

  cells-12-00659




cells-12-00659







Cells 2023, 12(4), 659; doi:10.3390/cells12040659




Review



Doxorubicin—An Agent with Multiple Mechanisms of Anticancer Activity



Mateusz Kciuk 1,2,*[image: Orcid], Adrianna Gielecińska 1,2[image: Orcid], Somdutt Mujwar 3[image: Orcid], Damian Kołat 4[image: Orcid], Żaneta Kałuzińska-Kołat 4[image: Orcid], Ismail Celik 5[image: Orcid] and Renata Kontek 1[image: Orcid]





1



Department of Molecular Biotechnology and Genetics, University of Lodz, 90-237 Lodz, Poland






2



Doctoral School of Exact and Natural Sciences, University of Lodz, 90-237 Lodz, Poland






3



Chitkara College of Pharmacy, Chitkara University, Rajpura 140401, Punjab, India






4



Department of Experimental Surgery, Faculty of Medicine, Medical University of Lodz, 90-136 Lodz, Poland






5



Department of Pharmaceutical Chemistry, Faculty of Pharmacy, Erciyes University, 38039 Kayseri, Turkey









*



Correspondence: mateusz.kciuk@edu.uni.lodz.pl







Academic Editor: Amancio Carnero



Received: 9 January 2023 / Revised: 15 February 2023 / Accepted: 17 February 2023 / Published: 19 February 2023



Abstract

:

Doxorubicin (DOX) constitutes the major constituent of anti-cancer treatment regimens currently in clinical use. However, the precise mechanisms of DOX’s action are not fully understood. Emerging evidence points to the pleiotropic anticancer activity of DOX, including its contribution to DNA damage, reactive oxygen species (ROS) production, apoptosis, senescence, autophagy, ferroptosis, and pyroptosis induction, as well as its immunomodulatory role. This review aims to collect information on the anticancer mechanisms of DOX as well as its influence on anti-tumor immune response, providing a rationale behind the importance of DOX in modern cancer therapy.
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1. Introduction


Drugs used in chemotherapy can be categorized into several groups according to a variety of criteria, including their function and chemical framework. Depending on the mode of action, they can be categorized as alkylating agents, antimetabolites, topoisomerase inhibitors, mitotic spindle inhibitors, and others [1,2,3]. Topoisomerase I inhibitors, such as irinotecan and topotecan, and topoisomerase II inhibitors, such as etoposide, teniposide, and anthracyclines (idarubicin, daunorubicin, and doxorubicin (DOX)), induce DNA strand breaks and hinder the action of topoisomerases that are involved in the DNA replication and process of transcription [3]. DOX has been demonstrated to have significant therapeutic potential and is recognized as one of the most efficient chemotherapy medications that have been approved by the Food and Drug Administration (FDA) for the treatment of various cancers such as breast cancer, carcinomas, sarcomas, and hematological malignancies [4]. Despite the extensive application of anthracyclines, the toxic effects of these drugs are multifaceted, with cardiotoxicity being the most well-known and most comprehensively studied adverse effect, as reviewed by multiple authors [4,5,6,7,8,9,10]. Moreover, damage to other organs [11,12,13], including the brain [12,14,15], liver [16], and kidneys [17,18,19], can also occur. It is already known that the anticancer activity of DOX can be attributed to the capability of the drug to intercalate into DNA, inhibit topoisomerase II, disrupt mitochondria function, and potentiate free-radical generation and oxidative damage. However, the precise mechanisms of action of DOX are complex and still relatively unknown [4,12,20]. There have been many initiatives attempted to lessen the adverse effects of DOX, including the use of substances that possess antioxidant and/or antiapoptotic activity [17,21,22,23,24,25], the creation of efficient delivery systems [12,26,27,28,29,30,31,32], prodrugs [33,34,35,36,37,38], and the development of DOX analogues [39,40,41,42,43], as recently reviewed by Sohali et al. [44]. On the other hand, some of these techniques were not successful in reducing the toxic effects of anthracycline when tested in animal models or in human clinical trials [45,46,47,48,49,50,51]. It is important to make an effort to find more efficient methods of combating DOX toxicity while maintaining or strengthening its therapeutic effects [4].



