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Abstract

:

Polyphenols are a family of naturally occurring organic compounds, majorly present in fruits, vegetables, and cereals, characterised by multiple phenol units, including flavonoids, tannic acid, and ellagitannin. Some well-known polyphenols include resveratrol, quercetin, curcumin, epigallocatechin gallate, catechin, hesperetin, cyanidin, procyanidin, caffeic acid, and genistein. They can modulate different pathways inside the host, thereby inducing various health benefits. Autophagy is a conserved process that maintains cellular homeostasis by clearing the damaged cellular components and balancing cellular survival and overall health. Polyphenols could maintain autophagic equilibrium, thereby providing various health benefits in mediating neuroprotection and exhibiting anticancer and antidiabetic properties. They could limit brain damage by dismantling misfolded proteins and dysfunctional mitochondria, thereby activating autophagy and eliciting neuroprotection. An anticarcinogenic mechanism is stimulated by modulating canonical and non-canonical signalling pathways. Polyphenols could also decrease insulin resistance and inhibit loss of pancreatic islet β-cell mass and function from inducing antidiabetic activity. Polyphenols are usually included in the diet and may not cause significant side effects that could be effectively used to prevent and treat major diseases and ailments.
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1. Introduction


1.1. Polyphenolic Compounds


Polyphenols are secondary plant metabolites and are technically termed from their chemical structure of repeating phenolic moieties (i.e., a phenyl ring encompasses a benzene ring substituted with at least one hydroxyl group) with/without other functional groups (e.g., esters and glycosides). Polyphenols can be identified by several phenol rings, structural elements connecting the rings together, and substituents attached to those rings [1]. They are commonly classified into four main groups, including phenolic acids, flavonoids, stilbenes, and lignans (Figure 1) [2]. Phenolic acids can be further identified as hydrobenzoic acids and hydroxycinnamic acids, and flavonoids, which are subsequently divided into flavonols, flavones, flavanones, isoflavones, anthocyanidins, and flavanols. Over several hundred polyphenols have been discovered in edible plants such as fruits, vegetables, nuts, and seeds. Polyphenolic compounds are usually in the form of glycone (i.e., O-glycoside, with a sugar group) and later converted into an aglycone form (i.e., a nonsugar component) upon oral ingestion through a hydroxylation reaction by β-glucosidase enzymes in the digestive system before absorption via passive diffusion of protein carriers. These aglycones are then conjugated into O-glucuronides or O-sulphates in the liver and transported into the bloodstream until urinary excretion [3].



Interestingly, this individual polyphenol can generate more than one metabolite byproduct in the body, resulting in different active roles and interfering with signalling pathways for various biological activities [4]. In this review, compounds from various groups of polyphenols (Figure 2) including hydroxycinnamic acids (caffeic acid and curcumin), flavanols (quercetin), flavanones (hesperetin), isoflavones (genistein), anthocyanidins (cyanidin and procyanidin), flavanols (catechin and epigallocatechin gallate), and stilbenes (resveratrol) are focused on due to their feasibility in autophagy adapting properties and abundance in daily diets. Caffeic acid is the most abundant phenolic acid in fruits, with 75–100% of total hydroxycinnamic acid content, especially in the outer parts of ripe fruits [1]. It is available in kiwi, blueberries, cranberries, buckwheat grits, wheat kernels, and coffee [1,5,6,7,8]. For curcumin, it is a well-known active species in turmeric which is a spice broadly used in Southeast Asian countries’ cuisines and traditional medicines [9]. Quercetin is one of the most studied flavonols found in buckwheat, asparagus, citrus fruits, peaches, apples, green tea, curly kale, lovages, and dills [1,3,10]. Hesperetin can be obtained from grapefruit juice, oranges, and cheeses [11,12], while genistein’s best-known source is soy-based foods and beans, black beans, chickpeas, and peas [13,14]. Although cyanidin is considered as the most common anthocyanidin in foods and is accessible from blackberries, blackcurrants, and drinking yoghurts [1,15], there is more evidence for procyanidin’s presence in numerous fruits, vegetables, nuts, and grains such as apples, grapes, kiwi, bananas, mangoes, cherries, strawberries, tomatoes, pineapples, carrots, aubergines, potatoes, almonds, peanuts, and rice as well as chocolate and wine [16,17]. Regarding catechin, it can be found in various fruits such as grapes, apples, pears, cherries, and kiwi as well as dark chocolate, green tea, and fruit wines [18,19,20], while epigallocatechin gallate (an ester of epigallocatechin and gallic acid) is predominant in green tea, cocoa-based products, and cheese [12,21]. Unlike the other compounds, resveratrol is usually present in the diet in low quantities even though it can be found in many foods, particularly grapes, berries, peanuts, and wines [21,22].




1.2. Autophagy


Macroautophagy, otherwise known as autophagy, is a conserved catabolic mechanism, which degrades excess, unrequired, or damaged cellular components. Autophagy is under the control of several pathways and thus a target for multiple disease states, including bacterial infection [23], viral infection [24], neurodegenerative diseases [25], cancer [26], and diabetes [27]. Autophagy has been studied extensively in yeast (Saccharomyces cerevisiae) as a mechanism to stand starvation conditions [28], where the yeast cells would consume their cellular components, attempting to survive starvation, and this is the origin of the term autophagy (literally meaning self-eating). Furthermore, many genes in yeast that control autophagy have been identified and are denoted as autophagy-related genes (Atg) [29], many of these have mammalian homologs. Some of the main pathways controlling autophagy include the mechanistic target of rapamycin (mTOR) pathway and 5′ adenosine monophosphate-activated protein kinase (AMPK) signalling [30,31]. mTOR works with input from upstream pathways such as insulin, growth factors, and amino acids to sense cellular nutrient, oxygen, and energy levels [32]. AMPK inhibits the energy-intensive protein biosynthesis process, stimulates glucose uptake in skeletal muscle, and stimulates glycolysis [33]. mTOR and AMPK both negatively regulate autophagy through phosphorylation of Unc-51-like kinases ULK1 and ULK2 (mammalian homologues of Atg1) [34]. Autophagic conditions are activated through the dephosphorylation of ULK kinases as part of a complex including Atg13, Atg101 and FIP200, [35] which in turn will phosphorylate and activate Beclin-1 (mammalian homolog of Atg6), which is part of the autophagy inducible Beclin-1 complex containing PIK3R4(p150), Atg14L and the class III phosphatidylinositol 3-phosphate kinase (PI(3)K) Vps34 [36]. These two complexes (ULK and Beclin-1) then migrate to the initiation site of the autophagosome (the phagophore) [37]. The autophagosome is a double-membraned vesicle that is indicative of autophagy, which envelops the protein or organelle targeted for destruction. The formation of the autophagosome begins at the endoplasmic reticulum [38], with the construction of the omegasome (so called due to its shape resembling the Greek letter omega (Ω)). The omegasome is a subcomponent of the ER and consists of a lipid bilayer enriched in phosphatidylinositol 3-phosphate (PI(3)P) [39]. The phagophore elongates from the omegasome to engulf the target of autophagy and encircles it to become the autophagosome [40]. In mammals, the autophagosome size can vary from 500 nm to 1500 nm [41] and can be observed via several microscopic techniques, the most common of which is tracking of LC3 [42]. LC3 is a protein that is essential to autophagosome formation, LC3 (Atg 4) is cleaved by Atg 4, and this cleavage is required for the terminal fusion of an autophagosome with its target membrane, and LC3 remains associated until the last moment before its fusion. LC3 staining using immunohistochemistry reveals puncta staining under the fluorescent microscope when autophagy is activated as the LC3 is recruited to the autophagosomes. LC3 can also be monitored using western blotting analysis by tracking the cleavage of LC3BI to LC3BII [43]. Once the autophagosome has formed and contains the items to be degraded, it eventually fuses with a lysosome from what is known as the autolysosome. Inside the autolysosome, the contents, including the LC3 on the inner side, are degraded to their subsequent building blocks, in the case of proteins that would be amino acids [44].



