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Abstract

:

Oxidative stress and AKT serine-threonine kinase (AKT) are responsible for regulating several cell functions of cancer cells. Several natural products modulate both oxidative stress and AKT for anticancer effects. However, the impact of natural product-modulating oxidative stress and AKT on cell functions lacks systemic understanding. Notably, the contribution of regulating cell functions by AKT downstream effectors is not yet well integrated. This review explores the role of oxidative stress and AKT pathway (AKT/AKT effectors) on ten cell functions, including apoptosis, autophagy, endoplasmic reticulum stress, mitochondrial morphogenesis, ferroptosis, necroptosis, DNA damage response, senescence, migration, and cell-cycle progression. The impact of oxidative stress and AKT are connected to these cell functions through cell function mediators. Moreover, the AKT effectors related to cell functions are integrated. Based on this rationale, natural products with the modulating abilities for oxidative stress and AKT pathway exhibit the potential to regulate these cell functions, but some were rarely reported, particularly for AKT effectors. This review sheds light on understanding the roles of oxidative stress and AKT pathway in regulating cell functions, providing future directions for natural products in cancer treatment.
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1. Introduction


The AKT (AKT serine-threonine kinase; protein kinase B; PKB) pathway, which consists of AKT and AKT downstream effectors, is involved in regulating many cell functions such as cell survival, proliferation, metabolism [1], angiogenesis, and migration [2], by activating AKT [3,4]. AKT is commonly overexpressed in several kinds of cancer [5].



AKT activity is modulated by phosphorylation and dephosphorylation for activation and inactivation [6]. AKT is activated through several routes, mainly by ligand–receptor tyrosine kinase phosphorylation that activates phosphoinositide 3-kinase (PI3K) and consequently AKT [7]. Growth factors and cytokines are common ligands for AKT activation [8]. Furthermore, AKT is also activated by cellular stressors, such as heat shock [9], ultraviolet irradiation [10], and hypoxia [11].



AKT is also known to control the expression of several AKT effectors, including forkhead box transcription factors (FOXO), c-Myc, hypoxia-inducible factor (HIF), the mechanistic target of the rapamycin complex 1/2 (mTORC1/2), mTOR substrate S6 kinase 1/2 (S6K1/2), sterol regulatory element-binding protein 1 (SREBP1) [12], and glycogen synthase kinase 3 (GSK3) [1,13]. Hence, the impact of AKT effectors on regulating cell function warrants a more detailed assessment.



Oxidative stress is the status where cells exhibit higher reactive oxygen species (ROS) levels than antioxidants, causing an imbalance of redox homeostasis [14,15]. ROS include non-radical and radical chemical species. Examples of non-radical ROS include organic hydroperoxides (ROOH), singlet molecular oxygen (O2), electronically excited carbonyl, ozone (O3), and hypochlorous and hypobromous acid (HOCl and HOBr). Examples of free-radical ROS include superoxide anion radical (O2·−), hydroxyl radical (·OH), peroxyl radical (ROO·), and alkoxyl radical (RO·). ROS are generated as by-products of several cell functions, such as energy production. Moreover, ROS is also generated by exposure to drugs, toxins, and radiation [16].



Oxidative stress may modulate drug-activated phosphoinositide 3-kinase (PI3K)/AKT. PI3K/AKT/mTOR shows crosstalk with oxidative stress and DNA damage response in cancer cells [17]. PI3K/AKT/mechanistic target of the rapamycin kinase (mTOR) is responsive to maintain a redox metabolism in cancer [18].



Different treatments may show different responses to oxidative stress and AKT activation. Notably, the following examples from various cell lines demonstrate the potential for interaction between oxidative stress and AKT activation. This needs careful investigation in case other cell lines are concerned because their genetic mutations may differ. Four responses to oxidative stress and AKT, namely (1) oxidative stress activates AKT, (2) oxidative stress inhibits AKT, (3) AKT induces oxidative stress, and (4) AKT suppresses oxidative stress, were summarized as follows (Figure 1).



Excessive oxidative stress can activate AKT [18] (Figure 1). 4-Hydroxyestradiol activates AKT in epithelial cells, which is otherwise suppressed by oxidative stress inhibitor and AKT siRNA [19]. PM2.5 induces ROS generation and AKT activation in endothelial cells, which were suppressed by N-acetylcysteine, suggesting that PM2.5-induced oxidative stress can activate AKT [20]. Oxidative stress activates PI3K/AKT [21] to trigger apoptosis in chondrocytes [22]. Mitochondrial superoxide activates PI3K/AKT and mTORC1 to induce autophagy during muscle differentiation [23].



Oxidative stress may inhibit AKT expression (Figure 1). NexrutineR [24] and kaempferol [25] cause oxidative stress in melanoma and pancreatic cancer cells, respectively. This inactivates PI3K/AKT/mTOR signaling, which is reverted by the pre-treatment of oxidative stress inhibitor N-acetylcysteine. Baicalin triggers apoptosis and autophagy of osteosarcoma cells by up-regulating ROS and down-regulating PI3K/AKT/mTOR [26].



AKT may induce oxidative stress in cancer cells [27] (Figure 1). AKT activates NADPH oxidases (NOXs) to enhance ROS generation in cancer cells [18]. In contrast, AKT inhibitor enhances chloroquine-induced cellular ROS and mitochondrial superoxide generation of prostate cells, suggesting AKT may suppress oxidative stress [28] (Figure 1).



Accordingly, oxidative stress and PI3K/AKT/mTOR show an interplay relationship and modulate several cellular stress responses such as apoptosis [23,26] and autophagy [26,29] (Figure 1). In addition to apoptosis and autophagy, the regulations between oxidative stress and AKT in regulating other cell functions are also discussed in this review, such as endoplasmic reticulum (ER) stress, mitochondrial morphogenesis (fission and fusion), ferroptosis, necroptosis, senescence, migration, and cell-cycle progression (Figure 1). Brief overviews of these cell functions will be given below (Section 2.1, Section 2.2, Section 2.3, Section 2.4, Section 2.5, Section 2.6, Section 2.7, Section 2.8, Section 2.9 and Section 2.10).



Natural products may generate oxidative stress [30] and modulate AKT expression [31,32] in cancer cell treatments. However, the potential regulation of cell functions by natural product-modulating oxidative stress and AKT pathway (AKT and AKT effectors) lacks systemic understanding. The modulating effects of natural products on oxidative stress and the AKT pathway will be discussed later.



The impacts of oxidative stress (Section 2), AKT (Section 3), and AKT effectors (Section 4) on regulating cell functions for cancer cells are illustrated in Figure 1. This review also discusses the impact of several natural product-modulating oxidative stress (Section 5), AKT (Section 6), and AKT effectors (Section 7) on regulating cell functions for cancer cell treatments.




2. Oxidative Stress Modulates Cell Functions


Oxidative stress provides a complex network regulating the AKT pathway (AKT and AKT effectors) and controlling different cell functions. The relationship between oxidative stress and cell functions is discussed below (Section 2.1, Section 2.2, Section 2.3, Section 2.4, Section 2.5, Section 2.6, Section 2.7, Section 2.8, Section 2.9 and Section 2.10) (Table 1).



2.1. Apoptosis and Oxidative Stress


Oxidative stress induction by drugs has become a common strategy in cancer therapy [83,84,85,86] because oxidative stress may contribute to early apoptosis [87] and leads to mitochondrial dysfunction [88,89,90]. Oxidative stress generations by various anticancer drugs or phytochemicals are closely related to apoptosis induction in cancers [91].



Interestingly, oxidative stress may regulate several mediators and affect apoptosis (Figure 1, Table 1). For example, oxidative stress may activate protein kinase C (PKC) [33,34]. PKC may regulate sirtuin 1 (SIRT1) [92], a class III protein deacetylase. SIRT1 is an important survival protein in regulating oxidative stress [35]. Moreover, PKC induces mitogen-activated protein kinase (MAPK) activation, namely the PKC-MAPK pathway [36]. SIRT1 overexpression can activate MAPK, such as extracellular-regulated kinase (ERK) [37], which may inhibit apoptosis [93]. Alternatively, another MAPK p38 may enhance apoptosis [38] by regulating the PI3K/AKT expression [39].




2.2. Autophagy and Oxidative Stress


Autophagy is an intracellular catabolic process where long-lived proteins and dysfunctional organelles are degraded for recycling to generate energy under nutrient depletion or stress [94]. Oxidative stress controls autophagy in modulating cell survival and development [95,96]. The interaction between oxidative stress and autophagy in cancer cells has been reported from tumor initiation to cancer therapy [97].



Oxidative stress may regulate several mediators and affect autophagy (Figure 1, Table 1). Oxidative stress may regulate MAPK [98] to modulate autophagy [40]. Similarly, reactive oxygen species (ROS)-modulating drugs such as juglanin induce autophagy in human breast cancer progression via ROS/c-Jun N-terminal kinases (JNKs) promotion [41]. p38 MAPK suppresses autophagy by activating Unc-51-like kinase 1 (ULK1) [42].



Moreover, MAPK may interact with AMPK [43]. AMPK may cooperate with ULK1 and mTORC1 to regulate autophagy [44,45]. Therefore, ROS is essential in regulating autophagy (Figure 1).




2.3. ER Stress and Oxidative Stress


ER is a dynamic organelle involving several cellular functions [99,100]. Three primary unfolded protein response (UPR) mediators are identified, including protein kinase-RNA-like ER kinase (PERK), inositol-requiring enzyme 1 alpha (IRE1α), and activating transcription factor 6 (ATF6) [46] (Table 1). Under cell stress, the ER environment is unstable, protein maturation is dysfunctional, and misfolded protein accumulates, which triggers UPR to recover normal ER function by attenuating protein translation, enhancing degradation of misfolded proteins, and up-regulating molecular chaperones for protein folding [99,100].



Many drugs possess modulating effects of oxidative stress and ER stress [47] for cancer cell death. For example, curcumin analog WZ35 may induce oxidative stress-dependent ER stress and G2/M arrest, leading to cell death of prostate cancer cells [101]. Oxidative stress may regulate several mediators and affect ER stress (Figure 1, Table 1). MAPK signaling can regulate ER stress response [48]. Consequently, ER stress can induce apoptosis via MAPK p38 and JNK [49].




2.4. Mitochondrial Morphogenesis and Oxidative Stress


Mitochondria have comprehensive redox homeostasis and apoptosis functions in cancer cells [102]. Mitochondrial morphogenesis is a dynamic interchange process between mitochondrial fission and fusion [103], regulated by several mediators [104]. For example, the fusion-related proteins include mitofusin 1 and 2 (MFN1/MFN2) and optic atrophic protein 1 (OPA1) [105]. Fission-related proteins have mitochondrial fission protein 1 (FIS1), dynamin-related protein1 (DRP1 or DNM1L), and mitochondrial fission factor (MFF) [106,107,108].



Oxidative stress may regulate several mediators and affect mitochondrial morphogenesis (Figure 1, Table 1), leading to apoptosis and cell death [109]. For example, ROS activates mitochondrial fission through DRP1 [50]. DRP1 interacts with FIS1 to cause mitochondrial fission and oxidative stress [51]. MFN2 is required for ROS production and inflammation in macrophages [110]. siMFN1 induces ROS generation of myoblast cells, which is suppressed by MFN1 overexpression [52]. Moreover, high glucose could cause oxidative stress in renal tubular epithelial cells and trigger mitochondrial fission and apoptosis [104]. Accordingly, inhibiting mitochondrial fission and enhancing mitochondrial fusion prevents apoptosis [111], whereas induction of mitochondrial fission promotes apoptosis [104].



Moreover, MAPK activation causes mitochondrial fission (Figure 1, Table 1). For example, JNK activation can phosphorylate MFN2 for its ubiquitin-proteasome degradation and induce mitochondrial fission in sarcoma U2OS cells [53]. MAPK, such as ERK2 and p38 activation, can phosphorylate DRP1, causing mitochondrial fission in mesenchymal stem cells [54].




2.5. Ferroptosis and Oxidative Stress


Ferroptosis is a distinct type of cell death associated with oxidative stress-induced iron uptake, lipid peroxidation, and glutathione peroxidase 4 (GPX4) down-regulation [112]. Drug-inducing oxidative stress for ferroptosis is a novel strategy in cancer therapy [113,114]. Several mediators of ferroptosis, such as GPX4, ACSL4, prostaglandin-endoperoxide synthase 2 (PTGS2; COX2), and CHAC1, have been identified [115], and their impact on autophagy was described (Figure 1, Table 1).



Accumulating evidence demonstrates that ferroptosis-based cell death causes antiproliferation of cancer cells (Table 1). Ferroptosis inducer RSL3 induces ROS generation and inhibits GPX4 to trigger ferroptosis in colon cancer cells [55]. Ginsenoside Re, a ginseng-derived compound, inhibits 6-hydroxydopamine-promoted oxidative stress of neuroblastoma cells by increasing GPX4 expression [116]. In contrast, GPX4 down-regulation improves oxidative stress-induced cell death of chondrocytes [56].



