mi for celllines

10 mgkg per day) over 10 days for animal
model

5,25 and 50 uM ART and DHA for cel
lines

50 and 100 mg ART and DHA/Kg/d,
5 daystveek for 4 weeks animal model

100 and 150 pM.

S0pM

300 M

25M

10 and 15 M

1,2, and 4 M for cellline
5 kg per day) over 14 days for animal
model

50 and 100 M

10 and 20 g

20 and 30 Mt

10 and 20 M for cel line

10 and 20 kg per day) over 16 days for
animal model

3pM

SuM

18,36, and 5.4 M for HT-29 cel line

14,28, and 42 M for HCT 116 cell line
20 mg/kg over 7 days for animal model

25,5, and 10 pM for cellines

5,10,nd 20 mglkg over 21 days for animal
model

30 M for ASPC-1 and 40 M for Panc-1

13and s Mt

3and 5 M

10-100

Sand 7yM

20,40, and 80 M for cel line

75, 15, and 30 mykg over 21 days for
animal model

10M for cll line

5 and 10 mg/k over 25 days for animal
madel

10pM

15uM

20 and 40 Mt

15,20, and 25 M for cellline

50 my/kg over 36 days for animal model
10M for cell line

75, 15, and 30 mygks over 36 days for
animal model

20 and 30 Mt

0 and 50 M

32.and 39 M

Costunolide (20 M) + doxorubicin
(200 M)

20 and 40 Mt

20 and 30 Mt

08 M

10uM

254M

10,20, 40 M

5 and 10 M for cel lines

25 mykg over 21 days for animal model

L1 and 17 g/, for cllines

20 my/kg over 31 days for animal model

Aand 8 pgimL.

5 and 10 pg/ml

Sand 124M

8,16, 0r 32 M for celllines

20, 40 mgkg over 28 days for animal
model

10,20 and 30 M

. 4.and 6 pg/mlL. for cell lines

10 and 15 my/kg over 28 days for animal
madel

10 and 15 M for cel lines

10 and 20 my/kg over 22 days for animal
model

15 and 30

10 and 20 pg/mlL.

M

100 M

2mgL

741,617, 833 pgl.

S0pM

2 g for celline

10 mekg over 28 days for animal model

a14pM

10 and 20

2.5, and 10 M for cell lines

30 my/kg over 30 days for animal model

15 and 3 pg/mL.

116,232 and 465 pgml.

4,8and 16 M for MG-63,8,16,32 M for
w208

30 and 50 M for BEPC-3, 40 and 60 (M
for CFPAC-1

10 mkg over 24 days for animal model

dand 6 M

dand 6 M

10 and 20 M

5 and 10 M for cel lines

15 and 30 my/ke over 20 days for animal
model

dand s M

10 and 100 M

6uMt

7uM

oM

10-50 uM

5,10, and 20 M for celllines

10 and 20 my/kg over 22 days for animal
model

20 and 40 M

10,20, and 30 M for cellline

30 mg/kg over 15 days for animal model

25 and 50 M

10,15 and 20 uM

13and s Mt

20 and 40 Mt

20 and 40 M

10,20, 30, 40, and 50 gM.

20 and 40 Mt

10,20 and 40 M for celllines

05 mykg over 28 days for animal model

10,20 and 40 M

20 and 40 Mt

125,25,5,and 7.5 uM

2

1L25and 5 M

10,46 pgmi. for AS49 cells and 13 pg/m.

for T47D cells

125,5,and 10 4

12,25, and 50 M,

75,15, and 30 gM

754M

110

25,5,7.5 and 10 M

s0M

9and 15 M

™

10 and 20

5,10 and 20 pM.

510,20 and 40 M for cel lines

4 mykg over 30 days for animal model

204

25.and 5 M for cell lines

25 and 50 mykg + arenic trioxide.

(25 mghkg) over 28 every other day for
animal model

10,100 and 500 M

6and 124M

25,5,7.5 and 10 M

25,5.and 10 @M

50 and 100 M

0 and 60 M

10,25, 0r 50 uM.

510, 0r 20 M

3pM

10

2and 4 pgimL.