Despite the side effects induced by DOX it is still widely used in cancer therapy, predominantly in new formulations (mentioned above) or drug combinations [52,53,54,55,56]. In addition to their cytotoxic effect, chemotherapeutic drugs may also boost the infiltration of CD8+ T cells and neutral killer (NK) cells into tumors, as well as the maturation of antigen-presenting cells (APCs), such as tumor macrophages or dendritic cells. Primary cytostatic and cytotoxic medicines function in this way to restore an immune-reactive tumor microenvironment, which ultimately increases the tumor’s susceptibility to immunotherapy. Moreover, many of the medicines that are presently in use have not been investigated in terms of their potential to activate the immune system against tumor cells or for their value in combinations with immune checkpoint inhibitors [57].



Here we review new insights into the DOX mode of action including its contribution to DNA damage, reactive oxygen species (ROS) production, apoptosis, senescence, autophagy, ferroptosis, and pyroptosis induction, as well as the emerging influence of this anthracycline drug on the immune system and antitumor immune response.




2. Mode of Action


2.1. Induction of DNA Damage


2.1.1. Formation of DOX–DNA Adducts and DNA Intercalation


Like other anthracyclines, DOX intercalates DNA through the formation hydrogen bonds with guanines in adjacent GC base pairs [58,59]; however, the exact mechanism of this interaction is not completely understood. One of the postulated mechanisms to explain the effect of DOX on malignant cells is that the intercalation of DOX into DNA untwists the molecule and results in positive supercoiling of the DNA helix [60,61]. There is also evidence that DOX increases the turnover of nucleosomes surrounding promoters of active genes due to its intercalation and induces changes in DNA topology [61,62]. It is possible that the unwinding of DNA that occurs as a result of DOX intercalation provides a significant amount of positive torsional stress that destabilize nucleosomes [63].



Moreover, it has been demonstrated that the formation of DOX–DNA adducts can activate the DNA damage response (DDR) pathway independently of the effect of the drug on topoisomerase II. Importantly, DOX–DNA adducts can be detected at drug doses that are appropriate to clinical practice, which suggests that DOX–DNA adducts can be formed when chemotherapy is applied [64,65,66]. However, the formation of adducts seem not to be the primary action mechanism of DOX [66].




2.1.2. Topoisomerase Trapping


During DNA replication and transcription, topoisomerases play a crucial role in the preservation of the correct DNA structure. Supercoiled DNA emerging during the above-mentioned processes can unwind and efficiently function as a template upon the introduction of single- or double-strand breaks (SSBs or DSBs) by topoisomerase type I and II enzymes, respectively [67]. Topoisomerase II enzyme is possibly the main target of DOX; however, topoisomerase I inhibition may also play a role in DOX cytotoxicity. Low dosages (<1 µM) of DOX are believed to capture covalently bound topoisomerase II at DNA ds-breaking sites and inhibit DNA relegation [68,69]. Furthermore, the treatment of cancer cells with DOX induces up-regulation of genes of the DDR pathway [61] as a consequence of the induction of SSBs and DSBs in the DNA molecule [70].