Down-regulation of acyl-CoA synthetase long-chain family member 4 (ACSL4) alleviates oxidative stress to suppress stroke-induced ferroptosis and recover neurological function (Table 1) [57]. Similarly, ACSL4 knockdown decreases oxidative stress and improves the survival of neurons [58]. Furthermore, oxidative stress activates transforming growth factor-β-activated kinase 1 (TAK1) to phosphorylate MAPK and NF-κB, inducing PTGS2 expression, which is reverted by N-acetylcysteine [59]. Albumin-induced oxidative stress also up-regulates PTGS2 signaling in proximal tubular cells [117]. Down-regulation of autophagy activates the ROS-MAPK1/3 axis to up-regulate PTGS2 expression [60]. Overexpression of ChaC glutathione-specific gamma-glutamylcyclotransferase 1 (CHAC1), a ROS sensor, dramatically depletes glutathione [61], which may induce oxidative stress. Dihydroartemisinin up-regulates CHAC1 expression to induce ferroptosis of liver cancer cells [62]. Accordingly, oxidative stress induces PTGS2 expression, and ACSL4 and CHAC1 cause oxidative stress, while GPX4 inhibits oxidative stress (Table 1). NFE2-like bZIP transcription factor 2 (NFE2L2; NRF2) is an essential transcription factor of oxidative stress that regulates ferroptosis involving glutathione modulation [63].



Moreover, MAPK activation contributes to ferroptosis (Figure 1, Table 1) and its associated cell death [118]. For example, severe cold stress induces ferroptosis [64]. The potent ferroptosis inducer erastin is also associated with MAPK activation [119] and activates p38 downstream of lipid peroxidation [64].




2.6. Necroptosis and Oxidative Stress


Oxidative stress may regulate several mediators and trigger necroptosis (Table 1) [66,67]. Necrotic cells are characterized by cell swelling and poor plasma membrane integrity [120]. Necroptosis is a programmed type of necrosis. Receptor-interacting serine/threonine-protein kinase 1 (RIPK1), RIPK3, and mixed lineage kinase domain such as pseudokinase (MLKL) are modulators for the necroptotic process [65].



For example, RETRA, the small molecule regulating the REactivation of Transcriptional Reporter Activity, can induce p53-associated gene expressions. RETRA promotes necroptosis in cervical cancer cells by phosphorylating RIPK1, RIPK3, and MLKL and inducing oxidative stress generation, which is reverted by necrostatin-1 [121]. Heat stress causes intestinal injury by up-regulating RIPK1/RIPK3 and inducing necroptosis, which is suppressed by oxidative stress scavenger N-acetylcysteine [122].



MAPK has a modulating ability for necroptosis (Figure 1). For example, sulforaphane, a cruciferous vegetable-derived compound, suppresses necroptosis of microglia-mediated neuron damage by inhibiting MAPK expression [123]. Dimethyl fumarate, a drug for treating multiple sclerosis, promotes necroptosis of colon cancer cells by inducing oxidative stress and activating MAPK [124].




2.7. DNA Damage Response and Oxidative Stress


Oxidative stress induces DNA damage [125] and DNA damage response (DDR) [126] in cancer cells [127]. Oxidative stress and DDR responses affect several mediators, such as MAPK ERK 1/2 and p38 [68] (Figure 1, Table 1). Moreover, ERK is triggered by oxidative stress to inhibit cell proliferation during DDR [68].



Moreover, oxidative stress can modulate some DNA repair machinery (Table 1). For example, oxidative stress inhibits 8-oxoguanine DNA glycosylase 1 (OGG1), which is an initiator of base excision repair (BER) [69]. Thioredoxin, a redox protein, can down-regulate apurinic/apyrimidinic endonuclease 1 (APE1), a BER protein [70]. Down-regulation of MAPK p38-dependent excision repair cross-complementing 1 (XRCC1) suppresses DNA repair function [128]. Accordingly, oxidative stress and DNA repair affect several signaling pathways involving MAPK (Figure 1).




2.8. Senescence and Oxidative Stress


Cellular senescence arrests the cycling of damaged cell proliferation as a tumor suppressor mechanism. ROS induces senescence in several cell types [129,130]. For example, SIRT1, SIRT3, and SIRT6 may inhibit vascular senescence [71] (Table 1).



Moreover, MAPK also regulates senescence (Figure 1, Table 1) [72,131]. Sirtinol, a SIRT1 inhibitor, causes senescence of cancer cells by down-regulating Ras–MAPK [131]. Busulfan-promoted senescence of diploid WI38 fibroblasts by inducing ROS and activating MAPK, reverted by N-acetylcysteine [72].




2.9. Migration and Oxidative Stress


Oxidative stress can regulate several mediators affecting cell migration (Figure 1, Table 1). For example, ERK that belongs to the MAPK family may regulate cell migration [93]. SIRT1 is a class III protein deacetylase that controls oxidative stress [35]. SIRT1 overexpression can activate MAPK/ERK signaling [37]. SIRT1 induces epithelial-mesenchymal transition (EMT) in melanoma cells by down-regulating E-cadherin (CDH1) and up-regulating N-cadherin (CDH2) and vimentin (VIM) [73].



Moreover, oxidative stress, MAPK/ERK, and protein kinase C zeta (PKCζ) play essential roles in regulating epidermal growth factor (EGF)-stimulated proliferation and migration of human corneal cells [74]. Moreover, PKC also phosphorylates AMPK [75]. SIRT1 can activate AMPK and vice versa [132]. Therefore, drug-induced oxidative stress overexpression also activates AMPK to suppress EMT and migration in cancer cells (Figure 1, Table 1).




2.10. Cell-Cycle Progression and Oxidative Stress


The involvement of oxidative stress-modulating AMPK, SIRT1, and MAPK in several functions was mentioned in Table 2. Notably, AMPK, SIRT1, and MAPK can regulate cell-cycle progression. Metformin causes G1 arrest of leukemia cells depending on AMPK activation and cyclin D1 down-regulation [76]. AMPK [77] and SIRT1 [79] also regulate the phosphorylation of CDK inhibitor p27kip1. Moreover, SIRT1 governs cell-cycle progression by modulating acetylation and phosphorylation of checkpoint kinase 2 (CHK2) [78]. SIRT1 silencing causes G1 arrest, accompanied by down-regulating CDK2/4/6 [80]. MAPK can modulate cell-cycle arrest [81]. MAPK is also tightly regulated with cyclin-dependent kinase (CDK) to control cell-cycle progression [82].





3. AKT Modulates Cell Functions


In addition to oxidative stress, AKT exhibits a complex network, such as MAPK, AMPK, and SIRT1, to regulate its downstream signaling (AKT effectors) (Figure 1). AKT can interplay with MAPK and AKT [164,165,166]. For example, AKT phosphorylates RAF protein kinase to inhibit MAPK expression [167]. AZD6244 inactivates ERK by activating PI3K/AKT [168]. Moreover, MAPK may interact with AMPK [43]. ROS may regulate AMPK [169] to modulate PI3K/AKT signaling [170]. SIRT1 can reciprocally regulate AMPK [132]. SIRT1 also activates PI3K/AKT [171]. This AKT network is summarized (Figure 1). Detailed information for AKT-regulated cell functions is summarized in Section 3.1, Section 3.2, Section 3.3, Section 3.4, Section 3.5, Section 3.6, Section 3.7, Section 3.8, Section 3.9 and Section 3.10 (Table 2).



3.1. Apoptosis and AKT


The impact of AKT on regulating apoptosis and several apoptosis mediators is summarized (Figure 1, Table 2). NPRL-Z-1, a topoisomerase II poison, triggers apoptosis and ROS production of renal cancer cells by inhibiting AKT [172]. PI3Kα inhibitor DFX24 shows antiproliferation and apoptosis of lung cancer cells by inhibiting PI3K/AKT and ERK but promoting EPH receptor B6 (EPHB6) expression [141]. AKT activates mTOR [142]. In addition to autophagy, mTOR also regulates apoptosis [143].



Moreover, Ki8751, a vascular endothelial growth factor (VEGF) receptor 2 inhibitor, induces ROS generation and apoptosis of breast cancer cells by decreasing the phosphorylation of AKT and peroxisome proliferator-activated receptor-γ coactivator 1-α (PGC1α), which improves the nucleus translocation of PGC1α and mitochondrial transcription factor A (TFAM) expression, and mitochondrial biogenesis [173]. 14-(3-Fluorophenyl)-8,13,13b,14-tetrahydroindolo[2′,3′:3,4]pyrido[2,1-b]quinazolin-5(7H)-one, an evodiamine derivative, triggers apoptosis of gastric cancer cells by suppressing PI3K/AKT [174].




3.2. Autophagy and AKT


AKT shows the impact on modulating autophagy, and several autophagy mediators are summarized (Figure 1, Table 2). Antiproliferation effects of anticancer drugs result from targeting PI3K/AKT/mTOR-mediated autophagy [144]. W922, a PI3K/AKT/mTOR inhibitor, induces antiproliferation and autophagy of colon cancer cells by down-regulating PI3K/AKT/mTOR [175]. ULK1 knockdown inactivates AKT-FOXO3a signaling and down-regulates hepatic mevalonate/cholesterol biosynthesis gene expressions [145].




3.3. ER Stress and AKT


AKT can regulate ER stress (Figure 1). Bardoxolone methyl, an NRF2 activator and NF-κB inhibitor, promotes ER stress, apoptosis, and autophagy in chronic myeloid leukemia cells, accompanied by inactivating PI3K/AKT/mTOR and p38 MAPK but activating ERK expression [176]. Tunicamycin induces ER stress by decreasing RIPK1 expression and inactivating AKT/mTOR in melanocytes, reverted by RIPK1 overexpression [177].



Several mediators of ER stress have been reported, such as glucose-regulated protein 78 (GRP78; HSPA5), IRE1, PERK, and ATF6 (Table 2). These ER stress mediators exhibit distinct modulation by PI3K/AKT/mTOR. Several examples of ER stress-modulating effects of PI3K/AKT/mTOR are known (Table 2).



GRP78 modulates either unfolded protein response (UPR) or induces PI3K/AKT activation for pro-survival [146]. GRP78 binds to IRE1, PERK, and ATF6 in normal conditions but dissociates at acute ER stress [146]. AKT-mTOR can inactivate IRE1 [178]. However, IRE1 also inactivates AKT to trigger apoptosis of hepatocytes, associated with ER stress [147]. PERK is essential to AKT activation during ER stress [148]. Inhibition of ATF6 suppresses subtilase cytotoxin-activated AKT [179]. Similarly, ATF6a can phosphorylate and activate AKT in intestinal epithelial cells [149]. ER stress also inactivates AKT to up-regulate CHOP expression and induce cell death [150]. Alkylphosphocholine erufosine, an AKT-mTOR inhibitor, induces ROS generation and ER stress in oral cancer cells [180].




3.4. Mitochondrial Morphogenesis and AKT


AKT can control mitochondrial fission/fusion (Figure 1). Arsenic and copper, robust oxidative stress inducers, promote mitochondrial fission in chicken skeletal muscle by up-regulating dynamin-related protein-1 (DRP1), down-regulating mitochondrial fusion genes, and inhibiting PI3K/AKT/mTOR [181]. Breast cancer cells stably expressing phosphatidylserine decarboxylase provide mitochondrial fission, accompanied by inactivating AKT and ERK [182]. Fissioned mitochondria-inhibited systemic metastasis is suppressed by leflunomide, a potent activator of mitochondrial fusion proteins.



Several mediators of mitochondrial morphogenesis (fission and fusion) have been reported, such as DRP1, FIS1, MFN1, and MFN2 (Table 2). These mitochondrial morphogenesis mediators show a distinct modulation by PI3K/AKT/mTOR. Several examples of mitochondrial morphogenesis-modulating effects of PI3K/AKT/mTOR were described as follows.



AKT modulates mitochondrial fusion and fission proteins to regulate mitochondrial morphogenesis (Table 2) [183]. Amyloid-β induces sustained AKT activation to activate DRP1, leading to mitochondrial fission and neuronal apoptosis [151]. Carbon monoxide (CO) releasing molecule-2 (CORM2), a CO producer, inhibits mitochondrial fission by activating AKT and suppressing FIS1 expression in lipopolysaccharide (LPS)-treated alveolar macrophages [152]. Inhibition of MFN1 suppresses AKT-associated mitochondrial fusion in mouse embryonic fibroblasts [153]. Similarly, MFN2 knockdown in embryonic stem cells inactivates AKT [154]. This suggests that AKT induces mitochondrial fusion depending on MFN1 and MFN2.