The control of autophagy is essential in many disease states. The activation or inhibition of autophagy can be therapeutic depending on the disease, especially as autophagy may be cytoprotective or cytotoxic depending on the circumstances surrounding the induction of autophagy. For example, in the case of cancer, autophagy can protect cancer cells inside a tumour’s microenvironment that does not have access to nutrients and oxygen before angiogenesis [45]. At the same time, the activation of excessive autophagic flux can induce autophagic cell death.





2. Roles of Polyphenols in Autophagic Adaptation for Healthy Aging


2.1. Polyphenol-Mediated Autophagy in Cancer


The term cancer involves uncontrolled cell division due to complex factors, including mutations, epigenetic modifications, and environmental influences that change the behavioural pattern of the cell [46]. Although decades of study have given a broad understanding of fundamental mechanisms, with the advancement of science, new insights are often being identified through which cancer cells proliferate and evade the immune system. Moreover, during the therapeutic intervention, the cancer cells become chemoresistant towards drug treatment due to the invoking of intracellular mechanisms, including autophagy, to protect the host indicating the need for mechanism-based therapy.



In cancer, autophagy acts as a double-edged sword, both contributing to and suppressing the progression of the disease. Initially, autophagy was regarded to have tumour-suppressive functions, which could be identified from the genetic knockout, transfection studies of various autophagy-related genes in different cancer cells and experimental animals [47,48,49,50,51,52,53,54,55,56,57,58]. On the contrary, as the cancer progresses, attenuation of the autophagic process seems to be highly beneficial in the suppression of cancer as the autophagy pathway feeds the tumor cells upon hypoxia signalling and inhibits apoptosis [59,60,61,62,63]. In short, autophagy, whether beneficial or detrimental, depends on the type, stages of cancer cells, and stress involved [64]. Based on the available reports, drugs alone or in combination modulating autophagy are under clinical trials aimed to alleviate disease conditions.



Various polyphenols have shown anticancer efficacy against different types of tumors both in vitro and in vivo via autophagy modulation. Herein, we have selected several polyphenols and discussed their anticancer properties. Although the polyphenols exert anticancer efficacy through various mechanisms and numerous publications are available, only the studies related to autophagy are reviewed in the following section.



2.1.1. Luteolin


Luteolin (3′,4′,5,7-tetrahydroxyflavone) is widely observed across the plant kingdom, and the plants rich in the compound are commonly used in traditional medicinal practices for hypertension, inflammation, and cancer [65]. Luteolin showed an increase in autophagy in human colon cancer cells with wild-type p53 but not in p53 mutant cells, indicating that luteolin induces autophagy in a p53-dependent manner with a significant increase in ER stress [66]. Luteolin-induced autophagy-mediated apoptotic cell death might be due to the rise in Nrf-2 expression by DNA demethylase and the subsequent interaction between Nrf-2 and p53 [67]. Additionally, luteolin epigenetically decreases the CpG methylation of the Nrf-2 promoter by inhibiting DNA methyltransferase (DNMT) and histone deacetylase (HDAC) expression resulting in Nrf-2 activation in colon cancer cells [68]. In contrast, luteolin-induced autophagy in p53-null Hep3B cells was cytoprotective. This may be due to the cell type (lack of p53) or concentration dependence, where higher concentration leads to lethal autophagy, and lower concentration exhibits cytoprotective autophagy [69]. In hepatocarcinoma cells (SMMC-7721, Huh7), luteolin treatment alone or co-treatment with tumour necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) induced autophagic flux, promoted cell cycle arrest and sensitised the cells to apoptosis, via JNK-mediated death receptor 5 (DR5) expression [70,71].



Luteolin inhibited anchorage-independent colony growth and promoted cell cycle arrest at the G1 phase, apoptosis in lung cancer cells through regulation of peIF2α/CHOP and JNK pathway in a time-dependent manner. Further, luteolin also showed an increase in beclin-independent non-canonical autophagy mechanism accompanied by the suppression of LIM kinase-1 and related signalling pathway (p-LIMK1, p-cofilin and Ki-67) [72,73]. LIMK1, together with the downstream effector’s cofilin and Ki-67, is involved in the tumour cell filopodia formation resulting in migration, invasion, and metastasis [74]. Luteolin also exhibited selective apoptosis in cancer cells. Like normal keratinocytes (NHKs) are resistant to luteolin. Still, primary squamous cell carcinoma cells (MET1) showed higher sensitivity than metastatic (MET4) cells, which could be due to the contribution of the autophagic process as a survival mechanism. However, treatment with chloroquine, the autophagy inhibitor, along with luteolin, exhibited an increase in cytotoxicity in metastatic cells [75]. Combinatorial treatment of luteolin with silibinin inhibited angiogenic network formation, cell migration, invasion, and rapamycin-induced autophagic activity in glioblastoma (U87MG and T98G) cell suppression of PKCα. It increased the expression of the tumour suppressor miR-7-1-3p [76]. In ovarian cancer cells, luteolin treatment enhanced the sensitivity of the cells towards cisplatin treatment by suppressing poly (adenosine diphosphate (ADP)-ribose) polymerase-1 (PARP-1)-mediated autophagy [77]. PARP-1 has been reported to induce autophagy by activating liver kinase B-1 (LKB-1), AMPK and downregulating mTOR [78]. The available reports indicate that luteolin selectively targets the cancer cells and modulates autophagy to exert anticancer effects depending on the stress condition.




2.1.2. Epigallocatechin Gallate


Epigallocatechin gallate (EGCG) is the most abundant green tea polyphenol with numerous health benefits [79,80,81,82]. In colorectal carcinoma cells (HT-29), EGCG induced autophagy to inhibit the proliferation of cells through the regulation of the glycerophospholipid metabolic pathway [83]. However, in HCT116 cells, EGCG treatment prevented TRAIL-induced apoptosis by stimulating autophagic flux and downregulation of death receptors (D4, D5). In comparison, inhibition of autophagy by chloroquine sensitised the cells towards TRAIL-induced apoptosis upon EGCG treatment [84]. EGCG synergised the therapeutic efficiency of irinotecan, a drug clinically used to treat colorectal cancer by inhibiting migration, invasion and inducing DNA damage, cell cycle arrest. In addition, the combinatorial administration of compounds was found to influence the cleavage of ataxia telangiectasia-mutated (ATM) and p-ATM leading to severe DNA damage in cells. Further, the synergistic action could increase apoptosis by the augmentation of autophagy [85]. The induction of autophagy could be due to the activation of AMPK by ATM, resulting in the suppression of mTORC1 [86]. Combinatorial treatment of EGCG with cisplatin or oxaliplatin synergistically inhibited the survival of colorectal carcinoma cells (DLD-1 and HT-29 cells) by inducing autophagy, whereas knockdown of ATG-5 reversed the effect [87]. Treatment of EGCG to CC-8 cells increased the sensitivity towards radiation and inhibited cell proliferation by inducing Nrf-2-mediated autophagy [88].