Ataxia telangiectasia and Rad3-related (ATR) was discovered in 1996 as the mammalian orthologue of mitotic entry checkpoint protein 1, also known as Mec1. Mec1 is the primary kinase that is responsible for the coordination of DNA damage checkpoints in budding yeast. Structurally, ATR is a phosphoinositide 3-kinase-related protein kinase (PIKK) essential for cell viability due to its major role in the coordination of pathways involved in the replication stress response [71,72,73]. ATR can react to a wide variety of genotoxic stresses, such as those caused by UV radiation, DNA polymerase inhibitors, or topoisomerase poisons. One characteristic that is shared by all of these stressors is the fact that they stop or delay DNA polymerases in replication forks [74]. ATR detects single-stranded DNA (ssDNA) emerging at halted replication forks as a result of minichromosome maintenance (MCM2-7)-complex helicase activity. ATR kinase present in cells as an inactive dimer becomes active upon autophosphorylation reaction in response to DNA damage emergence. Replication protein A/ATR-interacting protein (RPA-ATRIP) complexes are generated on single-stranded DNA and act as a platform for the ATR kinase. Moreover, topoisomerase 2-binding protein 1 (TOPBP1) and the RAD9-RAD1-HUS1 components of the 9-1-1 cell-cycle checkpoint control protein complex are also necessary for the complete activation of the kinase [75,76,77,78,79]. Furthermore, additional factors including the MRE11–RAD50–NBS1 (MRN) complex and RAD9, RAD1, HUS1 interacting nuclear orphan (RHINO) may be involved in the recruitment of TOPBP1 for efficient activation of the ATR kinase [74]. Recent research has shown that Ewing’s tumor-associated antigen 1 (ETAA1) protein also has an ATR-activating domain. In contrast to the embryonically lethal effects of a TOPBP1 impairment in mice, the carriers of ETAA1 mutations are viable [71,72].



SSBs are detected by the poly (ADP-ribose) polymerase 1 (PARP1), which associates with the ends of the strand breaks and creates complexes with tyrosyl-DNA phosphodiesterase 1 (TDP-1), X-ray repair cross-complementing group-1 (XRCC1), and polynucleotide kinase phosphatase (PNKP). The above-mentioned factors are recruited to the sites of SSB for efficient removal of non-canonical DNA ends. For example, TDP1 catalyzes the conversion of 3′-phosphotyrosyl bonds to the 3′-OH ends, while PNKP removes the phosphate groups from the 3′-end and catalyzes the phosphorylation of the 5′-hydroxyl groups of DNA, reconstructing the regular (3′-OH and 5′-P) DNA strand ends [78,80]. Nonetheless, PARP-1 constitutes the central hub protein of the response to single-strand DNA breaks and single-strand break repair (SSBR). PARP-1 is involved in the recognition and signaling of occurring damage and catalyzes an evolutionarily conserved enzymatic reaction that involves attachment of poly (ADP-ribose) polymers (PARs) to arginine, glutamate, aspartate, cysteine, lysine, and serine residues of many adaptor proteins and histones at the sites of DNA damage. This leads to the efficient recruitment of DNA repair factors to the relaxed chromatin [76,78,81,82,83,84], including cellular tumor antigen p53 (TP53), DNA ligase III, XRCC1, DNA-dependent protein kinase catalytic subunit (DNA-PKCS), and KU70/80 [84].



Upon detection of DSBs, cells respond by rapidly and precisely relocating a wide variety of proteins to the area around the lesion. These proteins assemble into massive, overlapping multi-subunit structures called foci. Sequestration of proteins in the DSB’s immediate vicinity may play a role in increasing the damage-induced checkpoint signal and easing the repair of persistent damage [85]. DSBs are detected and processed by the MRN complex. The meiotic recombination 11 homolog 1 (MRE11) complex component works as both a DNA endonuclease and a 3′–5′ dsDNA exonuclease that mediates the resection of aberrant DNA structures such as hairpins, while RAD50 and nibrin (NBS1) stimulate the activity of the nuclease. The MRN concentration at the site of DNA damage serves as a signal for ataxia telangiectasia mutated A-T mutated (ATM) recruitment [85,86,87]. ATM, similar to ATR, exists in cells as an inactive dimer that undergoes monomerization in response to DNA damage. Activated ATM phosphorylates exposed H2AX histone proteins in the vicinity of DSBs, leading to the accumulation of phosphorylation on Ser-139 H2AX (γ-H2AX) histone foci, which serve as an anchorage for the platform protein mediator of DNA damage checkpoint protein 1 (MDC-1). The recruitment of MDC-1 contributes to the further accumulation of ATM at the damage site and amplification of the signal through phosphorylation of H2AX proteins and accumulation of MDC-1 [76,78].