3.5. Ferroptosis and AKT


AKT shows impacts on the modulation of ferroptosis (Figure 1). Lung cancer cells down-regulate ferroptosis by up-regulating PI3K/AKT/mTOR [184]. Several mediators of ferroptosis have been reported, such as GPX4, ACSL4, PTGS2, and CHAC1 [115]. These ferroptosis mediators exhibit a distinct modulation by PI3K/AKT/mTOR.



Several examples of ferroptosis-modulating effects of PI3K/AKT/mTOR were described (Table 2). Insulin induces ROS production and GPX4 expressions of breast cancer cells, suppressed by PI3K inhibitor LY294002. This finding indicates that PI3K/AKT is activated by insulin to down-regulate GPX4 [155]. AKT inhibition by MK2206 up-regulates ACSL4 expression in sh-SIRT3 gallbladder cancer cells to induce ferroptosis and suppresses EMT expression and cell migration [156]. PTGS2 can phosphorylate and activate AKT/NF-κB. MiR-124-3p exhibits antiproliferation and down-regulates PTGS2 expression of prostate cancer cells by inactivating AKT signaling [157]. Inhibition of CHAC1, an early ferroptosis mediator, decreases the cell viability of uveal melanoma cells by inactivating AKT/mTOR [158].




3.6. Necroptosis and AKT


AKT shows impacts on modulating necroptosis (Figure 1). FTY720, a potent immunosuppressant, induces apoptosis, autophagy, and necroptosis in glioblastoma cells [185] by suppressing PI3K/AKT/mTOR/p70S6K but inducing ROS-JNK-p53 signaling [185]. Several mediators of necroptosis have been reported, such as RIPK1, RIPK3, and MLKL. These necroptosis mediators show distinct modulations by PI3K/AKT/mTOR. Auranofin, a rheumatoid arthritis drug, has been validated to repurpose application to trigger apoptosis and necroptosis in auranofin-sensitive lung cancer cells, accompanied by suppressing the PI3K/AKT/mTOR pathway. Moreover, thioredoxin reductase 1 (TXNRD1) can reverse the auranofin-induced PI3K/AKT/mTOR inactivation [186].



Several examples of necroptosis-modulating effects of PI3K/AKT/mTOR were described as follows (Table 2). AKT activation suppresses RIPK1 inhibitor-induced antiproliferation of liver cancer cells [159], suggesting that RIPK1 acts as an upstream activator to up-regulate AKT expression. Moreover, AKT is activated by RIPK1 during necroptosis, partly mediated by mTORC1, and connects RIPK1 to JNK activation [187]. Inhibition of RIPK1 with necrostatin-1 inactivates AKT/mTOR in palmitic acid-treated cardiomyocytes [188], supporting the rationale that RIPK1 activates PI3K/AKT/mTOR signaling. RIPK3 induces kidney fibrogenesis by activating AKT and ATP citrate lyase (ACL), suppressed by RIPK3 knockdown [160]. Additionally, RIPK3 is also a modulator of necroptosis, acting as an upstream regulator to MLKL [161].




3.7. DNA Damage Response and AKT


AKT also controls DNA damage responses such as DNA damage/repair (Figure 1, Table 2). This concept was supported by several reports as follows. TH588 (a MutT homolog 1 (MTH1) inhibitor) and BKM120 (a pan-PI3K inhibitor) combined treatment promotes DNA damage and apoptosis by activating PI3K/AKT/mTOR in glioma cells [189]. Various PI3K isoforms differentially regulate the cell cycle, DNA replication, and DNA damage repair [190].



Several mediators of DNA damage response have been reported (Table 2). PI3K/AKT/mTOR can activate DNA-dependent protein kinase, catalytic subunit (DNA-PKcs) kinase to enhance proliferation, radioresistance, and DNA double-strand break (DSB) repair (Table 2) [162]. Moreover, the MRN complex consisting of meiotic recombination 11 (MRE11), RAD50 double-strand break repair protein (RAD50), and nibrin (NBS1) is the DSB sensor that recruits ATM serine/threonine kinase (ATM). ATM was reported to phosphorylate and activate AKT1 [163]. MK-2206 (AKT inhibitor) enhances the cell-killing effects of topoisomerase II inhibitors acting on soft tissue sarcomas and gastrointestinal stromal tumors by promoting DNA damage (γH2AX) and down-regulating homology recombination repair (RAD51) (Table 2) [165]. Xeroderma pigmentosum, complementation group C (XPC) is a nucleotide excision repair (NER) accessory protein. XPC silencing down-regulates AKT/mTOR [166].



Moreover, combined with radiation, PKI-587, a dual PI3K/mTOR inhibitor, suppresses cell proliferation and tumor growth of liver cancer, accompanied by apoptosis. This PKI-587/radiation combined treatment inhibits PI3K/AKT/mTOR and homologous recombination (HR) repair-related kinases such as the ATM and the ATM and Rad3-related (ATR) in liver cancer cells (Table 2) [164]. PI3K signaling is overexpressed in ovarian cancer, contributing to chemoresistance, DNA replication, and genome stability. AKT improves DSB repair of non-homologous end joining (NHEJ) mediated by DNA-PK [191] (Table 2). Therefore, the inactivation of PI3K may inhibit DNA repair from improving ovarian cancer therapy [192].




3.8. Senescence and AKT


AKT can regulate senescence (Figure 1). Endothelial cells inhibit senescence-related inflammation by inactivating PI3K/AKT/mTOR [193]. Estrogen in breast cancer 1 (GREB1) overexpression initiates senescence by activating PI3K/AKT/mTOR [194]. Several senescence mediators have been reported, such as SIRT1, SIRT3, SIRT6, senescence-associated secretory phenotype (SASP), and p21WAF1. These senescence mediators respond with a distinct modulation by PI3K/AKT/mTOR. Several examples of senescence-modulating effects of PI3K/AKT/mTOR were described as follows.



SIRT1, SIRT3, and SIRT6, the isoforms of the sirtuin family, exhibit modulating functions for AKT activation (Table 2) [167]. SIRT1 deacetylates AKT to promote AKT-phosphatidylinositol 3,4,5 triphosphate (PIP3) binding to phosphorylate and activating AKT. In contrast, SIRT3 inhibits mitochondrial ROS generation to suppress AKT activation. SIRT6 forms a complex with c-Jun and causes chromatin condensation to suppress AKT signaling [167].



Additionally, chronic activation of PI3K/AKT/mTORC1 signaling triggers the oncogene-induced senescence-like phenotype, namely AKT-induced senescence (Table 2) [168]. AKT promotes SASP, the secretion of interleukin (IL)-1α, IL-1β, IL-6, and IL-8, inducing senescence [168]. Moreover, p53-dependent SASP is suppressed by AKT inhibition [195]. Therefore, AKT can induce senescence. Additionally, p21WAF1/CIP1 is a senescence initiator [196]. AKT up-regulates p21 expression [169]. Accordingly, AKT induces senescence-like cell growth arrest associated with p21 (Table 2).



Cells may show premature senescence in response to oncogene activation, DNA damage- or ROS-causing agents [197]. The PI3K/AKT/mTOR pathway can regulate senescence and prolong the life span of human primary fibroblasts [197]. Dysfunction of phosphatase and tensin homolog (PTEN), a negative modulator of AKT, causes cellular senescence [197]. UV irradiation promotes AKT/mTOR activation to trigger senescence [198,199,200,201]. Overexpression of myristoylated AKT induces oncogene-induced senescence in primary cultured human endothelial cells [169]. PTEN dysfunction promotes oncogene-induced senescence in primary murine fibroblasts [202]. Therefore, PI3K/AKT/mTOR is essential to oncogene-induced senescence [203].



Moreover, transforming growth factor-β-activated kinase 1 (TAK1) shows the senescence function with persistent SASP expression by activating p38 and PI3K/AKT/mTOR in human stromal cells [204]. Progesterone induces senescence and inhibits glycolytic metabolism of glioblastoma by inactivating EGFR/PI3K/AKT/mTOR [205]. PI3K/AKT/mTOR is essential to induce senescence. Membrane metallo-endopeptidase (MME) is the downstream effector of PI3K to induce senescence [206]. Cervical cancers show low alpha2A-adrenergic receptor (ADRA2A) levels and poor prognoses [207]. Overexpressing ADRA2A causes senescence (β-galactosidase staining) in cervical cancer cells by down-regulating PI3K/AKT/mTOR, which is reverted by ADRA2A knockdown.




3.9. Migration and AKT


AKT also modulates cell migration (Figure 1). E2F2, a member of the E2F transcription factor family, is overexpressed in gastric cancer with poor overall survival. E2F2 overexpression in gastric cancer cells improves migration and invasion by down-regulating PI3K/AKT/mTOR-mediated autophagy [208].



Several mediators of migration have been reported, such as matrix metalloproteinase 2 (MMP2), MMP9, and EMT signaling (Table 2). These migration mediators exhibit distinct modulation by PI3K/AKT/mTOR. Several examples of migration-modulating effects of PI3K/AKT/mTOR were earlier reported. AKT indicates an interaction relationship with MMP2 and MMP9 to modulate EMT [2,12]. Several examples demonstrate their interaction connecting to migration. Overexpression of Rab11a, a Rab GTPase, improves MMP2 expression and PI3K/AKT activation in promoting migration of liver cancer cells, which is suppressed by AKT inhibitor [209]. This suggests that AKT can activate MMP2 to improve the migration of cancer cells. PI3K/AKT can up-regulate MMP9 expression in limbal epithelial cells [210]. MMP9 activates the AKT/PI3K to trigger the EMT process, such as CDH1 down-regulation and CDH2 up-regulation, enhancing the proliferation and invasion of Wilms’ tumor-derived cells [170]. Moreover, AKT activation also regulates other EMT-related signaling proteins, such as VIM and snail (SNAI1) [171]. Therefore, AKT, MMP2, MMP9, and EMT-related signaling cooperatively modulate cell migration (Table 2).



Moreover, ADRA2A overexpression induces antiproliferation, apoptosis, and anti-migration/invasion in cervical cancer cells, accompanied by suppressing PI3K/AKT/mTOR [207]. ADRA2A knockdown reversed these changes. Pleckstrin homology such as domain family A member 2 (PHLDA2) knockdown inhibits proliferation and PI3K, promotes apoptosis and autophagy, and blocks EMT by PI3K/AKT/mTOR signaling in colon cancer cells [211].




3.10. Cell-Cycle Progression and AKT


The involvement of AKT-modulating AMPK, SIRT1, and MAPK in several functions was mentioned in Table 3. Notably, AMPK, SIRT1, and MAPK can regulate cell-cycle progression. The detailed regulation of the cell cycle was discussed in Section 2.10.





4. AKT Effectors Modulate Cell Functions


As described above, AKT connects to AMPK, SIRT1, and MAPK to regulate cell functions. This network (AMPK-SIRT1-MAPK) is summarized to connect AKT effectors (FOXO, c-Myc, mTORC1/2, S6K1/2, SREBP1, 4EBP1, HIF, and GSK3) (Figure 1, Table 3). Several reports support this rationale, as summarized in Table 3.



As for AMPK/AKT effectors (Table 3), AMPK activates FOXO by phosphorylation [212]. 4-O-Methyl-ascochlorin up-regulates AMPK and down-regulates c-Myc of leukemia cells. Similarly, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), an AMPK activator, down-regulates c-Myc expression [213]. AMPK shows reciprocal regulation to mTORC1. AMPK inhibits mTORC1 to suppress cell proliferation, while mTORC1 inhibits AMPK to enhance cell proliferation under nutrient stress [214]. In contrast, AMPK activates mTORC2 to enhance cell survival under nutrient stress [215]. AMPK dephosphorylates to inactivate mTOR and its downstream S6K1 and 4EBP1 [216]. AMPK is validated as upstream of SREBP. AMPK phosphorylates SREBP-1c to inhibit proteolytic cleavage SREBP-1c [217]. Hypoxia-inducible factor 1 subunit α (HIF-1α; HIF1A) and AMPK show the interplay regulating cellular hypoxia adaptation [218]. Moreover, AKT cooperating with GSK3 inactivates AMPK signaling [13]. Accordingly, AMPK can connect AKT effectors to regulate cell functions (Figure 1).



For SIRT1/AKT effectors (Table 3), oxidative stress induces the SIRT1-FOXO3 complex formation to improve FOXO3 deacetylation by SIRT1 [235]. FOXO1 up-regulates SIRT1 expression [219]. c-Myc up-regulates SIRT1 mRNA and protein expression [220]. SIRT1 is the upstream inhibitor of mTORC1 [221]. Inhibition of SIRT1 by nicotinamide activates mTORC1. SIRT1 defected mice exhibit mTORC2/AKT inactivation [222]. Overexpression of SIRT1 activates S6K1 signaling to suppress the senescence of fibroblasts [223]. SREBP-1c acetylation enhances lipogenesis in obese mice. SIRT1 deacetylates SREBP-1c and can treat lipid metabolism disorders [224]. SIRT1 knockout causes 4EBP1 phosphorylation [221]. Hypoxia inhibits SIRT1 expression to activate HIF1A [225]. Moreover, SIRT1 can inactivate GSK3, whereas GSK activation suppresses SIRT1-inducing effects [226]. Accordingly, SIRT1 can connect AKT effectors to regulate cell functions (Figure 1).