EGCG at a low concentration inhibited proliferation and regulated autophagy-related proteins by inhibiting PI3K/AKT/mTOR pathway to induce apoptosis in bladder cancer cells. Further, knockdown of ATG5 could reverse the effect of EGCG-induced apoptosis, confirming the role of EGCG in autophagy induction [89]. EGCG treatment could also sensitise the gefitinib-resistant non-small cell lung cancer towards drug by inhibiting Raf/MEK/ERK-mediated pro-survival autophagy, which occurred in cells upon gefitinib treatment [90]. In breast cancer cells (4T1), EGCG inhibited the expression of HIF-1α and glucose transporter 1 (GLUT1) and induced autophagy in a dose-dependent manner. The induction of autophagy was due to the inhibition of the HIF-1α-mediated glycolytic pathway by EGCG that helps turn on the autophagy process during starvation [91]. Studies also indicate that knockdown of HIF-1α reduces glycolytic metabolism and increases cell death [92]. In silico analysis suggests that EGCG could directly interact with LC3-I, inhibit dimerization, and promote LC3-II production, thus inhibiting HepG2 cell proliferation [93]. In cisplatin-resistant oral cancer cells (CAR cells), EGCG triggered apoptosis by inhibiting AKT/STAT3 signalling and activating autophagy. In addition, EGCG also downregulated the gene and protein expression of multidrug resistance-1 (MDR-1) to promote apoptosis in cells upon drug treatment [94]. The combined delivery of EGCG and two different proteasome inhibitors bortezomib and MG132 displayed different effects on prostate cancer cells (PC3). EGCG caused resistance in PC3 cells towards bortezomib treatment by preventing proteasome inhibition and induction of ER stress. However, EGCG and MG132 treatment effectively activated apoptosis and showed cytotoxicity in cells. Further, in the presence of bortezomib, EGCG triggered pro-survival autophagy to rescue the cells from drug treatment, which was inhibited in the presence of MG132 [95]. In osteosarcoma conditions, EGCG inhibited the pro-survival autophagy induced by doxorubicin to enhance the drug’s effect. The inhibition of autophagy was due to the targeting of lncRNA SOX2OT V7 and partial inhibition of Notch3/DLL3 signalling, which could further increase the sensitivity of the cells to chemotherapeutic drugs [96]. Similar results were also reported in Hep3B cells, where the genetic knockdown of ATG-5, beclin-1, further facilitated the antitumour activity of EGCG and doxorubicin [97]. However, the same combination loaded by polydopamine coating ZIF-8 showed chemo-photothermal activity by inducing autophagy and could ablate tumours in a mouse HeLa tumour model [98] indicating EGCG targets autophagy depending on the cellular need to improve the chemotherapeutic efficiency.




2.1.3. Resveratrol


The phytoalexin resveratrol (3,4′,5-trihydroxy-trans-stilbene) occurs naturally in a wide range of plants, including grapes and berries with profound anticancer activities [99]. Furthermore, many plants cultivated in Asia as folk medicines, such as Polygonum cuspidatum, Rhodomyrtus tomentosa, Rheum undulatum, and Melaleuca Leucadendron, also contain resveratrol contributing to their medicinal properties [100,101,102,103]. Resveratrol treatment mediated both canonical (Beclin-1 dependent) and non-canonical autophagy (independent of Beclin-1, ATG-5), increasing LC3B lipidation and reducing apoptosis in A549 cells by activating Sirt-1, p38-MAPK pathway and inhibiting Akt/mTOR. Use of 3-methyladenine or Sirt-1 inhibitor (nicotinamide) enhanced the antitumour activity of resveratrol [104,105]. Further, resveratrol sensitised A549 cells towards TRAIL-mediated cell death by suppressing Akt/NF-κB, increasing cytochrome-c translocation and mitochondrial dysfunction independent of autophagy, p53 mechanism [106]. Resveratrol inhibited breast cancer stem cells (BCSC; isolated from MCF-7 cells) and caused cell cycle arrest by inducing autophagy via the suppression of the Wnt/β-catenin signalling pathway [26]. During cancer, Wnt/β-catenin signalling is deregulated, resulting in cell proliferation and shows cross-talk with autophagy through negative regulation. On the other hand, autophagy activation inhibits the pathway by degrading Dvl or β-catenin [107,108,109]. Opposed to BCSC cells, resveratrol could potentiate long-term apoptosis and senescence induced by acute treatment with doxorubicin but with cytoprotective autophagy activation to resist apoptosis, which was reversed upon inhibition of autophagy in MCF-7 cells [110]. Resveratrol treatment in cancer cells downregulated TP53-induced glycolysis and apoptosis regulator (TIGAR) expression, resulting in the subsequent reduction of glutathione, ROS accumulation, and activation of protective autophagy, wherein use of appropriate autophagy inhibitors induced cell death, suggesting combination therapy for cancer treatment [111]. Although TIGAR inhibits the glycolytic pathway, increased protein expression has been reported in cancer cells, indicating that it activates survival mechanisms through other mechanisms. Reports suggest that knockdown of TIGAR enhances drug-induced ROS generation and directly inhibits mTOR activation resulting in autophagy and subsequent increase in apoptosis [112]. Resveratrol treatment also induced the level of autophagy-related proteins, including LAMP1, Atg7, LC3B, PINK1 and PARK2, accompanied by an increase in the cellular lysosome, ROS, and impairment of energy metabolism [113]. In human ovarian cells, resveratrol treatment triggers autophagy with subsequent reduction in apoptosis, which was further reversed by inhibition of autophagy [114]. Transcriptomic and microRNA profiling studies have shown that resveratrol treatment modulates several genes and microRNAs involved in the locomotion, migration, and invasion in ovarian cancer cells. Further, resveratrol triggers autophagy via upregulating the expression of the tumour suppressor ARH-1 and inhibition of STAT3 activation [115,116]. Resveratrol treatment blocks glucose uptake in ovarian cancer cells, triggers starvation-like signalling response (inhibition of Akt/mTOR) and upregulates LMP level resulting in the cytosolic translocation and activation of cathepsin L to promote autophagy-mediated cell death [117,118]. Resveratrol was found to inhibit the stem cell-like characteristics, migration, and invasion of pancreatic cancer both in vitro and in vivo by Nrf-2-mediated mitigation of nutrient-deprivation autophagy factor-1 (NAF-1) [119,120]. NAF-1 has been previously reported to inhibit beclin-1-dependent autophagy and promote longevity indicating that resveratrol induces autophagy during pancreatic cancer to exhibit anticancer effect [121]. Resveratrol could sensitise TRAIL-resistant renal cancer cells (786-0 and OS-RC-2) towards TRAIL treatment and promote apoptosis via upregulation of autophagy [122]. In human cholangiocarcinoma cell lines (KKU-213 and KKU-100), conditioned medium from cancer-associated fibroblasts (CAFs) stimulated the secretion of IL-6, which further helped in the migration of cancer cells. Further, the E/N cadherin switch was activated that acts as a hallmark for the invasive behaviour of cholangiocarcinoma cells accompanied with inhibition of autophagy. However, resveratrol treatment inhibited cell migration by suppressing IL-6 secretion, inducing N/E cadherin switch (mesenchymal to epithelial transition) and augmenting autophagy [123]. In the bone cancer pain induced model of Sprague Dawley rats, resveratrol administration significantly downregulated the expression of acid-sensing ion channels 3 (ASIC3) to alleviate the pain. Further, in SHSY-5Y cells transfected with ASIC-3, resveratrol treatment in a dose-dependent manner regulated ASIC-3 expression and activated the AMPK-SIRT1-autophagy signal pathway [124]. Resveratrol induced autophagy via AMPK/Akt/mTOR pathway and exhibited cytotoxicity in a caspase-dependent manner in cisplatin-resistant oral cancer cells and pancreatic cancer cells [125,126]. Resveratrol was reported to induce protective autophagy in HGC-27 cells, which was attributed to increased intracellular dihydroceramide (ceramide metabolic precursor) levels due to the inhibition of dihydroceramide desaturase enzymatic activity [127]. Similar results were also observed in melanoma B16 cells, where resveratrol treatment induced protective autophagy mediated via Ceramide/Akt/mTOR pathway [128]. Resveratrol induced both intrinsic (increase in Bax/Bcl-2) and extrinsic (caspase activation) apoptotic pathways in the human promyelocytic leukemia cell line (HL-60). Further, resveratrol activated the LKB1-AMP pathway, inhibited PI3K/AKT signalling and contributed to mTOR inhibition for autophagy induction, which further triggered cell death [129]. In human colorectal cancer cells, resveratrol treatment triggered autophagy and induced apoptosis dependent on class III PI3K (Vps34). Further, genetic knockout of Lamp2b abrogated autophagolysosome formation and cell death induced by resveratrol [130].