Cancer type

Breast

Breast

Leukemia (CML)

Colon

Colon

Gastric

Glioblastoma
mliform

Liver

Lung

Melsnoma

Muliple mycloma

Oral

Osteosarcoma

Lung

Breast

Breast

Breast

Bladder

Breast

Lung

Prostate

Breast

Gallbladder

Glioma.

Liver

Lung

Breast

Neuroblastoma

Oral

Breast

Colon

Gastric

Glioblastoma

Lung

Nasopharynx

Melsnoma

Colorectal

Colorectal

Pancreas

Leukemia (ALL)

Leukemia (ALL)

Breast

Leukemia (AML
and CML)

Liver

Prostate

Neuroblastoma.

Breast

Esophagus

Gastric

Gastric

Leukemia

Lung

Lung

Oral

Ovary

Prostate

Kidney

Osteosarcoma

Skin

Leukemia

Glioblastoma

Cervix

Neuroblastoma.

Breast

Breast

Leukemia

Leukemia

Esophagus

Glioblastoma

Laryngesl

Liver

Lung

Lung

Ovary

Prostate

Sarcoma

Liver

Breast

Cervix

Colorectal

Colorectal

Nasopharynx

Osteosarcoma

Colorectal

Leukemia

Colorectal

Prostte

Breast

Bresst

Breast

Leukenvia (ALL)

Leukenia (APL)

Gastric

Leukemia

Colorectal

Gastric

Head and neck

Leukemia

Liver

Lung

Osteosarcoma

Pancreas

Pancreas

Prostate

Prostate

Leukemi

Breast

Breast and Lung

Leukemia (AML)

Osteosarcoma

Glioblastoma

Leukenis

Bladder

Breast

Breast

Breast and Cervix

Cholanglocarcinoma

Colorectal

Colorectal

Lung

Melanoma

Pancreas

Liver

Lung

Cervix

Gastric

Cervix

Breast

Embryonic carcinoma
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Cancer model

MDA-MB-231 cel line

MCE7 cellline

K362 cell lne

RKO cell lne

HCT116 cell line
Balb/c mice
BGC-823 and SGC-7901 cell

U 87 cell line

HepG2 cell lne

2549 cell line

2375 and BI6 cell lines

OPM2 and IM9 cell lines

CAL27 and SCCS celllines

1438 and MG63 calllines

BALBc mice

SKOVS cellline

SK-MES-1 cellline

MDA-MB-231 and MCF-7
cellines

MDA-MB-231 cel line

MDA-MB-231 cel line

5637 cel line

MDA-MB-231 cel line

Hi41 and HI975 cell lines

PC3KD cellline

MDA-MB-231 celline

GBCSD and NOZ cel lines

BALBc nude mice

C6 cell lin, Rat model

HepG2 and Hep3B cell lines

BALBc mice

4549 cell line

T47D cellline

SKN-AS, SK-N-DZ and.
SHEPI celllines

YD-108 cellline

MCE7 cdllline

CT26 cell line

BALBIc mice

AGS callline

U8 celline

4549 and NCI-H1650 cell
lines

ONE2 cell ine

BALBc mice

4375 and A2058 cel lines

HT-29 and HCT 116 cell
lines

HT-29 and HCT 16 cell
lines

BALBc mice

HepG2 and SMMC-7721cell
lines

BALBc mice

AspC

and Panc-1 cell lines

NALM6 celline

MOLT-4 cll line

MCE-7 and MDA-MB-
168 celllines

U957 and K562 cell lines

HepG2 cellline, BALB/c mice

PC3 cell ine

BALB/c mice

IMR 32 cel line

MDA-MB-231 celline

Eca-109 cell line

HGC-27 and SNU- cellines

BGC-823 celline, BALB/c

U937 cell line, BALBIc mice

4549 cell line

SK-MES-1 cellline

CAL27 cell line:

MPSC1 and SKOV3 celllnes

PC-3 and DU-145cell lines

769-P cell line
1208 cel line
AD31 cell ine

U937, ol-1, and Jurkat T cell
lines

U7 MG cel line

Hela cellline

SK-N-BE (2) and SH-SYSY
cellines

BALBIc mice

MCE7 and MDA-MB-
231 celllines

BALB/c mice

MCE-7 and MDA-MB-
231 celllines

K362 cellline

K562 cell line:

Eca109 and KYSEI50 cell
lines

BALB/c mice

U7 celline

Hep-2 and TU212 celllines

BALB/c mice

HepG2 and SK-HEP-1 cell
lines

BALB/c mice

HepG2 and PLC/PRE/S cell

2549 cell line

4549 and Ha60 celllines

SK-OV-3 cell line:

DU el line

SW-872, SW-982, and TE-
671 celllines

HepG2 cellline

TSA cel line

BALBc mice

SiHa cel line

Hela cell ine

HCT116 and sw620 cel lines

BALB/c mice

HCT116 celline

ONE cell ine

MG-63 and U208 celllines

BXPC-3 and CRPAC-1 cell
lines

BALB/c mice

Nalmé and MOLT-4 cel
lines

Nalmé and MOLT-4 cel
lines

PC-3 and DU-145 cell lines

MDA-MB.231 and MDA-
MB-435 cellines

BALBc mice

MDA-MB-468 cel line

MDA-MB-468 and MCF-7
celllines

NALM-6 and MOLT-4 cel

NBa callline

AGS and MKN4S cell lies

Jurkat T cellline

HCT116 and SW620 cell
lines

BALBc mice

SGC-7901 cel line

Us7 cllline

BALBc mice

UM-SCC-10A cel line

K562/A02 cell line

Hep3b cell line

SK-MES-1 cellline

0208 callline

SKOV-3 and OVCAR 3 cell
lines

PANC-1 cellline

PANC1, ASPC-1, and
BYPC:3 celllies

BALBc mice

PC-3 and DULIS cel lines

PC3 cell ine

22058 cell lne

KBS cel line

MDA-MB-231 celline

4549 and T47D cell lines

THP-1 cell line

Sa0s:2 cell line

SKMELS cell line:

U7 Mg cel line

NCI-H929, Farage, Raf, 697,
KOPN-8, CEM, MOLT-4 cell
lines

5637 cel line

251MFP and HCC3$ cell
lines

MDA-MB-468 cel line

SiHia and MCF-7 cell lines

Hela cell line

SCK. JCK, Cho-CK, and
Choi.CK calllines

SWe cellline

HT-29, SW620 and
LSI74T celllines BALB/c

U7 MG cel line

HepG2, MHCC 97
Hub? and H22 cell lines

BALBc mice

4549 cell line

4375 cell line

OVCAR-3 and SK-OV-3 cell
lines

Panc-1 and BPC3 cel lines

HepG2 cellline
2549 cell line
2549 cell line

AGS and MGCS03 cel lines

Hela cell line

MCE -7, MDA-MB-231,
SKBR.3 cel lines

NTERA-2 stemlike cll

Altered factors

Induced: Bax, cytochrome C release activation
of caspase 3 and 9

Reduced: Bel2, MMP.

Induced: Bax, acivation of caspase 3, 12,
Reduced: Bel-2

Induced: Caspase 3 and PARP1
Reduced: NR

Induced: Bax, activation of caspase 3 and -.
Accumulation of ROS

Reduced: Bek2, MMP.
Induced: Bax,acivaton of caspase 3
Reduced: Bek2, MMP, and tumor size
Induced: Bax

Reduced: Bel-2

Induced: Bax, ytochrome C reease,activation
of caspase 3, and 9

Reduced: Bel-2

Induced: Bas, cytochrome C release activation
of caspase 3, 8, and 9, Bid dleavage

Reduced: Bl-2, MMP
Induced: Ba, Bad activation of cspise 3 nd 9
Reduced: Bel-2, XIAP, Sumvivin

Induced: Bax,scivation of caspase 3
Reduced: Bel-2

Induced: B, actvtion of cspise 3 and 9
Reduced: Bl2, Survivin

Induced: ROS

Reduced: MMP

Inducd: B, Badsctivation of casps 3, PARP

Reduced: Bel2, Tumor size

Induced: Bax, ROS

Reduced: Bel-2, XIAP, cylin DI

Induced: Bax, activation of caspases 3,8, and 9,
PARD

Reduced: Bek2
Induced: By, ROS

Reduced: B2, MMP.