For MAPK/AKT effectors (Table 3), down-regulation of PI3K/AKT and MAPK (ERK) activates FOXO and induces apoptosis of pancreatic cancer cells [227]. AKT-phosphorylated FOXO1 binds to the IQ Motif Containing GTPase Activating Protein 1 (IQGAP1) to inactivate ERK [228]. MAPK up-regulation blocks GSK3-β-dependent c-Myc degradation of asparagine-restricted melanoma cells. Inhibition of MAPK-c-Myc signaling exhibits antiproliferation of melanoma cells [229]. Inhibition of mTORC1 activates MAPK in prostate cancer cells [230]. mTORC2 inactivates p38 by stabilization of p38 phosphatase (DUSP10) [231]. SIRT1 up-regulates ERK to promote the proliferation of senescent fibroblasts [223]. ERK1/2 can phosphorylate SREBP-1a [232]. p38 phosphorylates to up-regulate 4EBP1 expression [233]. MAPK activates HIF involving p300/CREB binding protein (CBP) [36]. Moreover, GSK3 is a suppressor of ERK1/2 [234]. Accordingly, MAPK can connect AKT effectors to regulate cell functions (Figure 1).



Detailed information on AKT effectors affecting cell functions is mentioned (Section 4.1, Section 4.2, Section 4.3, Section 4.4, Section 4.5, Section 4.6, Section 4.7, Section 4.8, Section 4.9 and Section 4.10) (Table 4).



4.1. Apoptosis and AKT Effectors


The connection between AKT effectors and apoptosis is widely investigated in several studies (Table 4). For example, FOXO up-regulation triggers apoptosis of several cancer cells [236]. AKT down-regulation causes FOXO3a-mediated apoptosis of prostate cancer [237]. c-Myc can modulate cancer cell proliferation and apoptosis [253]. Glutaminolysis activates mTORC1 to suppress autophagy and trigger apoptosis of cancer cells [266]. Moreover, a high concentration of mTORC1 inhibitor (Everolimus) [332] triggers extrinsic apoptosis of colon cancer cells associated with inhibiting 4EBP1 [267]. Similarly, mTORC2 knockdown enhances apoptosis of breast cancer cells [268].



S6K1 and S6K2 have distinct functions in cancer cells [333]. S6K1 knockdown activates AKT to suppress apoptosis, while S6K2 knockdown inactivates AKT to promote apoptosis [281]. Additionally, inhibition of S6K1 by rosmarinic acid methyl ester (RAME) triggers apoptosis of cervical cancer cells [282]. It indicates that S6K1 and S6K2 can differentially regulate apoptosis in cancer cells. SREBP1 knockdown causes antiproliferation and triggers apoptosis in pancreatic cancer cells [292]. In contrast, SREBP1 overexpression induced by high glucose enhances proliferation and inhibits apoptosis of pancreatic cancer cells [293]. It indicates that SREBP1 can inhibit apoptosis in cancer cells.



Additionally, 4EBP1 knockdown suppresses enzastaurin-triggered apoptosis in cancer cells [302]. Torin 1, a mTORC1/2 inhibitor, activates extrinsic apoptosis of colon cancer cells by dephosphorylating 4EBP1 [267]. It indicates that 4EBP1 can inhibit apoptosis in cancer cells. HIF1A up-regulates miR-21 [312] to suppress apoptosis of pancreatic cancer cells [313]. GSK3 consists of two isoforms (α and β). GSK3 can regulate apoptosis [323]. Leucine zipper tumor suppressor 1 (LZTS1) inhibits apoptosis of pancreatic cancer cells by inactivating AKT/GSK-3 [324].




4.2. Autophagy and AKT Effectors


The connection between AKT effectors and autophagy is widely investigated in several studies (Table 4). The relationship between FOXO and autophagy in cancer cells was reviewed [238]. For example, SIRT1 improves FOXO1 deacetylation for inducing autophagy of cardiac myocytes by overexpressing RAB7A, member RAS oncogene family (RAB7A) for autophagosome-lysosome fusion [240]. Moreover, FOXO3 also shows autophagy-inducible function during muscle atrophy by enhancing several autophagy genes [239,334].



Myc knockdown impairs autophagosome formation to block autophagy by dephosphorylating JNK1 [254]. Cancerous inhibitor of [protein phosphatase 2A] PP2A (CIP2A) is an allosteric inhibitor of the mTORC1/PP2A complex, inhibiting mTORC1-dependent autophagy [270]. mTORC1 phosphorylates ULK1 to inhibit the early stage of autophagy [269]. Additionally, mTORC2 indirectly blocks autophagy by activating mTORC1 and AKT [271].



Moreover, rosmarinic acid methyl ester (RAME) inhibits S6K1 by triggering autophagy in cervical cancer cells [282]. High glucose induces SREBP1 overexpression to suppress the autophagy of pancreatic cancer cells [293]. YXM110, a synthesized phenanthroquinolizidine, down-regulates 4EBP1, associated with autophagy of cancer cells [303]. 4EBP1 overexpression suppresses bortezomib-promoted autophagy of liver cancer cells [304]. It indicates that 4EBP1 can inhibit autophagy in cancer cells. HIF1A promotes the autophagy of pancreatic cancer [314]. GSK3 can regulate autophagy by modulating autophagy inducers such as ULK1 [325].




4.3. ER Stress and AKT Effectors


Several studies have widely investigated the connection between AKT effectors and ER stress (Table 4). For example, FOXO can interplay with ER stress in cancer [335]. FOXO1 inhibitor (AS1842856) triggers ER stress in unstimulated T cells [241]. FOXO inhibits nutrient restriction-induced ER stress of Tsc1 mutant cells [242]. It indicates that FOXO inhibits ER stress. Additionally, c-Myc causes ER stress by activating IRE1α-X-box binding protein 1 (XBP1) signaling [255]. c-Myc induces an adaptive ER stress in mice with liver tumor burden. In contrast, c-Myc knockdown down-regulates GRP78, ATF4, and CHOP [256]. It indicates that c-Myc induces ER stress.



Torin 1, a mTORC1/2 inhibitor, activates ER stress of colon cancer cells [267]. It indicates that mTORC1/2 inhibits ER stress. S6K1 deficiency inhibits palmitic acid-induced ER stress in immortalized mouse hepatocytes [283], suggesting that S6K1 induces ER stress. SREBP1 knockdown triggers ER stress in glioblastoma cells [294]. In contrast, ER stress may activate SREBP1 of liver cancer cells [295]. It indicates that SREBP1 and ER stress exhibit reciprocal regulation. Torin 1 also inhibits 4EBP1 to induce ER stress in colon cancer cells [267]. It demonstrates that 4EBP1 inhibits ER stress. Thapsigargin triggers ER stress by up-regulating HIF1A and HIF2α expression [315]. GSK3 activation is essential for ER stress-triggered pancreatic β-cell apoptosis [326].




4.4. Mitochondrial Morphogenesis and AKT Effectors


Several studies have widely investigated the connection between AKT effectors and mitochondrial fission/fusion (Table 4). For example, FOXO1 promotes MFN1 and MFN2 (fusion) expression but inhibits DRP1 and FIS1 (fission) expression, resulting in enlarged mitochondria of hepatocytes [243]. FOXO3 overexpression inhibits mitochondrial fission of cardiomyocytes by down-regulating MIEF2 [243]. However, FOXO3 may cause mitochondrial fission by activating Drp1 in phenylephrine-stimulated adult cardiomyocytes. It indicates that FOXO may regulate mitochondrial fission and fusion.



Moreover, c-Myc triggers mitochondrial fission, up-regulates oxidative signaling, and promotes ROS generation [257]. mTORC1 plays a central role in regulating the interchange between mitochondrial fission and fusion [272]. mTORC1 inhibits mitochondrial fusion but enhances mitochondrial fission. Additionally, mTORC2 enhances AKT phosphorylation (Ser 473) and provides indirect regulation to several AKT downstream signaling [272,327].



mTORC1 activates S6K to inhibit mitochondrial fusion [272]. S6K1 knockout enhances mitochondrial fission of mouse embryonic fibroblasts [284]. It indicates that S6K inhibits mitochondrial fusion. Activating mitochondrial fission deacetylates SREBP1 while inhibiting mitochondrial fission acetylates SREBP1 in liver cancer cells [296]. Furthermore, mTORC1 suppresses 4EBP1-inactivated mitochondrial fission, enhancing fission [272]. mTORC1 down-regulation induces mitochondrial fusion by 4EBP-dependent translational inhibition of mitochondrial fission process protein 1 (MTFP1) [305]. It indicates that 4EBP1 inhibits mitochondrial fission. HIF1A phosphorylates DRP1 to induce mitochondrial fission [316,317]. In response to oxidative stress, GSK3β-mediated DRP1 phosphorylation triggers mitochondrial elongation of cervical cancer cells [327].




4.5. Ferroptosis and AKT Effectors


Several studies have widely investigated the connection between other AKT effectors and ferroptosis (Table 4). For example, FOXO is co-expressed in ferroptosis-related lncRNA signaling [244]. c-Myc can interact with cysteine dioxygenase 1 (CDO1) [258] and enhances ferroptosis [259]. mTORC1 is known as a central ferroptosis modulator. mTORC1 up-regulates SREBP1 to improve cancer cell tolerance to ferroptosis [273]. In contrast, the mTORC1 inhibitor suppresses GPX4 expression to enhance cell sensitivity to ferroptosis [274]. It indicates that mTORC1 inhibits ferroptosis. S6K2-depleted cells activate SREBP1 and induce ferroptosis, as demonstrated by up-regulating ferroptosis marker prostaglandin-endoperoxide synthase 2 (PTGS2) [285]. Everolimus and RSL3/erastin show cooperative antiproliferation and ferroptosis in renal cancer cells by suppressing mTOR-4EBP1 signaling [306]. Hypoxia-induced HIF1A suppresses ferroptosis in metastasis of gastric cancer [318]. GSK-3β is a positive effector of ferroptosis. Down-regulation of GSK-3β enhances ferroptosis resistance [328].




4.6. Necroptosis and AKT Effectors


Several studies have widely investigated the connection between other AKT effectors and mitochondrial fission/fusion (Table 4). For example, platycodin D promotes necroptosis of prostate cancer cells by up-regulating FOXO3a expression and phosphorylating MLKL [245]. MYC shows an antinecroptotic function by inhibiting RIPK1-RIPK3 complex formation [260]. Additionally, inhibition of mTORC1 but not mTORC2 suppresses necroptosis of cardiomyocytes by RIP1 inhibition-mediated transcriptional factor EB (TFEB) activation [275]. Necroptosis is associated with hyperphosphorylation of FoxO, GSK3, and S6K1/2 [187]. SREBP1 up-regulates lipid production to inhibit cell proliferation during necroptosis, reverted by inactivating SREBP1 [297]. mTOR inhibitors suppress tumor necrosis factor (TNF)-induced necroptosis of fibrosarcoma cells by down-regulating mTOR and 4EBP1 [307]. Oxygen-glucose deprivation causes necroptosis, accompanied by up-regulating HIF1A [319]. GSK3β is a crucial modulator of 1,4-naphthoquinone (DMNQ)-induced necroptosis of glioma cells [329].




4.7. DNA Damage Response and AKT Effectors


Several studies have widely investigated the connection between AKT effectors and DNA damage response (Table 4). For example, N-methyl-N′-nitro-N-nitrosoguanidine induces DNA damage in lung cancer cells by enhancing the nuclear import of FOXO1, which regulates DNA damage repair [246]. Moreover, FOXO3a suppresses genomic instability by inhibiting DNA double-strand break-induced mutations [247].



c-Myc evokes oxidative stress to trigger DNA damage [261]. Bcl2 up-regulates c-Myc expression to inactivate apurinic/apyrimidinic endonuclease (APE1) for suppressing DNA repair [262]. DNA damage activates mTORC1 [276] and mTORC2 [277]. For example, X-ray-induced DNA damage phosphorylates mTORC2 depending on DNA-PK [277]. DNA damage activates S6K1 and interacts with MDM2 to regulate DNA damage response [286]. Moreover, S6K1 also shows DNA repair function by phosphorylating cyclin-dependent kinase 1 (CDK1) and MutS homolog 6 (MSH6) [287].