DNA-PKcs constitutes another DDR central hub protein along with ATR and ATM kinases and also belongs to the PIKK family. In contrast to the ATM-mediated pathway, which facilitates DNA repair through the homologous recombination pathway (HR), the detection of DSBs by KU70/80 proteins and formation of the repair complexes with DNA-PKcs favors the repair of occurring breaks by the non-homologous end joining (NHEJ) pathway. Besides its role in the canonical NHEJ pathway, DNA-PKcs participates in replication stress through the phosphorylation of ATR-activating RPA32 protein on Ser-4 and -8 and subsequent activation of the replication checkpoints [88,89] described below.



In the following events, ATR and ATM phosphorylate checkpoint kinases (CHK1 and CHK2), which mediate the downstream events of the DDR. Checkpoint kinases phosphorylate M-phase inducer phosphatases (CDC25A and CDC25C), which control cell-cycle progression through the dephosphorylation of cyclin–cyclin-dependent kinase (CDK) complexes. CDK4 and CDK6 become active following exposure to mitogens and facilitate the cell-cycle entrance by the deactivation of retinoblastoma protein (pRB), which is implicated in transcriptional regulation in mammalian cells. In contrast, complexes composed of CDK1/CDK2/cyclin A are necessary for the progression of the cell cycle into the S phase. CDKs in a phosphorylated state are unable to fulfill their function, which leads to cell-cycle arrest [77,90,91]. Moreover, besides the downstream role of CDKs in DDR, these kinases control the activity of the upstream components and target RPA, ATRIP, MDC-1, NBS1, ATM, and CHK1 for phosphorylation, as previously reviewed by our group [77]. Moreover, CHK2 phosphorylates TP53, a protein regarded as the guardian of the genome, which controls the expression of proapoptotic genes (including proapoptotic protein BAX) and inhibitors of antiapoptotic proteins (including phorbol-12-myristate-13-acetate-induced protein 1 (NOXA) and isoform 1 of Bcl-2-binding component 3, isoforms 1/2 (PUMA)), contributing to apoptosis induction, or cyclin-dependent kinase inhibitors (including P21), conferring cell-cycle arrest [78,92].



Treatment of cells with DOX induces ATM autophosphorylation on Ser-1981, its activation, and ATM-mediated phosphorylation of multiple targets, including NBS1, CHK1, and CHK2. Ascorbic acid treatment does not affect DOX-induced TP53 phosphorylation and accumulation, while preincubation of cells with the hydroxyl radical scavenger N-acetylcysteine attenuates DOX-mediated phosphorylation of TP53, H2AX, NBS1, CHK1, and CHK2. This suggests that hydroxyl radicals contribute to DOX-induced activation of ATM-dependent pathways [93]. Moreover, activation of CHK2 in DOX-treated cells may be independent of ATM or ATR activation [94]. In acute lymphoblastic leukemia, DOX treatment results in cell-cycle arrest in the G2/M phase of the cell cycle via activation of the ATR-CHK1 pathway. The combination of ATR-CHK1 inhibition with DOX treatment results in the synergistic cytotoxic activity that is associated with aberrant chromosome segregation and mitotic spindle defects in cells [95]. Furthermore, inhibition of the DDR pathway components including ATM [96], ATR [97], CHK1/2 [98,99,100], DNA-PKcs [101], and PARP-1 [102] sensitizes cancer cells to DOX treatment. DNA damage caused by topoisomerase II inhibition leads to a G1 and G2 cell-cycle arrest and eventual induction of the apoptosis process [103,104,105,106]. The induction of DNA damage (A), DDR (B), and the contribution of these events to apoptosis or cell-cycle arrest (C) are presented in Figure 1.