Inducd: Bax, ROS

Reduced Bel-2, MMP.

Induced: B, ROS, activatio of caspase 3and9
Reduced: Bek2

Induced: Bax, Fas, FasL, DRS, actvation of
caspases 3,8,and 9

Reduced: Bel-2, BelxL.

Induced: Bax, cytochrome C release activation
of caspase 3, Reduced: Bel2, Bel-xL, survivin

Induced: Bax, activation of caspase 3, Reduced:
Bl-2, MCL-1, survivin

Induced: Bax, acivaton of caspases 3 and 9,
PARP.

Reduced: Bel2
Induced: Bax
Reduced: Bel-2

Induced: ROS, eytochrome C release actvation
of caspase 3

Reduced: MMP

Induced: Bax, Caspase 3

Reduced: Bel-2

Induced: Bax, acivation of caspase 3, PARP.

Reduced: Bel2, Tumor size

Induced: Bax, activation of caspase 3,
eytochrome C release, ROS

Reduced: Bel-2
Induced: B, actvtion of cspase 3 and 7
Reduced: Bel-2

Induced: NR

Reduced: NR

Induced: Actiation of caspase 3

Reduced: NR

Induced: Bax, Bak activation of caspase 9 and
PARP, accumulation of ROS

Reduced: Bel2, XIAP

Induced: Bax, Bak activation of caspase 9 and
PARP, accumulation of ROS

Reduced: Bel2, XIAP, tumor size
Induced: Bax, Bak activation of caspase 9 and
PARP, accumulation of ROS

Reduced: Bel2, XIAP, tumor size

Induced: Bax, cytochrome C release activation
of caspase 9 and 3, PARP, accumulation of ROS

Reduced: Bel2, XIAP, MMP

Induced: Bax, ativaton of caspase 3, PARP,
accumulation of ROS

Reduced B2, MMP.
Induced: B, activation of caspas 9, PARP
Reduced: Bl2, amor size

Induced: Activation of cspases 3,7, 8, and 9,
PARY

Reduced: BebxL, Mel-|

Induced: Actvation of caspases 3, and 9, PARP.
Reduced: Bl2

Induced: DRS, DeR2, Activation of caspases
3and 7, PARP, accumulation of ROS

Reduced: Bax, B2, caspases $and, umor size

Induced: Bax, activation of caspases 3 and 9,
PARP, accumulation of ROS

Reduced: Bel2, tumor size
Induced: Bax, cytochrome C release activation
of caspases 3 and 9, PARP, accumltion

of ROS.

Reduced: Bel2

Induced: Bax, accumulation of ROS

Reduced: XIAP

Induced: Bas, Bim, actvation of caspases 3,
accumulaton of ROS

Reduced: Bel-2

Induced: Bax, ytochrome C reease,actvation
of caspases 3 and 9, accumulation of ROS

Reduced: Bel2, MMP.
Induced: BAX, BAD, and BID
Reduced: BCL-2, BCLXL, and MCL-1

Induced: Bax, cytochrome C release activation
of caspases 3 and 9, accumalaton of ROS

Reduced: Bel2, MMP, tumor size

Induced: Bax

Reduced: Bel-2, tumor size:

Induced: Activation of caspase 7, PARP
Reduced: NR

Induced: Fas, Activation of caspases 3 and 8,
PARP.

Reduced: NR

Induced: Bax, Actvation of caspases 3, PARP,
accumlation of ROS

Reduced: Bel2, MMP.