Moreover, the lipogenic liver X receptor (LXR)-SREBP1 axis can regulate DNA repair, such as in the up-regulation of DNA repair gene polynucleotide kinase/phosphatase (PNKP), which is down-regulated in several cancer cells [298]. mTOR inhibition suppresses DNA replication and repair via 4E-BP1 activation, reverted by 4EBP1 depletion [308]. DNA damage suppresses HIF1A expression [320]. GSK3 can regulate DNA repair [323]. Inhibition of GSK3A blocks DNA repair in response to DNA-damaging drugs [330].




4.8. Senescence and AKT Effectors


The connection between AKT effectors and senescence is widely investigated in several studies (Table 4). For example, FOXO3a down-regulation improves the senescence of dermal fibroblasts [248]. FOXO1 is a negative modulator of senescence in T cells [249]. C-Myc enhances the oncogene-induced senescence of tumor cells [263].



mTORC1 improves preosteoblast senescence [278]. mTORC2 induces senescence of endothelial cells by down-regulating NRF2 [279]. S6K1/2 deletion suppresses the senescence of mouse embryonic fibroblasts [289]. Senescent endothelial cells show up-regulation of S6K1 [288]. SREBP1 induces lipogenesis and senescence of fibroblasts [299]. Moreover, discodermolide resistance is generated by enhancing senescence, associated with the down-regulation of 4EBP1 [309]. HIF1A inhibition promotes senescence by up-regulating p21 and down-regulating telomerase reverse transcriptase (TERT) [321]. Inhibition of GSK3 triggers the senescence of normal hepatocytes [331].




4.9. Migration and AKT Effectors


The connection between AKT effector and migration is widely investigated in several studies (Table 4). For example, FOXO is a mediator for regulating EMT expression [250]. FOXO3a suppresses the invasion of mammary adenocarcinoma cells and blocks TGF-β1-promoted EMT in mouse mammary epithelial cells [251]. c-Myc knockdown inhibits cell migration of liver cancer cells [264]. mTORC1 inhibition suppresses hypoxia-induced migration of keratinocytes [280]. Knockdown of mTORC2 prevents cell migration [268].



p85 isoform of S6K1 enhances migration and tumor growth [290]. SREBP1 enhances the migration of breast cancer cells [300]. 4EBP1 down-regulation promotes EMT and migration of colon cancer cells [310]. HIF1A enhances EMT and migration in pancreatic cancer stem cells [314]. GSK3 can regulate invasion and metastasis [323].




4.10. Cell-Cycle Progression and AKT Effectors


PI3K inhibitor ETP-45658 causes cell-cycle arrest of breast cancer cells depending on FOXO [252]. S6K2 inhibitor induces G1 arrest to inhibit the proliferation of melanoma cells [291]. PI3K/mTOR inhibitor PQR309 inhibits the PI3K/AKT/mTOR/c-Myc axis and causes G1 arrest of endometrial cancer cells [265]. Mature SREBP1 is regulated by hyperphosphorylation for G2/M arrested cervical cancer cells [301]. Prothioconazole causes G1 arrest of extravillous trophoblast cells by enhancing 4EBP1 expression [311]. HIF1A promotes G1 arrest of colon cancer cells by down-regulating c-Myc-activated gene expressions [322]. GSK3 can regulate cell-cycle progression [323].





5. Natural Products Regulate Oxidative Stress-Modulated Cell Functions


Natural products are commonly rich in antioxidants. Antioxidants may have distinct functions for preventing [336,337] and promoting oxidative stress [338,339]. This dual function of antioxidants may depend on concentration effects. Low concentrations of antioxidants are reported to down-regulate oxidative stress, while high concentrations show harmful effects [340,341,342]. In general, oxidative stress is generated when the cellular antioxidants and prooxidants lose balance. Natural products may act as oxidative stress inducers in certain environments to modulate redox homeostasis, triggering cell death [30]. Several oxidative stress-inducible natural products that modulate several cell functions were provided (Section 5.1, Section 5.2, Section 5.3, Section 5.4, Section 5.5, Section 5.6, Section 5.7, Section 5.8, Section 5.9 and Section 5.10) (Table 5).



5.1. Natural Products Targeting Apoptosis through Oxidative Stress


There are several oxidative stress-inducing natural products that modulate apoptosis (Table 5). Cryptocarya-derived cryptocaryone triggers oxidative stress and promotes apoptosis of oral cancer cells [343]. Several Rubus fairholmianus-derived compounds stimulate oxidative stress and cause apoptosis of breast cancer cells [30]. Sanguinarine, a Sanguinaria canadensis-derived compound, is a bloodroot plant-derived natural alkaloid with antifungal effects [363]. The repurposing function of sanguinarine has been applied to trigger apoptosis for anticancer treatment. For example, sanguinarine inhibits thioredoxin reductase to induce oxidative stress and trigger apoptosis of cancer cells [344].




5.2. Natural Products Targeting Autophagy through Oxidative Stress


Several oxidative stress-inducible natural products are known that modulate autophagy (Table 5). Isoaaptamine, a marine sponge-derived compound, induces apoptosis and autophagy of breast cancer cells by generating oxidative stress [345]. Neferine, a Nelumbo nucifera-derived dibenzylisoquinoline alkaloid, induces the generation of ROS to trigger the autophagy of lung cancer cells [346]. Piperlongumine, a Piper longum-derived compound, induces autophagy and cell death of osteosarcoma cells, reverted by N-acetylcysteine, suggesting that piperlongumine induces autophagy depending on oxidative stress [347].




5.3. Natural Products Targeting ER Stress through Oxidative Stress


Several anticancer drugs with oxidative stress-modulating ability can regulate ER stress (Table 5) [47]. For example, sarsasapogenin, an Anemarrhena asphodeloides-derived compound, promotes oxidative stress and ER stress in cervical cancer cells, reverted by N-acetylcysteine [348].




5.4. Natural Products Targeting Mitochondrial Morphogenesis through Oxidative Stress


There are several oxidative stress-inducible natural products that modulate mitochondrial morphogenesis (Table 5). Ferric ammonium citrate (FAC) induces ROS generation, iron overload, and apoptosis [349]. Still, FAC inhibits mitochondrial fusion/fission of bone marrow mesenchymal stem cells (BMSCs), which is reverted by a Herba epimedii-derived flavonoid glucoside icariin [349]. The T-2 Toxin, a fungal secondary metabolite, enhances oxidative stress, abnormal mitochondrial fission/fusion, and apoptosis in liver cells [350]. Oxidative stress promotes DRP-1 translocation from cytoplasm to mitochondria, leading to mitochondrial fission [364], reverted by the natural disaccharide trehalose [351].




5.5. Natural Products Targeting Ferroptosis through Oxidative Stress


Several oxidative stress-inducible natural products modulate ferroptosis (Table 5). Apigenin, a fruit and vegetable-derived flavonoid, suppresses myeloperoxidase-induced oxidative stress to block ferroptosis of neuron cells [352]. Tagitinin C, a Tithonia diversifolia-derived lactone, triggers ferroptosis by inducing glutathione (GSH) depletion and lipid peroxidation [353].




5.6. Natural Products Targeting Necroptosis through Oxidative Stress


Several oxidative stress-inducing natural products modulate necroptosis (Table 5). Curcumol, a Curcuma wenyujin-derived sesquiterpenoid, induces mitochondrial superoxide and JNK1/2 activation, associated with RIPK1/RIPK3-regulating necroptosis in hepatic stellate cells, which are suppressed by ROS scavenger, N-acetylcysteine and JNK1/2 inhibitor (SP600125). Accordingly, curcumol induces necroptosis in a ROS and JNK-dependent manner [354]. Shikonin, a Lithospermum euchroma-derived compound, induces ROS generation and RIPK1/RIPK3/MLKL expression in nasopharyngeal cancer cells, leading to necroptosis, which is suppressed by necrostatin-1 [355].




5.7. Natural Products Targeting DNA Damage Response through Oxidative Stress


Several oxidative stress-inducible natural products that enhance DNA damage response were provided as follows (Table 5). Cryptocaryone causes oxidative stress-dependent DNA damage in oral cancer cells [343]. Sinuleptolide, a soft corals-derived natural product, induces antiproliferation and oxidative stress in oral cancer cells, accompanied by DNA damage [356].




5.8. Natural Products Targeting Senescence through Oxidative Stress


Several oxidative stress-inducible natural products that modulate senescence were provided as following (Table 5). Apigenin inhibits oxidative stress-triggered senescence of lung fibroblasts [357]. Gingerenone A, a ginger-derived compound, inhibits proliferation and triggers oxidative stress and senescence of breast cancer cells, reverted by N-acetylcysteine [358].




5.9. Natural Products Targeting Migration through Oxidative Stress


Several oxidative stress-inducible natural products modulate migration (Table 5). Salinomycin promotes oxidative stress generation to decrease the proliferation and migration of prostate cancer cells [359]. Withaferin A blocks migration and invasion and induces oxidative stress of oral cancer cells, reverted by N-acetylcysteine [360].




5.10. Natural Products Targeting Cell-Cycle Progression through Oxidative Stress


Lycopene, a plant-derived carotenoid, inhibits 7-ketocholesterol-triggered oxidative stress and G1 arrest of macrophages [361]. Gracillin, a Dioscorea nipponica-derived steroidal saponin, induces G1 arrest of leukemic cells by oxidative stress [362].





6. Natural Products Regulate AKT-Modulated Cell Functions


Several AKT-modulated natural products modulate diverse cell functions (Table 6) (Section 6.1, Section 6.2, Section 6.3, Section 6.4, Section 6.5, Section 6.6, Section 6.7, Section 6.8, Section 6.9 and Section 6.10).



6.1. Natural Products Targeting Apoptosis through AKT


Some natural products protect from apoptosis, but others induce it. Several reports investigated the apoptosis-protecting effects of natural products involving AKT (Table 6). For example, the suppression of oxidative stress and inflammation. Ginsenoside Rd, a Panax japonicus-derived natural product, enhances neural cell survival by reducing oxidative stress, increasing antioxidant expression, activating PI3K/AKT and ERK 1/2 pathways, and reducing apoptosis [377]. Troxerutin, a rutin-derived semi-synthetic bioflavonoid, decreases ROS and apoptosis by up-regulating antioxidant enzymes and translocating NRF2 [393]. Crocin, a crocus flower-derived carotenoid, suppresses retinal ischemia/reperfusion injury-triggered apoptosis of ganglion cells by activating AKT [369].



Troxerutin also inactivates acetylcholinesterase and activates PI3K/AKT in Alzheimer’s disease models (Table 6) [393]. Moreover, fucoxanthin, a marine seaweed-derived carotenoid, suppresses H2O2-triggered ROS generation and apoptosis by down-regulating H2O2-activated AKT and ERK expression [376].



Several reports investigated the apoptosis-promoting effects of natural products involving AKT (Table 6). For example, CXC195, a tetramethylpyrazine with antioxidant activity, triggers apoptosis in liver cancer cells by suppressing the PI3K/AKT/mTOR pathway [370]. Emodin, a natural anthraquinone, induces antiproliferation and apoptosis of leukemia cells by up-regulating phosphatase and tensin homolog (PETN) and inhibiting PI3K/AKTmRNA expression [373]. Acetyl-lupeolic acid, a Boswellia carterii-derived compound, triggers apoptosis in prostate cancer cells by suppressing AKT/mTOR [365].



Moreover, 4β-hydroxywithanolide E triggers apoptosis of breast cancer cells by suppressing PI3K/AKT (Table 6) [380]. YVPGP, an Anthopleura anjunae-derived peptide, shows antiproliferation against prostate cancer cells by inactivating PI3K/AKT/mTOR [395]. Piperlongumine, a Piper longum-derived compound, induces antiproliferation and apoptosis of colon cancer cells by suppressing Ras/PI3K/AKT/mTOR [388]. Trametenolic acid B, a Trametes lactinea-derived compound, shows neuroprotective and antiapoptosis ability in oxygen-glucose deprivation/reoxygenation-damaged SH-SY5Y cells by up-regulating PI3K/AKT/mTOR [392]. Timosaponin TAIII, a rhizome of Anemarrhena asphodeloides-derived compound, induces apoptosis in lung cancer cells by down-regulating PI3K/AKT/mTOR and Ras/Raf/MEK/ERK pathways [391]. Diallyl trisulfide, a bioactive compound from processed garlic, shows anticancer effects [444]. Diallyl trisulfide induces apoptosis of prostate cancer cells by inhibiting AKT phosphorylation and inducing inactivation [372]. Fisetin, a bioactive flavonoid derived from strawberry, apple, and onion, triggers apoptosis of osteosarcoma cells involving MAPK and PI3K/AKT signaling [375]. Myricetin, the onions and grape-derived flavonoid, induces apoptosis of umbilical vascular endothelial cells by inhibiting AKT [383]. Grape proanthocyanidin induces antiproliferation and apoptosis of pancreatic cancer cells by inactivating AKT [389].