2.1.4. Curcumin


Curcumin [1,7-Bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene 3,5-dione], obtained from Curcuma longa is one of the most studied phytochemicals for a range of biological functions including anti-inflammation, neuroprotective, antidiabetic, and anticancer ones [131]. In human colon carcinoma cells (HCT-116 cells), curcumin-mediated cytotoxicity was attenuated by the expression of c-Jun NH2-terminal kinase (JNK)/stress-activated protein kinase associated protein 1 (JSAP1), a scaffold protein involved in JNK signaling pathway and lysosomal transport with an increase in autophagy. Knockout of JSAP1 attenuated autophagic flux and sensitised the cells towards curcumin treatment [132]. Curcumin treatment in colorectal cancer cells evoked pro-survival autophagy via cathepsin C, the lysosomal acid hydrolase, to offer chemotherapeutic resistance in cancer cells. However, silencing of cathepsin C followed by curcumin treatment ER stress, autophagic dysregulation, and cathepsin B mediated lysosomal permeabilization resulting in apoptosis [133]. Further, cytoprotective autophagy is also increased through the transcriptional activation of transcription factor EB (TFEB) in HCT-116 cells by curcumin. An increase in TFEB activity was due to mTOR inhibition, which negatively regulates the transcription factor [134]. On the contrary, curcumin-induced autophagy promoted tumour growth inhibition via downregulation of yes-associated protein (YAP), which is involved in cell proliferation, promoting malignant cell transformation, and controlling autophagy has been reported in HCT116 cells [135,136,137]. Further, curcumin mitigated the mTORC1 kinase activity in Caco-2 cells and significantly attenuated the expression of insulin receptor substrate-1 (IRS-1), p-AKT, p-PRAS40, and Rapt, or resulting in the simultaneous activation of the MAPK pathway. Curcumin treatment upregulated the expression of LKB1, AMPK, and AMPK-mediated phosphorylation of TSC2, indicating the role of autophagic tumour suppression [138]. Curcumin was also found to induce autophagy in LGR5(+) colorectal cancer stem cells and promote apoptosis. In addition, RNASeq analysis showed that curcumin treatment inhibited the oncogenic TFAP2A-mediated ECM pathway by negatively regulating the associated genes, including COMP, LAMA5, and ITGA1, wherein TFAP2A expression is associated with poor prognosis in cancer patients [139]. Previous reports have indicated that TFAP2 inhibition promotes ferroptosis and inhibits the migration and invasion of cancer cells and there exists a cross talk between autophagy and ferroptosis [140,141]. In line with this, curcumin has also been reported to induce ferroptosis in non-small cell lung carcinoma mediated through autophagy [142]. Combinatorial treatment with curcumin and gefitinib inhibited epidermal growth factor receptor (EGFR) by attenuating Sp1, and HDAC1 binding induced EGFR transcription activity resulting in autophagy and sensitised A549 cells from gefitinib resistance [143]. Moreover, curcumin mediates human GD3 synthase (hST8Sia I) gene transcription through AMPK activation and induces autophagy. Enhanced hST8Sia I gene expression is further associated with an increase in ganglioside GD3 expression, which plays an important role in autolysosome formation and maturation by interacting with LC3 and LAMP1 [144,145]. Curcumin has been shown to induce cell cycle arrest, autophagy, autophagy flux, cellular senescence and enhanced apoptosis in cervical cancer cells [146], while promoting protective autophagy and apoptosis through the suppression of AKT/mTOR/p70S6K signalling pathway in ovarian cancer cells. Combinatorial treatment with the autophagy inhibitor chloroquine suppressed the autophagy and further enhanced curcumin-mediated cell death [147]. Curcumin attenuated HepG2 cell proliferation and induced apoptosis by autophagy-mediated suppression of glypican-3 (GPC-3) and wnt/β-catenin signalling pathway. GPC-3 is involved in proliferation, invasion, metastasis, and is highly expressed in hepatocellular carcinoma tissues [148,149]. Further, knockdown of GPC-3 has been reported to inhibit the proliferation of Huh-7 cells by the downregulation of YAP, which could have been the reason for the induction of autophagy by curcumin [150]. Combinatorial treatment of curcumin and docetaxel in oesophagal squamous cell carcinoma mitigated the migration, invasion of cancer cells and further induced apoptosis, autophagy-mediated through PI3K/AKT/mTOR pathway, where inhibition of autophagy was found to increase the apoptosis indicating the activation of pro-survival autophagy upon drug treatment [151]. Curcumin was reported to epigenetically restore the expression of miR-143/miR-145 cluster by reducing CpG methylation of miR-143 promoter and reducing the expression of DNMT1, DNMT3B in prostate cancer cells. miR-143 is regarded as a tumour suppressor and inhibitor of cancer cell metastasis, with an additional role in regulating autophagy. In line with the report, upregulation of miR-143 by curcumin inhibited autophagy in prostate cancer cells via downregulating ATG2B and sensitised the cells towards irradiation [152,153].




2.1.5. Quercetin


Quercetin (3,3′,4′,5,7-pentahydroxyflavone), widely found in tea, red wine, broccoli, apple, and in many other products, has several immunomodulatory effects in humans. Quercetin inhibited A549 cell proliferation and enhanced TRAIL-mediated cell death by activating the autophagy process via the SIRT-1/AMPK pathway in a dose-dependent manner [154,155]. Similar to curcumin, quercetin also promoted lysosomal activation, autophagy and ferroptosis through the activation of TFEB, induced p53-independent cell death [156], and inhibited cancer cell migration and invasion by inhibiting JAK2/STAT3 pathway in hepatocellular carcinoma cells [157]. Quercetin treatment in pancreatic cancer cells in combination with gemcitabine downregulated Hsp70 and promoted autophagy and apoptosis [158]. Overexpression of Hsp70 is associated with inhibition of autophagy and progression of carcinogenesis [159,160]. The receptor for advanced glycation end products (RAGE) is being overexpressed in various cancer cells, including pancreatic cancer, resulting in the development of drug resistance. Quercetin co-treatment with gemcitabine in MIA Paca-2 and MIA Paca-2GEMR (gemcitabine resistant) cells induced cytotoxicity by increasing chemosensitivity, suppressing RAGE expression and inducing autophagy via RAGE/PI3K/AKT/mTOR axis [161].