Induced: Bax, Bak, Activtion of caspases 3,
PARP, accumulation of ROS

Reduced: Bel2

Induced: Bax, Bak, activtion of caspases 3,
9 and 7, accumalation of ROS, PARP

Reduced: Bl-2, MMP, tumor sie
Induced: Accumultion of ROS

Reduced: B2, tumor size

Induced Bax Actaonofcxpise 3 and, PARP,
rdexeof achmome C, accumnistion of ROS
Reduced: B2

Induced: B, Activation of cispase 3, PARP
Reduced: Bek2

Induced: Bak, Actvation of aspses 3 and 6
Reduced: Bl211

Induced: Activation of caspases 3,8 and 9,
accumulation of ROS

Reduced: Bel-2

Induced: Bax, Bak, actvation of caspases
3and 9, accumulation of ROS.

Reduced: Bel-2, BelxL.
Induced: Bax, release of eytochrome C,
activation of caspases 3 and 9, accumulation
of ROS

Reduced: Bel-2, MMP

Inducal: Bax, relase of eytochrome C, activation
of caspases 3 and 9, accumultion of ROS

Reduced: Bl-2, MMP
Induced: Ba, actvtion of cspsse 3, PARP.
Reduced: B2, Bl

Induced: sccumulation f ROS

Reduced: NR

Induced: Activation of caspases 3 and 9, release
of cytochrome C, accumulation of ROS

Reduced: MMP

Induced: Actvation of aspase 3, accumulation
of ROS.

Reduced: NR

Induced: Bax, activation of caspase 3, PARP.

Reduced: Bel-2, tumor size

Induced: Bax

Reduced: Bel-2, p-BID tumor size

Induced: Bax, Bad, actvation of caspase 9,
transloction of AIF and EndoG

Reduced: Bel-2, BelxL.
Induced: Bax

Reduced: Bel-2

Induced: Bax, accumulation of ROS.
Reduced: Bel2, BelxL, Mcl-1, MMP.

Induced: Bax, activation of caspases 3 and 9,
PARP, accumulation of ROS

Reduced: Bel-2, tumor size
Induced: Bax, activation of caspases 3 and 9,
relase of cytochrome C

Reduced: Bel-2

Induced: Bax, acivation of caspases 3 and 9,
PARP.

Reduced: Bel-2, tumor size:
Induced: Bax, PARP

Reduced: Bel-2, tumor size:

Induced: Bax, Bak, translocation of AIF and
EndoG

Reduced: Bel-2, Bel-xL

Induced: Activtion of caspases 3 and 9
Reduced: NR

Induced: Activation of caspases 3 and 9, PARP
Reduced: Bel-2

Induced: Bax,actvation of caspase 3, rlease of
eytochrome C, PARP

Reduced: Bel-2
Induced: Bax, Bak, Bok, Biku-Bid, B,
activation of caspase 3, 7, 8,9, relesse of
eytochrome C, PARP

Reduced: Bel-xL

Induced: Activtion of caspase 3 and 7, PARP
Reduced: NR

Induced: Bax,actvation of caspase 3, rlease of
eytochrome C, accumulation of ROS, PARP

Reduced: Bel2, MMP.

Induced: Bax,actvation of caspases 3,7, 68 and
9, accumulation of ROS, PARP

Reduced: Tumor size

Induced: Bax, activation of caspases 3,7, 8, and
9, accumulation of ROS, PARP

Reduced: B2, B,
Induced: Activation of caspases 3 and 9, PARP.
Reduced: NR

Induced: Activaton of caspase 3 and PARP.
Reduced: Bel-2, tumor size

Induced: Actvation of caspase 3 and PARP
Reduced: NR

Induced: B, Bad,Bok, Bi, and PUMA, Fas
BID, relcse of cytochrome . actvation of
caspases 3,7, 8,9, and 10

Reduced Bel-2, BebxL, MMP

Induced: Bax, activation of caspases 3,9, and
PARP, accumulation of ROS

Reduced: Bel2

Induced: Bax, activation of caspase 3 and 9,
reease of cytochrome C

Reduced: Bel-2, tumor size:

Induced: Bas, Bim, actvation of caspase 3 and
PARP.