Lupiwighteone, a Cadophora gregata-derived compound, triggers apoptosis in breast cancer cells by inactivating PI3K/AKT/mTOR (Table 6) [382]. Ginsenoside Rh2, a ginseng-derived compound, shows antiproliferation and apoptosis of osteosarcoma by activating mitogen-activated protein kinase (MAPK) and inactivating PI3K/AKT/mTOR and nuclear factor-κB (NF-κB) [378]. 9-Demethylmucroniferanine A, Tibetan Medicine Corydalis hendersonii Hemsl-derived bioactive compound, triggers apoptosis in gastric cancer cells by suppressing PI3K/AKT/mTOR and topoisomerase I [371]. Uvaol, a natural triterpenoid, down-regulates anti-apoptosis gene Bcl-2 and up-regulates pro-apoptotic protein Bax, accompanied by inactivating AKT/PI3K signaling in liver cancer HepG2 cells [394].



Additionally, asperpyrone A, an Aspergillus-derived compound, induces antiproliferation and apoptosis of pancreatic cancer cells by down-regulating ROS-mediated PI3K/AKT (Table 6) [366]. Piperine, a natural alkaloid, inhibits the migration of prostate cancer cells via suppressing AKT/mTOR/MMP9 signaling [387]. Krukovine, an Abuta grandifolia-derived alkaloid, shows antiproliferation of lung cancer cells by inactivating PI3K/AKT/mTOR/p70s6k and down-regulating ERK [381]. NAP, a Nereis virens-derived serine protease, shows antiproliferation and apoptosis in lung cancer cells by down-regulating the PI3K/AKT/mTOR pathway [384].



Transforming growth factor (TGF)-β1 overexpression activates PI3K/AKT/mTOR in breast cancer and increases the resistance potential to chemotherapy (Table 6) [445]. Applying PI3K/AKT/mTOR axis inhibitors such as NVP-BEZ235 is a potential therapy for breast cancer [385]. Caffeic acid phenethyl ester (CAPE), a propolis-derived bioactive compound, shows antiproliferation to cancer cells by down-regulating PI3K/AKT/mTOR [368]. Combined NVP-BEZ235 and CAPE synergistically induce antiproliferation and apoptosis [445].



Ferulin C, a Ferula ferulaeoides-derived natural product, induces apoptosis and autophagy by down-regulating AKT-mTOR signaling (Table 6) [374]. A cruciferous vegetable-derived natural compound, sulforaphane, can inhibit AKT/mTOR [446]. Combined with everolimus, it can reduce the drug resistance of bladder cancer cells [447]. Grincamycin B, a Streptomyces lusitanus-derived natural product, inhibits glioma cell proliferation and invasion by suppressing PI3K/AKT and alkaline phosphatase (PHOA) signaling [379]. Bavachinin, an active Proralea corylifolia-derived flavanone, can activate MAPK and AKT signaling in lung cancer cells [367].




6.2. Natural Products Targeting Autophagy through AKT


Natural products may exhibit autophagy-modulating effects involving AKT (Table 6). For example, tanshinone IIA, a Salvia miltiorrhiza Bunge-derived bioactive compound, suppresses proliferation and induces autophagy of breast cancer cells by inactivating PI3K/AKT/mTOR signaling [411]. Patulin, a Penicillium-derived compound, promotes ROS generation and autophagy of liver cancer cells by inactivating AKT1/mTOR, reverted by N-acetylcysteine [408]. Fisetin exhibits a dual function for inhibiting PI3K/AKT and mTOR and promotes cytotoxic autophagy in prostate cancer cells [403]. Allicin, a bioactive compound from crushed garlic, triggers autophagy of liver cancer cells by inactivating AKT [397]. Crocin promotes autophagy and causes cell death of cervical cancer cells by activating AKT [400].



Notably, some natural products exhibit bifunctional effects for modulating autophagy and apoptosis (Table 6). For example, spicatoside A, a Liriope platyphylla-derived steroidal saponin, induces autophagy at 24 h by inactivating PI3K/AKT/mTOR, but it induces apoptosis at long-term exposure [409]. Grape seed procyanidin B2 enhances apoptosis and autophagy of colorectal cancer cells by inactivating AKT [390]. 6-Gingerol, a ginger-derived compound, inhibits hydrogen peroxide-promoted apoptosis of human umbilical vein endothelial cells (HUVECs) by inactivating PI3K/AKT/mTOR and inducing autophagy [405]. Additionally, spicatoside A, a Liriope platyphylla-derived compound, induces autophagy and apoptosis of colon cancer cells by down-regulating PI3K/AKT/mTOR [409]. Streptomyces sp metabolite(s) triggers apoptosis and autophagy of cervical cancer cells by down-regulating mTOR [410].



Similarly, chaetocochin J, a natural alkaloid, promotes apoptosis and autophagy of colon cancer cells by inactivating PI3K/AKT/mTOR and activating AMPK (Table 6) [398]. Falcarindiol, an Oenanthe javanica-derived compound, induces apoptosis and autophagy of oral cancer cells by inactivating PI3K/AKT/mTOR/p70S6K [402]. CLE-10, a Carpesium abrotanoides-derived compound, induces apoptosis and autophagy of breast cancer cells by inactivating PI3K/AKT/mTOR [399]. Geraniol up-regulates KEAP1/NRF2/heme oxygenase-1 (HO-1), activates antioxidant expressions, and promotes PI3K/AKT/mTOR to inhibit myocardial autophagy and apoptosis [404].



Moreover, echinatin, a Glycyrrhiza uralensis-derived compound, shows antiproliferation, apoptosis, and autophagy of esophageal cancer cells by inactivating AKT/mTOR (Table 6) [401]. Neferine, liensinine, and isoliensinine, the Nelumbo nucifera-derived bisbenzylisoquinoline alkaloids, trigger apoptosis and autophagy of prostate cancer cells by inactivating PI3K/AKT [407]. Ilimaquinone, a marine sponge-derived compound, induces ROS generation, apoptosis, and autophagy by down-regulating AKT and ERK and up-regulating p38 [406].




6.3. Natural Products Targeting ER Stress through AKT


Natural products may exhibit ER stress-modulating effects involving AKT (Table 6). For example, ischemia-reperfusion (I/R) injury induces ER stress and inactivates PI3K/AKT/mTOR, which are reverted by ginkgolide B, a Ginkgo biloba-derived terpene lactone. Therefore, ginkgolide B shows PI3K/AKT/mTOR activating ability to suppress ER stress and I/R injury [415]. Methamphetamine (METH), a neuron stimulant and addictive drug, causes irreversible pathological changes to neurons, associated with ER stress induction and PI3K/AKT/mTOR inactivation [416]. Aromadendrin, a flavanonol natural product, can inhibit METH-induced autophagy, apoptosis, and ER stress of SH-SY5y cells, accompanied by up-regulating PI3K/AKT/mTOR [412]. Procyanidin B2 suppresses ER stress of endothelial cells involving peroxisome proliferator-activated receptor δ (PPARδ) [417], which activates AKT signaling to cause endothelial dysfunction in diabetic mice [448].



β-Carotene, a vitamin A precursor, inhibits ROS generation, induces antioxidant expression, inhibits apoptosis, autophagy, and ER stress, and activates PI3K/AKT/mTOR [414]. Bleomycin causes pulmonary fibrosis, associated with ER stress and PI3K/AKT expression, recovered by ER stress or PI3K inhibitors [413].




6.4. Natural Products Targeting Mitochondrial Morphogenesis through AKT


Natural products may prevent and improve mitochondrial fission (Table 6). For example, icariin suppresses ferric ammonium citrate-inhibited mitochondrial fusion/fission of bone marrow mesenchymal stem cells by activating PI3K/AKT/mTOR and inactivating ERK1/2 and JNK pathways [349]. For comparison, lupeol, a Bombax ceiba-derived natural product, triggers mitochondrial fission of renal cancer cells [418]. Moreover, lupeol blocks 12-O-tetradecanoyl-phorbol-13-acetate (TPA)-promoting AKT activation and skin cancer growth in CD-1 mice [419]. Accordingly, the AKT impact on regulating mitochondrial fission of lupeol is warranted for detailed investigation.



Moreover, allicin also suppresses 6-hydroxydopamine-up-regulated FIS1 and DRP1 expressions in pheochromocytoma PC12 cells, which trigger mitochondrial fission [449]. However, the role of AKT in mitochondrial fission-promoting effects of allicin was not reported by this study, and it warrants a detailed investigation in the future.




6.5. Natural Products Targeting Ferroptosis through AKT


The ferroptosis impact of natural products involving AKT was rarely investigated. Prostate [450] and lung [184] cancer cells highly express PI3K/AKT. Lung cancer cells inhibit ferroptosis by activating PI3K/AKT/mTOR [184]. In contrast, PI3K and mTOR inactivations induce ferroptosis in cancer cells [273]. Accordingly, it warrants a detailed investigation to identify AKT-modulating natural products in the future (Table 6).




6.6. Natural Products Targeting Necroptosis through AKT


Natural products may exhibit necroptosis-modulating effects involving AKT (Table 6). For example, paeoniflorigenone, Paonia suffruticosa-derived natural products, shows antiproliferation, apoptosis, and autophagy in head and neck cancer cells by inactivating PI3K/AKT/mTOR/p70S6K signaling [386]. Moreover, paeoniflorigenone-inhibiting PI3K/AKT/mTOR/p70S6K signaling leads to a suppression of necroptosis by inactivating necroptotic proteins (RIP and MLKL) in head and neck cancer cells [386].




6.7. Natural Products Targeting DNA Damage Response through AKT


Natural products may exhibit DNA damage response-modulating effects involving AKT (Table 6). For example, cerberin, a cardenolide isolated from the fruit kernel of Cerbera odollam, induces antiproliferation, anti-migration, apoptosis, ROS production, and DNA damage in cancer cells, accompanied by inhibiting PI3K/AKT/mTOR signaling [420]. Cucurbitacin-A, a cucurbitaceous plant-derived compound, exhibited antiproliferation, ROS generation, and DNA damage of ovarian cancer cells by inactivating PI3K/AKT/mTOR [422].



Additionally, lanatoside C, a natural antiarrhythmic product derived from Digitalis lanata, shows antiproliferation, apoptosis, and DNA damage in cancer cells by inactivating PI3K/AKT/mTOR (Table 6) [423]. Peruvoside, a Cascabela thevetia-derived cardiac glycoside, induces antiproliferation and DNA damage and inhibits autophagy in breast, lung, and liver cancer cells, accompanied by PI3K/AKT/mTOR [425]. Strophanthidin, a natural cardiac glycoside, causes apoptosis and DNA damage in several cancer cells (breast, lung, and liver), associated with down-regulating PI3K/AKT/mTOR [427]. Romidepsin, a Chromobacterium violaceum-derived natural product, promotes oxidative stress and DNA damage by activating PI3K/AKT/mTOR and MAPK signaling in rhabdomyosarcoma cells [426]



Moreover, paclitaxel induces ROS generation, DNA damage, and apoptosis in lung cancer cells by suppressing EGFR/PI3K/AKT/mTOR (Table 6) [424]. TA25, a Salvia miltiorrhiza-derived tanshinone IIA analog, causes ROS generation and DNA damage in lung cancer cells by inactivating PI3K/AKT/mTOR but up-regulating p53 protein [428]. Chalcone is a typical core structure in natural products [421].




6.8. Natural Products Targeting Senescence through AKT


Some natural products provide senescence-modulating effects involving AKT (Table 6). For example, coroglaucigenin, a Calotropis gigantean-derived compound, shows antiproliferation, autophagy, and senescence in colon cancer cells by dissociating HSP90 with CDK4 and AKT, degrading CDK4, and inactivating AKT [429]. Additionally, bleomycin down-regulates PTEN and activates PI3K/AKT/mTOR to cause senescence in lung cancer cells [430]. PTEN knockdown inhibits autophagy and induces senescence of A549 cells, which is reverted by the mTOR inhibitor. Therefore, PTEN and PI3K/AKT/mTOR axis regulate bleomycin-induced senescence by inhibiting autophagy. Moreover, doxycycline triggers Notch1 activation, apoptosis, and autophagy by suppressing the PI3K/AKT/mTOR axis in osteosarcoma cells [431]. Fisetin reverses adriamycin-induced senescence of vascular endothelial cells by up-regulating PTEN, an AKT inhibitor [432]. Proanthocyanidins suppress interleukin-1β-induced senescence of nucleus pulposus cells by activating AKT [433].