Further, quercetin inhibited breast cancer metastasis both in vitro and in vivo by suppressing glycolysis and inducing autophagy via Akt/mTOR pathway [162]. In ovarian cancer cells, quercetin treatment through ER-stress mediated p-STAT3/Bcl-2 axis induced cytoprotective autophagy, which was attenuated with autophagy inhibitors [163]. Co-treatment with quercetin and chloroquine induced oxidative ER stress followed by calcium imbalance and promoted cell death in glioma cells. In addition, the co-treatment further enhanced quercetin-mediated LC3B expression along with an increase in p62, indicating that lysosomal inhibition plays a significant role in the death of glioma cells [164]. In osteosarcoma cells, quercetin treatment augmented NUPR-1-mediated autophagic cell death accompanied by the increase in ROS level [165]. Evidence indicates that NUPR-1 helps in the transcriptional activation of genes involved in autophagosome formation and is also involved in cell cycle regulation, DNA repair and apoptosis [166,167]. Quercetin induced intrinsic mitochondrial apoptosis and exerted DNA damage by activating the ATM-CHK-p53 pathway in Jurkat T cells and induction of cytoprotective autophagy, whereas inhibition of autophagy potentiated BAK-dependent apoptotic death [168]. Quercetin treatment promoted the expression of Apoptosis-Stimulating Protein of p53-1 (ASPP-1), an activator of p53 through the activation of the zinc-finger nuclear transcription factor Early Growth Response-1 (EGR-1) and exhibited cytotoxicity in human colorectal carcinoma cells. Further, knockdown studies indicated that EGR-1/ASPP-1 downregulated cytoprotective autophagy activation upon quercetin treatment and enhanced apoptosis in the cancer cells [169]. Autophagy inhibition could be due to the ability of ASPP-1 to inhibit large tumour suppressor-1 (LATS-1) and prevent the phosphorylation and proteosome degradation of YAP and TAZ (transcriptional coactivator with PDZ-binding motif), as YAP negatively regulates the autophagy process [170].



Quercetin induced complete autophagy in Burkitt lymphoma by inhibiting PI3K/AKT/mTOR resulting in the reduction of c-Myc, which plays a critical role in the disease [171]. Du et al. (2015) have demonstrated that the combination of quercetin and transfecting human gastric cancer cell lines with miR-143, which was initially downregulated in the cancer cells, inhibited autophagy via GABARAPL1 (ATG-8) suppression and increased the chemosensitivity of the cells towards quercetin [172].




2.1.6. Silibinin


The hepatoprotective drug silibinin is isolated from Silybum marianum with reported anticancer effects [173]. In glioblastoma cells, silibinin induced autophagy through Akt/mTOR pathway, Hippo pathway (YAP) and mediated apoptosis through caspase-3, PARP cleavage. However, chloroquine treatment inhibited autophagy and further enhanced the level of apoptosis, indicating activation of cytoprotective autophagy by silibinin [174]. Additionally, the nuclear translocation of apoptosis-inducing factor (AIF) accompanied by activation of autophagy by the suppression of glycolysis causing ATP deficiency in glioma cells has been reported. Silibinin-induced autophagy increased the mitochondrial accumulation of Bcl-2/adenovirus E1B 19-kDa-interacting protein 3 (BNIP3) by augmenting H2O2 levels in cells via depletion of glutathione. In addition, silibinin also induced autophagy-dependent phosphorylation of p53 resulting in apoptosis of glioma cells [175]. Involvement of autophagy-mediated BNIP3 activation was also observed in breast cancer cells [176]. Silibinin has been reported to induce AIF nuclear translocation in a concentration-dependent manner, which is also dependent on the expression of estrogen receptor α/β (ER- α/β). Silibinin treatment significantly attenuated the mitochondrial and extra-mitochondrial expression of ER- α, while a reversal in effect was observed in the case of ER-β. ER-α downregulation is further accompanied by autophagy activation, increasing AIF translocation and apoptosis [177]. Si et al. (2020) reported that silibinin inhibits EMT transition and metastasis by augmenting the expressions of E-cadherin and suppressing matrix metalloproteinases respectively in breast cancer cells. In addition, silibinin disturbed mitochondrial biogenesis by downregulating mitochondrial transcription factor A (TFAM), PGC-1γ and Nrf-2 accompanied with inhibition of the NLRP3 inflammasome activation and metastasis [178]. Silibinin-induced mitochondrial fission showed impaired mitochondrial dynamics, mitochondrial biogenesis in breast cancer cells accompanied by autophagy and mitophagy. Suppression of mitophagy through knockdown of Pink and Parkin-1 further enhanced apoptosis in varying degrees in MCF-7 (ER-positive) and MDA-MB-231 (ER-negative) cells indicating silibinin-induced mitophagy is cytoprotective. However, studies with agonists and antagonists show that the ERs pathway is not involved in activating mitophagy by silibinin but acts in parallel to exhibit the effect [179]. ER-α activation augments protective ROS/RNS generation in cells and inhibits autophagy resulting in cell survival. At the same time, silibinin treatment was reported to inhibit ER-α and promote ER-β resulting in autophagy and apoptosis. However, ER-β does not influence silibinin-induced autophagy, indicating that both pathways act parallel [180,181]. In HeLa/SW1990 cells, silibinin induced JNK-mediated p53 activation resulting in autophagy and apoptosis [182,183]. Silibinin attenuated the cancer cell metastasis and epithelial to mesenchymal transition through the autophagy-dependent (AMPK/mTOR) downregulation of the Wnt/β-catenin pathway. β-catenin has been previously reported to be degraded through the autophagy-lysosome system, which might have resulted in suppressing the signalling pathway [184,185]. In human colon cancer cells (both primary and metastatic), silibinin treatment activated both extrinsic (TRAIL receptors, caspase-8, 10, Bid) and intrinsic (cytochrome-c, caspase-9) apoptotic pathways associated with induction of cytoprotective autophagy [186]. Human fibrosarcoma cells treated with silibinin showed an increase in ROS-mediated expression of p38 and NFκB, resulting in autophagy and cell death [187]. Silibinin protects A431 cells from UVB induced apoptosis through activation of autophagy. UVB irradiation has been reported to downregulate the IGF-1R-PI3K-Akt axis, which conversely regulates autophagy. Silibinin downregulates the expression of IGF-1R, with subsequent autophagy activation and protect against skin cancer [188]. Similarly, upon silibinin treatment, mice exposed to UVB promoted epidermal autophagy and decreased p53 activation and protected against skin erythema [189].



As discussed earlier, the polyphenols can either inhibit or induce autophagy depending on the conditions, which may also affect the sensitivity of the cells to apoptosis. Hence, a combinatorial approach with the use of autophagy inhibitors is needed to overcome the barrier. Further, most of the polyphenols exert a synergistic effect and mitigate the chemoresistance when supplemented along with already existing anticancer drugs. This approach can also be implemented, which would reduce the need for high-dose administration when administered alone and mitigate the adverse effect of synthetic drugs [190].