Reduced: Bel2, XIAP cIAPI

Induced: Bax, Bim, activation of caspase 3 and
PARP, release o cytochrome C

Reduced: Bel-2, XIAP cIAPL
Induced: Activation of caspases 3 and 9
Reduced: MMP

Induced: Bax, activation of caspases 3 and 9,
PARP, accumulation of ROS

Reduced: Bel-2, MMP, tumor size
Induced: Bax, Bad, acivation of aspases 3 and
9, PARP

Reduced: Bel2, Bel-xL

Induced: Bax, activation of caspases 3 and 9,
accumulaton of ROS

Reduced: Bl-2, MMP
nduced: B, caspse 3
Reduced: Bel-2
Induced: Ba, Bad
Reduced: Bel-2
Induced: B, caspase 3
Reduced: Bel:2

Induced: Activation of caspases 3 and 8, release:
of cytochrome C

Reduced: MMP

Induced: Bax, activation of PARP.

Reduced: Bel-2, BelsL, Mel-1, tumor size

Induced: Bax, activation of caspase 3
Reduced: Bel2, MMP.

Induced: Bax, release of cytochrome C,
activation of caspases 3 and 9, PARP.

Reduced: Bel-2, tumor size

Induced: Bax, release of eytochrome C,
vation of caspase 3

Reduced: Bel2, MMP.

Induced: Bax, release of cytochrome C,
tion of caspases 3 and 9, PARP,
accumulation of ROS

Reduced: Bel2
Induced: Bax, t-Bid, DR, DR, Fas, release of
eytochrome C, acivation of caspases 3, 8and 9,
PARP, accumulation of ROS

Reduced: Bel-2

Induced: Bax,actvation of caspase 3 and PARP,
accumulation of ROS

Reduced: Bel2, MMP.
Induced: Ba, DR, FADD, TRADD, activation
of caspases 3 and 8, PARP, accumulation

of ROS

Reduced: Bel-2, MMP

Induced: Bax,actvation of caspase 3 and PARP,
accumlation of ROS

Reduced: Bel2

Induced: Bax, release of eytochrome C,
activation of caspase 3, accumulation of ROS.

Reduced: Bel-2, MMP

Induced: Bax, ativaton of caspase 3, Reduced:
Tumor size

Induced: Bax, activtion of caspases 3 and 9
Reduced: Bel2

Induced: Bax, activation of caspase 3,
accumation of ROS

Reduced: Bel-2, MMP
Induced: Bax, Fasactvaton of caspases 3and 8,
PAR, release o cytochrome C, accumulation
of ROS

Reduced: Bel-2, Bid

Induced: Activation of PARP

Reduced: 1AP1/2, Bel-2, Bel-xl, BI1/AL
TRAFI, FLIP, and survivin

Inducd: Activation of caspses 7 and 9, PARP
Reduced Bel-2, BebxL, MMP

Induced: Acivation of caspases 7 and 9, PARP.
Reduced: Bel-2, BebxL, MMP

Induced: Bas, scivation of caspase 3 nd PARP.
Reduced: B2

Induced: Bax

Reduced: B2

Induced: Bax

Reduced: Bel-2

Induced: Bax

Reduced: B2

Induced: Fas-L, actvaton of caspase 3,
accumlation of ROS

Reducad: MMP
Induced: PARP

Reduced: Bek2

Induced: Actation of caspases 3 and 7
Reduced NR

Induced: B, actvtion of cspase 3
Reduced: B2

Induced: B, actvtion of cspsse 3
Reduced: B2

Induced: Ba, actvation of cspsse 3
Reduced: B2

nduced: Bax, Bk, tBid

Reduced: Fas, Fs .

Induced: Act

ion of caspase 3
Reduced: Bel2, Bel-xL

Induced: Bax, release of cytochrome C,
activation of caspase 3, PARP

Reduced: Bel-2, tumor size:

Induced: Act

jon of caspases 3 and 7
Reduced: NR

Induced: Bax, activation of caspase 3

Reduced: Bel-2, tumor size

Induced: Activation of caspases 3 and 9
Reduced: NR

Induced: Actvation of aspase 3, accumulation
of ROS

Reduced: MMP

Induced: Bax, activation of caspases 3, 8 and 9,
PARP, accumulation of ROS

Reduced: Bel-2, Bel-xL, Bid, Survivin
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