6.9. Natural Products Targeting Migration through AKT


Natural products may exhibit migration-modulating effects involving AKT (Table 6). In addition to antiproliferation, vegetable-derived fisetin inhibits the migration and invasion of pancreatic cancer cells by down-regulating PI3K/AKT/mTOR [435]. Moreover, fisetin suppresses metastasis in tumor-bearing mice [451]. Additionally, platycodin D, a Platycodon grandiflorum-derived triterpenoid saponin, inhibits breast cancer cell proliferation, migration, and invasion by inhibiting EGFR-mediated AKT and MAPK signaling [437]. Alisol A, a triterpenoid in the Alismatis rhizome, promotes autophagy and inhibits PI3K/AKT/mTOR in breast cancer cells [396]. Alisol A inhibits migration and invasion by down-regulating MMP2 and MMP9 [396].



Moreover, falcarindiol, an Ostericum koreanum Kitagawa-derived natural product, inhibits proliferation, migration, and invasion (Table 6). Falcarindiol also induces apoptosis and autophagy by inactivating PI3K/AKT/mTOR and activating ERK1/2 and p38 in oral cancer cells [402]. Artemisinin, a natural antimalarial product, suppresses uveal melanoma cell migration and invasion ability by inactivating PI3K/AKT/mTOR, which is reverted by AKT or mTOR activators such as Sc79 and MHY1485 [452]. Except for antiproliferation, melatonin induces anti-migration, anti-invasion, and apoptosis in gallbladder cancer cells by suppressing PI3K/AKT/mTOR, which is reverted by the antioxidant N-acetylcysteine [453]. This suggests that melatonin affects proliferation, apoptosis, and migration in a ROS-dependent manner. Additionally, fisetin blocks epidermal growth factor-induced migration of retinal pigment epithelial cells by inactivating AKT and down-regulating MMP-9 expression [439]. Myricetin, the grape-derived flavonoid, inhibits the angiogenesis of endothelial cells by inactivating AKT [383]. Crocin suppresses invasion of cervical cancer cells by activating AKT [400]. Crocetin, a saffron-derived carotenoid, enhances the angiogenesis of endothelial cells by activating AKT [434].




6.10. Natural Products Targeting Cell-Cycle Progression through AKT


Carvacrol, an aromatic plant-derived natural product, induces G1 arrest of breast cancer cells by suppressing CDK4, CDK6, pRB, and cyclin D1 expressions, accompanied by down-regulating PI3/AKT [438]. Carvacrol also blocks the cell-cycle progression of cervical cancer cells [454]. Glaucocalyxin A, a Rabdosia japonica-derived natural product, causes G2/M arrest to block the cell-cycle progression of melanoma cells [440]. Glycyrrhizin, a licorice roots-derived bioactive compound, initiates apoptosis and halts cell-cycle progression in cervical cancer cells [441]. Paclitaxel causes G2/M arrest of mammary tumor cells by down-regulating AKT [442]. Fisetin causes G1 arrest in prostate cancer cells, accompanied by inactivating AKT [436]. Proanthocyanidin induces G2/M arrest of pancreatic cancer cells by inhibiting AKT [389]. Safranal, a saffron-derived natural product, induces G2/M arrest of colon cancer cells by inactivating AKT [443].





7. Natural Products Regulate AKT Effectors-Modulated Cell Functions


Several natural products modulate several cell functions through AKT effector modulation (Section 7.1, Section 7.2, Section 7.3, Section 7.4, Section 7.5, Section 7.6, Section 7.7, Section 7.8, Section 7.9 and Section 7.10) (Table 7).



7.1. Natural Products Targeting Apoptosis through AKT effectors


Several studies investigated the connection between natural products and AKT effectors-triggered apoptosis (Table 7). For example, juglanthraquinone C, a Juglans mandshurica-derived compound, promotes ROS generation and triggers apoptosis of liver cancer cells by up-regulating FOXO signaling [455]. Dioscin, a natural steroidal saponin, triggers apoptosis of colon cancer cells by enhancing c-Myc ubiquitination [461].



A combined treatment of the mTORC1/2 inhibitor PP242 with curcumin promotes apoptosis of renal cancer cells [469]. Cucurbitacin B, a Thai herb Trichosanthes cucumerina-derived compound, triggers apoptosis by inhibiting MTORC1 expression in gastric cancer cells [468]. Neferine, a Nelumbo nucifera-derived compound, inhibits S6K1 and enhances apoptosis of neuroblastoma cells [474]. Emodin, a natural anthraquinone product, triggers apoptosis of liver cancer cells in SREBP1-dependent and -independent manners [477]. Luteolin, a natural flavonoid, blocks methylglyoxal-triggered apoptosis and increases cell proliferation of neuron cancer cells by inactivating mTOR/4EBP1 [481]. Moreover, salternamide A, a Streptomyces-derived natural product, inhibits hypoxia-promoted HIF1A overexpression and triggers apoptosis of colon cancer cells [484]. Grifolin triggers apoptosis of osteosarcoma cells by dephosphorylating AKT, FOXO, and GSK3 [488].




7.2. Natural Products Targeting Autophagy by AKT Effectors


The connection of natural products to AKT effector-triggered autophagy is widely investigated (Table 7). For example, the Brazil-wood-derived compound brazilin triggers FOXO3a-mediated autophagy and cell death by breaking calcium homeostasis [456]. 4-O-Methylascochlorin, a methylated derivative of ascochlorin, enhances autophagy of glioblastoma by inhibiting c-Myc [462]. Cucurbitacin B promotes autophagy of gastric cancer cells by down-regulating mTORC1 [468]. Additionally, neferine, a Nelumbo nucifera-derived S6K1 inhibitor, promotes autophagy of neuroblastoma cells [474]. Moreover, curcumin nicotinate inhibits SREBP1 expression of leukemia cells by recovering autophagy flux [478]. Parthenolide, a feverfew (Tanacetum parthenium)-derived plant compound, triggers autophagy by down-regulating 4EBP1 [482]. Moreover, geraniol, a monoterpene natural product, promotes the autophagy of CoCl2-treated lung cancer cells through the HIF1A/Beclin-1 pathway [485]. 11′-Deoxyverticillin A (C42) induces autophagy of colon cancer cells by up-regulating GSK3 expression [489].




7.3. Natural Products Targeting ER Stress through AKT Effectors


Except for FOXO, S6K1/2, and HIF, some AKT effectors such as c-Myc, mTORC1/2, SREBP1, and 4EBP1, were reported to regulate ER stress by natural product treatments (Table 7). For example, Z-ligustilide, a butanolide natural product, promotes c-Myc-mediated apoptosis of oral cancer cells by up-regulating ER stress signaling [463]. Tunicamycin, a natural antibiotic, enhances ER stress of prostate cancer cells by increasing mTORC1 expression [470]. Ginger extract exhibits mTOR-SREBP1-modulating function to regulate ER stress [479]. Moreover, α-solanine, a glycoalkaloid poison, induces autophagy and ER stress by down-regulating 4EBP1 [483]. Berberine, a Coptis chinensis-derived natural product, suppresses ER stress in amyloid precursor protein/PS1 mice by down-regulating GSK3β activity [490].




7.4. Natural Products Targeting Mitochondrial Morphogenesis through AKT Effectors


Except for GSK3, above AKT effectors were rarely investigated with respect to natural products that target mitochondrial fission/fusion. Resveratrol suppresses 1-methyl-4-phenylpyridinium-induced mitochondrial fission of nigral dopaminergic cells by up-regulating GSK3 expression [491].




7.5. Natural Products Targeting Ferroptosis through AKT Effectors


Some AKT effectors, such as FOXO, c-Myc, S6K1/2, SREBP1, and 4EBP1, were rarely investigated with respect to natural products that target ferroptosis. However, some AKT effectors, such as mTORC1/2 and HIF, were reported to regulate ferroptosis by natural product treatments (Table 7). For example, quercetin, a dietary flavonoid, triggers autophagy by down-regulating mTORC1 [471]. D-mannose inhibits HIF-2α to suppress chondrocyte ferroptosis [486]. Nobiletin, a citrus peel-derived flavonoid, causes ferroptosis of melanoma cells which is down-regulated by GSK3β knockdown [492].




7.6. Natural Products Targeting Necroptosis through AKT Effectors


AKT effectors provided by natural products that target necroptosis were rarely investigated.




7.7. Natural Products Targeting DNA Damage Response through AKT Effectors


Among these AKT effectors, only FOXO was reported to regulate DNA damage response by natural product treatments (Table 7). For example, purple corn extract reduces cigarette smoke-induced DNA damage to rodent blood cells by up-regulating FOX3a [457]. 6-Bromoindirubin-3′-oxime, a hemi-synthetic GSK3β inhibitor of indirubin derivative, inhibits DNA damage in fibroblasts [493].




7.8. Natural Products Targeting Senescence through AKT Effectors


Except for S6K1/2, SREBP1, and 4EBP1, some AKT effectors such as FOXO, c-Myc, mTORC1/2, and HIF were reported to regulate senescence by natural product treatments (Table 7). For example, resveratrol induces tumor suppressor DLC1-dependent senescence of breast cancer cells by down-regulating FOXO3a [458]. Oridonin triggers senescence of colon cancer cells by down-regulating c-Myc [464]. Baicalein and baicalin enhance the senescence of melanoma cells, suppressed by activating mTORC1-HIFα [472]. The GSK3β inhibitor of indirubin (6-bromoindirubin-3′-oxime) inhibits cellular senescence in fibroblasts [493].




7.9. Natural Products Targeting Migration through AKT Effectors


Except for mTORC1/2, SREBP1, and 4EBP1, some AKT effectors such as FOXO, c-Myc, S6K1/2, and HIF were reported to regulate migration by natural product treatments (Table 7). For example, sulforaphane, a sulfur-rich natural product, blocks angiogenesis by activating FOXO expression [459]. Ellagic acid suppresses acidity-promoted invasiveness of gastric cancer cells by down-regulating twist 1 and c-Myc expression [465]. 15(S)-hydroxyeicosatetraenoic acid enhances angiogenesis by activating S6K1 [475]. Furthermore, sulforaphane blocks the angiogenesis of colon cancer cells by down-regulating HIF1A and VEGF expression [487]. Nordentatin, an Enkleia siamensis-derived natural product, suppresses the migration of neuroblastoma cells by down-regulating GSK3 expression [494].




7.10. Natural Products Targeting Cell-Cycle Progression through AKT Effectors


Harmine hydrochloride, a Peganum harmala-derived alkaloid, caused G2/M arrest of breast cancer cells by down-regulating PI3K/AKT and up-regulating FOXO3a expression [460]. Berbamine, a Chinese medicinal herb-derived compound, induced G1 arrest of gastric cancer cells by down-regulating c-Myc expression [466]. Demethyleneberberine caused G1 arrest of lung cancer cells by down-regulating c-Myc/HIF1A [467]. 4-Hydroxyderricin, an Angelica keiskei Koidzumi-derived natural product, induced G1 or G2/M arrest for liver cancer cells (HepG2 and Huh7 cells) by down-regulating mTOR [473]. Bufadienolide, a traditional Chinese drug Chan’Su-derived cardiac glycoside, caused G1 arrest of breast and prostate cancer cells by inhibiting insulin-like growth factor-I (IGF1)-activated phosphorylation of mTOR, S6K1, and 4EBP1 [476]. Berberine caused G1 arrest of colon cancer cells by down-regulating SREBP1 expression [480]. Arctigenin induced G1 arrest of breast cancer cells by suppressing phosphorylation of GSK3 [495].





8. Conclusions


Oxidative stress and the AKT pathway exhibit versatile effects in regulating cell function for cancer cell development and treatment. However, current information generally focuses on some of them without a comprehensive integration, particularly for AKT effectors such as FOXO, c-Myc, mTORC1/2, S6K1/2, SREBP1, 4EBP1, HIF, and GSK3.



As mentioned above, the impacts of oxidative stress and the AKT pathway (AKT and its effector) are well integrated into several cell functions such as apoptosis, autophagy, ER stress, mitochondrial fission/fusion, ferroptosis, necroptosis, DNA damage response, senescence, migration and cell-cycle progression.



In addition to establishing the connection between oxidative stress, AKT pathway, and cell functions, their impacts on cancer treatment by natural products are summarized and evaluated. Mounting literature evidence shows that several anticancer natural products regulate oxidative stress and AKT pathway. Accordingly, natural products with modulating effects on oxidative stress and AKT pathway are expected to provide the potential for cancer cell function regulation and impacts on cancer therapy. However, the contribution of oxidative stress and AKT pathway are as yet rarely connected to cell functions in anticancer treatments using natural products. After a detailed literature search, some cell functions are attributed to the modulating effects of oxidative stress and the AKT pathway, although some are not reported.



It should be noted that many reports for oxidative stress and AKT pathway-associated cell functions cited in this review are derived from investigations of several cancer cell lines. Since the genetic mutations for these cancer cell lines differ, the association between oxidative stress, AKT pathway, and some cell functions may be restricted or become dominant only in some cancer cells or unique treatments. This warrants a careful investigation of these relationships if different cancer cells are concerned.