2.2. Polyphenol-Mediated Autophagy in Diabetes Mellitus (DM) and Associated Complications


Diabetes and its associated complications are regarded as chronic metabolic conditions and have become a considerable threat worldwide due to increased longevity and poor lifestyle. Diabetes mellitus is accompanied by several other complications, including diabetic nephropathy, diabetic retinopathy, diabetic neuropathy, and diabetic cardiomyopathy [191]. Under hyperglycemic conditions, several metabolic pathways are modulated, resulting in the generation of ROS, advanced glycation end products (AGEs), leading to oxidative stress, ER stress, inflammation, and impaired autophagy [192,193,194,195]. Accumulating evidence shows a reduction in autophagy during diabetes conditions, and reports have pointed out that increased insulin resistance downregulates the genes involved in the autophagic pathway, abrogating the degradation of lipid droplets, a process termed lipophagy, which in turn contributes to insulin resistance [196,197,198,199,200]. In contrast, pancreatic samples from diabetic individuals showed increased dead β cells with massive vacuole overload, indicating autophagy-mediated apoptosis [201], implying autophagy, like in any other disease, can play both beneficial and detrimental effects in diabetes.



Polyphenols with high antioxidant and anti-inflammatory potential, besides influencing glucose uptake, metabolism, inhibition of glucose absorption and improving insulin secretion, also modulate autophagy under hyperglycemic conditions [202,203]. In individuals with T2DM, insulin and human islet amyloid polypeptide (hIAPP) co-express in the pancreatic beta cells, forming amyloid deposits to disrupt the cell function. Resveratrol treatment in INS1 cells (isolated from rat insulinoma) overexpressing hIAPP reduced amyloid formation through activation of autophagy and restored insulin secretion [204]. Resveratrol administration in streptozotocin (STZ)-induced diabetic mice improved muscle function, inhibited ubiquitin–proteasome system, and autophagy in muscles. Histopathological observation showed improved mitochondrial content, preventing mitochondrial fission, fusion (downregulation of p-Drp-1, Fis-1), and increased mitochondrial biogenesis (Nrf-1, Pgc-1α). In addition, resveratrol treatment attenuated muscle mitophagy by downregulating BNIP3L, PINK1, and Parkin expression [205]. In STZ-induced diabetic mice, resveratrol extenuated glucose and insulin tolerance and mitigated oxidative stress parameters. Further, in beta cells of pancreatic islets of the type-1 diabetic mice (T1DM), resveratrol upregulated CXC chemokine ligand 16 (CXCL16) expression, which works as a scavenger receptor for ox-LDL accompanied with reduction of ox-LDL expression and inhibition of coagulation cascade by downregulating tissue factor (TF). In addition, resveratrol mitigated autophagy in the beta cell of pancreatic islets in T1DM and restored the islets architecture [206].



Resveratrol enhanced the interaction between AMPK and JNK1 and JNK-1-mediated interruption of Beclin1-Bcl-2 complex in cardiac myocytes cells exposed to high glucose content to induce autophagy and inhibit apoptosis. Further, it also downregulated the expression of connexin-43 (a negative regulator of autophagy) and apoptosis-associated marker proteins (Bax) [207,208,209]. Additionally, resveratrol enhanced the DNA-binding ability of FOXO1 to the promoter of Rab7 through the SIRT1-dependent pathway and activated autophagy in the myocardium of diabetic mice [210]. Rab7 is involved in the regulation of autophagy, and its knockdown results in an impaired autophagy process [211]. In addition, under ischemic/reperfusion conditions, resveratrol protected the myocardium by inducing autophagy and blocking inflammatory cytokines [212].



In a mouse model (C57BL/KsJ db/db) of diabetic nephropathy and human podocytes treated with high glucose, resveratrol induced autophagy and inhibited apoptosis. Silencing of Atg-5 or the use of autophagy inhibitors reversed the protective effects indicating a resveratrol-mediated protective effect through the autophagy pathway [213]. In T2DM nephropathy rats, resveratrol treatment downregulated the expression of pro-inflammatory cytokines and ameliorated renal dysfunction, with an increase in Sirt-1, hypoxia-induced (BNIP3) autophagy activity [214]. Under chronic diabetic nephropathy conditions in mice, resveratrol administration protected the diabetic kidney by inducing autophagy and attenuated glomerular injury. Induction of autophagy and suppression of apoptosis occurred with the significant upregulation of microRNA-18a-5p. Knockdown of Atactic Telangiectasis Mutation (ATM), a target gene of microRNA-18a-5p, increased autophagy and inhibited apoptosis [215]. On the contrary, resveratrol alleviated diabetic nephropathy conditions by attenuating oxidative stress and insulin resistance and augmenting AMPKα/mTOR-mediated autophagy induction in STZ-induced diabetic rats. In addition, resveratrol also improved lipid metabolism through the upregulation of lipolysis related proteins (PPARα, CPT-1) and downregulating lipogenic related proteins (SREBP-1c, ACS) [216]. The silencing of sterol regulatory element-binding proteins (SREBPs) has been reported to attenuate PERK-mediated apoptosis [217]. In T1DM, resveratrol treatment significantly attenuated testicular apoptotic cell death by preventing oxidative damage (inhibition of 3-nitrotyrosine, 4-hydroxynonenal) and augmentation of the Nrf-2-mediated antioxidant pathway. In addition, resveratrol downregulated the expression of p-GSK-3β, p-Akt accompanied with the upregulation of the negative regulators of Akt (PTEN, TRB3 and PTP1B. Further, resveratrol also promoted autophagic degradation of Kaep-1, thereby disrupting Kaep-1-Nrf-2 interaction and activating Nrf-2 [218].



Diabetic retinopathy conditions in Müller cells induced by high glucose were attenuated by the treatment with EGCG resulting in enhanced autophagy and reduced apoptosis [219]. Oxidative stress-mediated mitochondrial dysfunction in the heart of T2DM Goto–Kakizaki rats and STZ-induced diabetic mice were significantly attenuated by the administration of EGCG accompanied with FOXO1/SIRT-1-mediated autophagy [220,221]. Lipid accumulation in pancreatic beta cells results in the dysfunction of cells causing impaired insulin secretion and development of diabetes [222]. Kaempferol treatment to RIN-5F cells upon exposure to palmitic acid inhibited intracellular lipid accumulation with reduced expression of proteins localised on the surface of lipid droplets (Plin2 and Plin3). Kaempferol abolished palmitic acid-induced lipid droplets by enhanced lipophagy through the AMPK/mTOR pathway. Induced autophagy by kaempferol also attenuated ER stress and restored β-cells function [223,224].



Silibinin treatment protected INS1 cells from the toxic effects of TNF-α and IL-1β by augmenting autophagy through the activation of ER-α/β [225]. Under high-glucose conditions, silibinin maintained the viability of HUVEC cells by abolishing oxidative stress and increasing autophagy [226]. In STZ-induced diabetic mice, silibinin administration reduced apoptosis in pancreatic beta cells by modulating autophagy via SIRT-1 regulation [227]. Isohamnetin administration in T2DM rats restored adipose tissue and myofibrils architecture and downregulated mTOR, IGF1R and AKT in the skeletal muscle and adipose tissue. In addition, an increase in miR-1 and miR-1363 expression was also reported, associated with reduced expression of LncRNA-RP11-773H22.4 [228]. Moreover, diabetic nephropathy conditions were also significantly attenuated, accompanied with the epigenetic modulation (miR-15b, miR-34a and miR-633)-mediated activation of autophagy-related genes (FYCO1, ULK, TECPR1 and WIPI2) and autophagosome formation [229].



Baicalin administration was shown to reverse hyperglycemia-inhibited development of early chick embryos, and inhibit malformation of embryonic cardiovascular system and apoptosis through the suppression of oxidative stress and autophagy [230]. Punicalagin treatment improved the liver functions of type-2 diabetic mice (T2DM) and protected high-glucose-treated HepG2 cells through the Akt/FoxO3a signalling pathway [231]. In the T1DM rat model, the isoflavonoid puerarin downregulated FOXO-3a with subsequent reduction of the muscle atrophic markers Atrogin-1, Murf-1 and promoted muscle transformation from oxidative type (slow or type I fibres) to glycolytic type (fast or type II fibres). The suppression of FOXO-3a mediated Atrogin-1 downregulation. Furthermore, the compound treatment mitigated autophagy and enhanced Akt/mTOR signalling in L6 myotubes upon treatment with high glucose [232]. The A-type procyanidin oligomer cinnamtannin D1 protected pancreatic beta cells from glucolipotoxicity by activating and restoring impaired autophagy via the AMPK/mTOR/ULK1 pathway. Autophagy activation further induced Keap1/Nrf2 antioxidant pathway and attenuated ER stress (PERK, CHOP) and inflammation-related proteins (JNK, NFκB) and protected the cells from apoptosis. Similar results were also observed in the pancreas of diabetic mice (C57BKS db/db), indicating the protective effect of the compound [233].



In diabetic nephropathy conditions, dihydromyricetin promoted autophagy through the regulation of miR-155-5p and its target gene PTEN and PI3K/AKT/mTOR pathway under both in vitro and in vivo conditions [234]. Similarly, in high-glucose-induced cardiomyocytes and diabetic mice, dihydromyricetin inhibited miR-34a, resulting in the activation of autophagy, where complete inhibition resulted in impaired autophagy, indicating that a low level of miR-34a is needed to exhibit the protective effect of the compound [235]. In T2DM rats with erectile dysfunction, either icariside II treatment alone or with metformin improved erectile function, alleviated oxidative stress and attenuated mitochondrial autophagy through activation of PI3K-AKT-mTOR signalling pathway [236,237]. The citrus flavonoid naringin protected HUVEC cells from high-glucose/high-fat toxicity by attenuating the autophagic flux through the PI3K-Akt-mTOR pathway [238]. Delphinidin-induced autophagy mediated through AMPK protected pancreatic beta cells from high glucose injury [239]. Pelargonidin-3-O-glucoside derived from wild raspberry showed resistance against high glucose and high fat in HepG2 cells and enhanced glucose uptake through autophagy induction mediated by the activation of TFEB. In addition, the compound also showed an antidiabetic effect in db/db diabetic mice via the exact mechanism as observed in HepG2 cells. Pelargonidin-3-O-glucoside administration modulated the gut microbiota, especially with the increase in abundance of Prevotella, which is associated with increased glucose metabolism [240].




2.3. Polyphenols-Mediated Autophagy in Neurodegenerative Diseases


Neurodegenerative diseases are a range of diseases of the brain, including Parkinson’s disease (PD) and Alzheimer’s disease, which result in neuron damage, brain atrophy, and consequently, the loss of cognitive or physical abilities. Several factors, including oxidative, endoplasmic stress, impairment in protein folding machinery, defects of damaged protein/organelle clearance mechanism, play key roles in the disease pathogenesis [241,242,243,244,245,246,247,248] and targeting these mechanisms alleviates the condition and offers neuroprotection.



The wide range of polyphenolic compounds that are found in many kinds of berries, fruits, and vegetables with potent antioxidant capacity can activate and inhibit a vast number of pathways involved in these diseases [249]. A selection of polyphenolic compounds is discussed below with regards to modulating autophagy under neurodegenerative conditions.



2.3.1. Phenolic Acids


Phenolic acids are one of the most common types of polyphenols. They are abundant in berries, almonds, coffee and tea, and whole grains [250,251]. Several phenolic acids, including ferulic acid, caffeic acid, caffeic acid phenyl ester, rosmarinic acid, p-coumaric acid, sinapic acid, cinnamic aldehyde, salicylic acid, acetylsalicylic acid, protocatechuic acid, gallic acid, tannic acid, homovanilic acid, syringic acid, and ellagic acid, have been reported as having neuroprotective potential [252].



Ferulic acid exhibited its antidepressant property by various mechanisms such as by enhanced level of monoamine oxidase (MAO) in the hippocampus and frontal cortex, serotonin and noradrenaline level on the hypothalamus [253,254]. Ferulic acid also enhanced antioxidant biochemicals like SOD, CAT, GPx in the cerebral cortex region while decreasing the level of TBARS in blood, hippocampus, and cerebral cortex in rodents [255]. Some studies have suggested that ferulic acid is responsible for the significant upregulation of BDNF, postsynaptic density protein (PSD95), and synapsin I level in mice’s prefrontal cortex and hippocampus [256]. Ferulic acid exhibited ameliorative potential in PD to attenuate the level of total protein, lipid peroxidase, IL-1β, IL-6, Bax/Bcl2 ratio, calcium-binding adaptor molecule (Iba-1) and GFAP hyperactivity [257,258].



Caffeic acid also plays a significant protective role in PD by decreasing the level of α-synuclein level [259] while the caffeic acid phenylethyl ester showed therapeutic potential against Huntington’s disease by reduction of striatal damage, immunoreactivity to glial GFAP, and lymphocyte common antigen (CD45) (markers of astrocyte and microglia activation) [260]. Furthermore, caffeic acid has been shown to activate JNK/Bcl-2-mediated autophagy which in turn reduces α-synuclein expression [261], and multiple other studies have demonstrated caffeic acid to be involved in the regulation of autophagic processes and preventing ER stress which is a critical player in neurological disease [262,263].



Chlorogenic acid exhibited therapeutic potential against depression by enhancing the enhancing synapsin-I expression (via 5-hydroxytryptamine receptors) and stimulation of axon and dendrite growth, promotion of serotonin release [264]. Chlorogenic acid also exhibited antiepileptic potential by reducing the lipid peroxidation and nitrite content and the mRNA expressions of N-methyl-d-aspartate receptor, metabotropic glutamate receptor 1 and metabotropic glutamate receptor 5 [265].



Multiple studies link chlorogenic acid to autophagy regulation regarding neurodegenerative diseases. Chlorogenic acid ameliorates the detrimental effects of amyloid-beta (Aβ(25–35)) in both SH-SY5Y cells and rats. Aβ(25–35) treatment to SH-SY5Y cells was shown to induce increased autophagic flux and autophagosome production, putting pressure on cell metabolism and leading to neuron cell death [266]. Chlorogenic acid treatment of SH-SY5Y cells exposed to Aβ(25–35) reduced LC3-I conversion to LC3-II, Atg-4 and Beclin-1 expression, suggesting that chlorogenic acid suppress the production of autophagosomes [267]. Furthermore, mTOR phosphorylation is affected by chlorogenic acid in SH-SY5Y cells exposed to Aβ(25–35), indicating an increase in lysosomal activity. This suppression of autophagy and activation of lysosomal activity was also confirmed in mice [267].