We hypothesize that the involvement of oxidative stress and AKT pathway in natural product performance also provides potential anticancer impacts through the modulation of several cell functions (Figure 2). This review sheds light on the impacts of oxidative stress and AKT pathway-regulated cell functions, providing a better understanding and future directions for curing cancer with natural products.
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Figure 1. Network for oxidative stress and AKT pathway regulations of cell functions in cancer cell treatments. Several AKT effectors are included in this review, such as forkhead box transcription factors (FOXO), c-Myc, hypoxia-inducible factor (HIF), mechanistic target of rapamycin complex 1/2 (mTORC1/2), mTOR substrate S6 kinase 1/2 (S6K1/2), sterol regulatory element-binding protein 1 (SREBP1), and glycogen synthase kinase 3 (GSK3). Several cell functions are included, such as apoptosis, autophagy, ER stress, mitochondrial morphogenesis, ferroptosis, necroptosis, DNA damage response, senescence, migration, and cell-cycle progression. 
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Figure 2. Hypothesis: Natural products modulating oxidative stress and the AKT pathway (AKT and AKT effectors) regulate several cell functions. The oxidative stress-AKT effector signaling is shown in Figure 1. Detailed future works are warranted to assess additional cell functions that are affected by natural products for anticancer treatment. 
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Table 1. Oxidative stress regulates cell functions via several mediators.
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Cell Functions

	




	

	
Apoptosis

	
Autophagy

	
ER Stress

	
Mitochondrial

Morphogenesis

	
Ferroptosis

	
Necroptosis

	
DNA

Damage

Response

	
Senescence

	
Migration

	
Cell-Cycle

Progression






	
Mediators

	
PKC [33,34]

SIRT1 [35]

MAPK [36,37,38]

AKT [39]

	
MAPK [40,41,42]

AMPK [43]

ULK1, mTORC1 [44,45]

	
PERK, IRE1α, ATF6 [46,47]

MAPK [48,49]

	
DRP1 [50]

FIS1 [51]

MFN1 [52]

MFN2 [53]

MAPK [54]

	
GPX4 [55,56]

ACSL4 [57,58]

PTGS2 [59,60]

CHAC1 [61,62]

NRF2 [63]

MAPK [64]

	
RIPK1, RIPK3, MLKL [65,66,67]

	
MAPK [68]

OGG1 [69]

APE1 [70]

	
SIRT1, SIRT3, SIRT6 [71]

MAPK [72]

	
SIRT1, CDH1, CDH2, VIM [73]

MAPK, PKCζ [74]

AMPK [75]

	
AMPK [76,77]

SIRT1 [78,79,80] MAPK [81,82]
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Table 2. AKT regulates cell functions via several mediators.
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Cell Functions

	




	

	
Apoptosis

	
Autophagy

	
ER Stress

	
Mitochondrial

Morphogenesis

	
Ferroptosis

	
Necroptosis

	
DNA

Damage

Response

	
Senescence

	
Migration

	
Cell-Cycle

Progression






	
Mediators

	
PI3K,

MAPK [133]

mTOR [134,135]

	
PI3K,

mTOR [136]

ULK1 [137]

	
GRP78 [138]

IRE1 [139]

PERK [140]

ATF6 [141]

CHOP [142]

	
DRP1 [143]

FIS1 [144]

MFN1 [145]

MFN2 [146]

	
GPX4 [147]

ACSL4 [148]

PTGS2 [149]

CHAC1 [150]

	
RIPK1 [151]

RIPK3 [152,153]

MLKL [153]

	
DNA-PKcs [154]

ATM [155,156]

ATR [156]

RAD51 [157]

XPC [158]

	
SIRT1, SIRT3, SIRT6 [159]

IL-1α, IL-1β, IL-6, IL-8 [160]

p21 [161]

	
MMP2, MMP9

CDH1, CDH2 [162]

VIM, SNAI1 [163]

	
AMPK [76,77]

SIRT1 [78,79,80] MAPK [81,82]
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Table 3. AMPK-SIRT1-MAPK network connects to AKT effectors.
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	FOXO
	c-Myc
	mTORC1/2
	S6K1/2
	SREBP1
	4EBP1
	HIF
	GSK3





	AMPK
	[212]
	[213]
	[214,215]
	[216]
	[217]
	[216]
	[218]
	[13]



	SIRT1
	[219]
	[220]
	[221,222]
	[223]
	[224]
	[221]
	[225]
	[226]



	MAPK
	[227,228]
	[229]
	[230,231]
	[223]
	[232]
	[233]
	[36]
	[234]
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Table 4. AKT effectors regulate cell functions.
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Cell functions

	




	
AKT

Effectors

	
Apoptosis

	
Autophagy

	
ER Stress

	
Mitochondrial

Morphogenesis

	
Ferroptosis

	
Necroptosis

	
DNA

Damage

Response

	
Senescence

	
Migration

	
Cell-Cycle

Progression






	
FOXO

	
[236,237]

	
[238,239,240]

	
[241,242]

	
[243]

	
[244]

	
[245]

	
[246,247]

	
[248,249]

	
[250,251]

	
[252]




	
c-Myc

	
[253]

	
[254]

	
[255,256]

	
[257]

	
[258,259]

	
[260]

	
[261,262]

	
[263]

	
[264]

	
[265]




	
mTORC1/2

	
[266,267,268]

	
[269,270,271]

	
[267]

	
[272]

	
[273,274]

	
[275]

	
[276,277]

	
[278,279]

	
[268,280]

	
[265]




	
S6K1/2

	
[281,282]

	
[282]

	
[283]

	
[272,284]

	
[285]

	
[187]

	
[286,287]

	
[288,289]

	
[290]

	
[291]




	
SREBP1

	
[292,293]

	
[293]

	
[294,295]

	
[296]

	
[273,285]

	
[297]

	
[298]

	
[299]

	
[300]

	
[301]




	
4EBP1

	
[267,302]

	
[303,304]

	
[267]

	
[272,305]

	
[306]

	
[307]

	
[308]

	
[309]

	
[310]

	
[311]




	
HIF

	
[312,313]

	
[314]

	
[315]

	
[316,317]

	
[318]

	
[319]

	
[320]

	
[321]

	
[314]

	
[322]




	
GSK3

	
[323,324]

	
[325]

	
[326]

	
[327]

	
[328]

	
[329]

	
[323,330]

	
[331]

	
[323]

	
[323]








X indicates the cell functions regulated by AKT effectors are not available according to Google Scholar and PubMed search (retrieval date: 16 June 2022).
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Table 5. Oxidative Stress-modulating natural products that modulate cell functions.
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Cell Functions

	




	

	
Apoptosis

	
Autophagy

	
ER Stress

	
Mitochondrial

Morphogenesis

	
Ferroptosis

	
Necroptosis

	
DNA

Damage

Response

	
Senescence

	
Migration

	
Cell-Cycle

Progression






	
Natural products

	
Cryptocaryone [343]

Rubus fairholmianus-derived compounds [30]

Sanguinarine [344]

	
Isoaaptamine [345]

Neferine [346]

Piperlongumine [347]

	
Sarsasapogenin [348]

	
Icariin [349]

T-2 toxin [350]

Trehalose [351]

	
Apigenin [352]

Tagitinin C [353]

	
Curcumol [354]

Shikonin [355]

	
Cryptocaryone [343]

Sinuleptolide [356]

	
Apigenin [357]

Gingerenone A [358]

	
Salinomycin [359]

Withaferin A [360]

	
Lycopene [361]

Gracillin [362]
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Table 6. AKT-modulated natural products that modulate cell functions.
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Cell Functions

	




	

	
Apoptosis

	
Autophagy

	
ER Stress

	
Mitochondrial

Morphogenesis

	
Ferroptosis

	
Necroptosis

	
DNA

Damage

Response

	
Senescence

	
Migration

	
Cell-Cycle

Progression






	
Natural products

	
Acetyl-lupeolic acid [365]

Asperpyrone A [366]

Bavachinin [367]

Caffeic acid phenethyl ester [368]

Crocin [369], CXC195 [370]

9-Demethylmucroniferanine A [371]

Diallyl trisulfide [372]

Emodin [373], Ferulin C [374]

Fisetin [375], Fucoxanthin [376]

Ginsenoside Rd [377]

Ginsenoside Rh2 [378]

Grincamycin B [379]

4β-Hydroxywithanolide E [380]

Krukovine [381]

Lupiwighteone [382]

Myricetin [383]

NAP [384]

NVP-BEZ235 [385]

Paeoniflorigenone [386]

Piperine [387]

Piperlongumine [388]

Proanthocyanidin [389]

Procyanidin B2 [390]

Timosaponin TAIII [391]

Trametenolic acid B [392]

Troxerutin [393], Uvaol [394], YVPGP [395]

	
Alisol A [396]

Allicin [397]

Chaetocochin J [398]

CLE-10 [399]

Crocin [400]

Echinatin [401]

Falcarindiol [402]

Fisetin [403]

Geraniol [404]

6-Gingerol [405]

Ilimaquinone [406]

Neferine, Liensinine Isoliensinine [407]

Paeoniflorigenone [386]

Patulin [408]

Procyanidin B2 [390]

Spicatoside A [409]

Streptomyces sp metabolite(s) [410]

Tanshinone IIA [411]

	
Aromadendrin [412]

Bleomycin [413]

β-Carotene [414]

Ginkgolide B [415]

Methamphetamine [416]

Procyanidin B2 [417]

	
Lupeol [418,419]

	
X

	
Paeoniflorigenone [386]

	
Cerberin [420]

Chalcone [421]

Cucurbitacin-A [422]

Lanatoside C [423]

Paclitaxel [424]

Peruvoside [425]

Romidepsin [426]

Strophanthidin [427]

TA25 [428]

	
Coroglaucigenin [429]

Bleomycin [430]

Doxycycline [431]

Fisetin [432]

Proanthocyanidins [433]

	
Alisol A [396]

Crocetin [434]

Fisetin [435,436]

Myricetin [383]

Platycodin D [437]

	
Carvacrol [438]

Crocin [400]

Fisetin [439]

Glaucocalyxin A [440]

Glycyrrhizin [441]

Paclitaxel [442]

Proanthocyanidin [389]

Safranal [443]








X indicates those natural products regulated cell functions by AKT are not available according to Google Scholar and PubMed search (retrieval date: 16 June 2022).
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Table 7. Natural products affecting cell functions through AKT effector modulation.
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Cell Functions

	




	
AKT

Effectors

	
Apoptosis

	
Autophagy

	
ER Stress

	
Mitochondrial

Morphogenesis

	
Ferroptosis

	
Necroptosis

	
DNA

Damage

Response

	
Senescence

	
Migration

	
Cell-Cycle

Progression






	
FOXO

	
Juglanthraquinone C [455]

	
Brazilin [456]

	
X

	
X

	
X

	
X

	
Purple corn extract [457]

	
Resveratrol [458]

	
Sulforaphane [459]

	
Harmine hydrochloride [460]




	
c-Myc

	
Dioscin [461]

	
4-O-Methylascochlorin [462]

	
Z-Ligustilide [463]

	
X

	
X

	
X

	
X

	
Oridonin [464]

	
Ellagic acid [465]

	
Berbamine [466], Demethyleneberberine [467]




	
mTORC1/2

	
Cucurbitacin B [468],

PP242/Curcumin [469]

	
Cucurbitacin B [468]

	
Tunicamycin [470]

	
X

	
Quercetin [471]

	
X

	
X

	
Baicalein, baicalin [472]

	
X

	
4-Hydroxyderricin [473]




	
S6K1/2

	
Neferine [474]

	
Neferine [474]

	
X

	
X

	
X

	
X

	
X

	
X

	
15(S)-Hydroxyeicosatetraenoic acid [475]

	
Bufadienolide [476]




	
SREBP1

	
Emodin [477]

	
Curcumin nicotinate [478]

	
Ginger extract [479]

	
X

	
X

	
X

	
X

	
X

	
X

	
Berberine [480]




	
4EBP1

	
Luteolin [481]

	
Parthenolide [482]

	
α-Solanine [483]

	
X

	
X

	
X

	
X

	
X

	
X

	
Bufadienolide [476]




	
HIF

	
Salternamide A [484]

	
Geraniol [485]

	
X

	
X

	
D-mannose [486]

	
X

	
X

	
Baicalein, Baicalin [472]

	
Sulforaphane [487]

	
Demethyleneberberine [467]




	
GSK3

	
Grifolin [488]

	
11′-Deoxyverticillin A [489]

	
Berberine [490]

	
Resveratrol [491]

	
Nobiletin [492]

	
X

	
6-Bromoindirubin-3′-oxime [493]

	
6-Bromoindirubin-3′-oxime [493]

	
Nordentatin [494]

	
Arctigenin [495]








‘X’ indicates AKT effectors of natural product regulated cell functions that are not available according to a Google Scholar and PubMed search (retrieval date: 16 June 2022).
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