Rosmarinic acid exhibited attenuation of seizures, mitigation of the oxidative stress, augmentation of the activity of defensive systems, reduction of MDA and nitrite content and increase of CAT activity; prevention of the hippocampal neuronal loss in CA1 and CA3 regions as well as reduction of the levels of free radicals and DNA damage in the kindling CF-1 [268,269]. Rosmarinic acid is also responsible for the downregulation of mitogen-activated protein kinase phosphatase-1, upregulation of BDNF. Rosmarinic acid also counteracted the stress-induced tauopathy by efficient suppression of the elevation of P-tau and insoluble P-tau formation. It also exhibited antiparkinson effects by preventing the loss of dopaminergic neurons in substantia nigra pars compacta, lowered iron reactivity, and attenuated MDA and nitrite levels in the midbrain [270,271].



Cinnamic aldehyde reversed various abnormalities such as exploratory behaviour, central ambulation and total ambulation-anxiety behaviour, rearing, grooming, immobility period by reducing COX-2 protein activity PGE2 concentrations in the frontal cortex and hippocampus [272].



Protocatechuic acid with its antioxidant potential attenuated the loss of neurons by inducing Nrf2-related factor 2 protein expression, upregulation of the expression of antioxidant enzymes such as heme oxygenase-1, SOD, CAT; decreasing MDA, NF-κB, and iNOS levels. Protocatechuic acid also exhibited its antiparkinson effect by increasing tyrosine hydroxylase and dopamine receptor D2 and reducing iNOS expression in striatum and midbrain [273].




2.3.2. Flavonoids


Flavonoids have a long history of being used in medicine to treat various diseases [274]. They are a dominant class of medicinal agents due to their diversity, wide distribution, and ease of isolation. Flavonoids are essential building blocks for synthesising many medications and can also be used as natural products. Therefore, they play a crucial role in drug development and discovery [275]. More than 7000 flavonoids have been identified thus far in natural sources such as medicinal plants, vegetables, fruits, and wines. Flavonoids can attach to various bodily proteins transporters, enzymes, hormones, DNA, and also act as metal chelators and free radical scavengers due to their antioxidant potential [276]. Earlier literature has reported a plethora of pharmacological studies that suggest their utility in managing diabetes mellitus (DM), cancer, cardiovascular diseases, neurological disorders, inflammation, and microbial disease [276,277]. Recent research has found that consuming flavonoid-rich meals daily can help humans improve their cognitive capacities [278,279].



Furthermore, some flavonoids have been shown to slow the progression of Alzheimer’s disease (AD) pathology, owing to their capacity to alleviate cognitive deficits in various standard and transgenic preclinical animal models [279]. The interactions of flavonoids and their metabolites with different cellular and molecular targets are responsible for the positive benefits of foods high in flavonoids, such as chocolate, green tea, and blueberries [280]. Flavonoids’ interactions with receptors in the ERK and PI3-kinase/Akt signalling pathways, for example, have been shown to increase the expression of neuromodulatory and neuroprotective proteins, as well as the quantity and strength of various types of neurons [281,282]. Moreover, their favourable effects on the cerebrovascular system can improve individuals’ cognitive performance by increasing blood flow and stimulating neurogenesis in the brain. Several new mechanisms for flavonoids’ positive effects have lately been discovered [283]. Flavonoids slow the onset and progression of Alzheimer’s disease-like symptoms and other neurodegenerative illnesses, which could be due to the inhibition of neuroinflammation, oxidative stress, and inhibition of key enzymes involved in forming amyloid plaques and other toxic products [284]. Flavonoids exert their neuroprotective effects by preserving neuronal quality and number in critical brain areas, preventing the onset/progression of illnesses that cause a decline in cognitive function.




2.3.3. Stilbenes


The antioxidant and anti-inflammatory characteristics of stilbenoids are primarily responsible for their neuroprotective effects [285,286,287]. Neurodegenerative illnesses like Parkinson’s and Alzheimer’s are linked to oxidative stress and mitochondrial malfunction, which causes neurons to lose function and die [288]. Resveratrol protects neurons from ROS and enhances motor coordination in mice with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced parkinsonism by scavenging hydroxyl radicals [289]. Saleh et al. showed that resveratrol could inhibit microglial activation by suppressing NFkB signalling and protect against dopaminergic neurotoxicity caused by LPS [290]. Alzheimer’s disease is marked by the formation of amyloid-beta protein plaques in the hippocampus and cerebral cortex. Amyloid-beta aggregation is necessary for the aetiology of Alzheimer’s disease [291]. Amyloid-beta is also thought to contribute to oxidative damage in neurons by causing lipid peroxidation, protein oxidation, and DNA oxidation [292]. Due to its capacity to decrease amyloid plaques in the brain, resveratrol has therapeutic potential in treating Alzheimer’s disease. Although resveratrol did not reduce amyloid-beta synthesis according to Marambaud et al., it did increase proteasome-dependent amyloid-beta breakdown [293]. As demonstrated in the studies by Yang et al. (2016), resveratrol pretreatment protects against ischemia-reperfusion injury to the rat brain [294]. In resveratrol-treated rats, levels of nuclear factor erythroid 2-related factor (Nrf2) and heme oxygenase-1 (HO-1) were increased, indicating a reduction in oxidative damage during cerebral ischemia [295]. Resveratrol inhibited neuronal death in a rat model of global cerebral ischemia by activating PI3K-Akt signalling and downregulating GSK-3 and cAMP response element-binding protein (CREB) [296].






3. Conclusions


The control of autophagy is an essential process to maintain cellular homeostasis, thereby increasing survival and suppressing damages during aging. Age-associated declines in health are known to be mediated by disruption of the autophagic equilibrium leading to development of chronic health problems in the elderly, particularly three common illnesses: cancer, DM, and neurodegenerative diseases.



Polyphenols commonly found in our diets could be considered as another natural way to help correct imbalanced autophagy in those chronic diseases and improve overall health status during aging. Several previous reports have confirmed the abilities of different polyphenols in autophagic control, either by activation or inhibition, which results in either cytoprotective or cytotoxic actions depending on the concentrations used and the circumstances of each disease. In this review, more than twenty polyphenolic compounds were discussed in terms of their potential benefits for the treatment of cancer growth and its resistance to standard therapy, DM, and its complications, as well as neurodegenerative diseases, with emphasizing on the underlying molecular mechanisms and signalling pathways related to autophagy. Among them, the stilbene resveratrol holds considerable promise for clinical application as its treatment could promote cell death in many types of cancers, sensitise the resistant cancer cells to therapy, restore insulin secretion, alleviate diabetic complications, as well as protect against neuronal damage through modulation of autophagy.



Natural compounds like polyphenols can be very useful and continue to be of scientific interest due to their multifunctional biological properties and abundant availability in various dietary sources. Several polyphenolic compounds presented in this review, especially resveratrol, deserve to be investigated further in suitable clinical study designs with appropriate doses, to develop effective and promising alternative therapeutics for overall health maintenance as we age.
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Figure 1. Polyphenol classification including phenolic acids, stilbenes, lignans and flavonoids. 
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Figure 2. Structures of common polyphenolic compounds. 
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