2.2. Apoptosis–ROS Interplay


Reactive oxygen species (ROS) can be generated in aerobic organisms through the electron transport chain (ETC), the action of catabolic oxidases, and the metabolism of peroxisomes [107]. ROS normally function as cellular messengers in redox signaling events when their concentrations are kept relatively low [108]. Nevertheless, an excessive generation of ROS can contribute to DNA damage through the action of radicals on DNA bases and the sugar–phosphate backbone [109,110]. Unrepaired damage can lead to apoptosis [111,112], cell-cycle arrest [113,114], and senescence [115,116,117,118].



DOX binds directly to cardiolipin on the inner mitochondrial membrane, where it initiates a process of ROS production [119,120,121]. High amounts of ROS cause substantial damage to the mitochondrial structure, which ultimately results in cell apoptosis [122]. In cardiac cells, mitochondria-derived ROS and calcium play an important role in the stimulation of DOX-induced intrinsic and extrinsic forms of apoptosis. This stimulation occurs through the nuclear factor of activated T-lymphocytes (NFAT)-mediated FAS antigen ligand (FASL) up-regulation and down-regulation of FLICE/caspase-8 inhibitory protein (FLIP) [123]. In a study evaluating DOX’s influence on death ligands in induced-pluripotent-stem-cell-derived cardiomyocytes, death receptors including tumor necrosis factor receptor 1 (TNFR1), FAS, and death receptor 5 (DR5) were up-regulated and apoptosis was exacerbated by TNF-related apoptosis-inducing ligand (TRAIL) [124,125]. DOX’s severe cardiotoxicity [126,127] and thrombocytopenia [128] side effects severely restrict its therapeutic utility. DOX induces cardiotoxicity via multiple routes [129,130,131,132], as previously reviewed by multiple authors [7,9,133,134,135]; however, excessive production of ROS and reactive nitrogen species (RNS) constitutes the main mechanism of cardiotoxicity of anthracyclines [136].



The ATM can be also activated by ROS without the involvement of MRN complexes and in the absence of DSBs, as was determined in cells exposed to hydrogen peroxide [137]. The activation of ATM as a consequence of ROS accumulation does not involve the classical DDR response. Some enzymes, such as peroxiredoxin-2 (PRDX2) and thioredoxin-1 (TRX1), can chemically alter cysteine (Cys-2991) residues on ATM when the level of ROS reaches a certain threshold. This leads to the generation of intermolecular disulfide bonds and the activation of ATM dimers. When this disulfide bond formation is prevented (by ATM mutation), the amount of ATM that is activated by ROS is decreased, while the activation route mediated by the MRN complex appears to be unaffected. The notion that ROS are capable of activating ATM independently on MRN complexes is supported by the finding that the activation of ATM by ROS can be impeded by the addition of a reducing agent [137,138,139]. ATM dimers generated in response to ROS exposure still retain their function and can contribute to the phosphorylation of CHK2 and as a consequence activation of the apoptosis pathway [138].



The mechanisms of DOX-induced apoptosis as well as the involvement of ROS in apoptotic signaling were evaluated in osteosarcoma Saos-2 cells. A 48 h treatment of cells with DOX resulted in the accumulation of cells in the pre-G1 phase and induction of DNA laddering, both of which are characteristic features of apoptosis. Additionally, DOX caused an increase in the generation of hydrogen peroxide and superoxide followed by depolarization of the mitochondrial membrane, the release of cytochrome c, and the activation of the caspase-3 enzyme. Furthermore, the DOX treatment caused an increase in the levels of proapoptotic BAX protein and a decrease in the levels of antiapoptotic BCL-2 protein. The fact that catalase was able to inhibit DOX-induced ROS generation, mitochondrial cytochrome c release, procaspase-3 cleavage, and apoptosis in Saos-2 cells provided further evidence that ROS play a role in DOX-induced cancer-cell death. The findings of the above-mentioned research revealed that ROS might function as the signal molecules for DOX-induced cell death, and the mechanism may be functional despite the absence of TP53 [140]. Similar results were obtained in MCF-7 breast cancer cells, where treatment with DOX induced BAX protein expression with concomitant caspase-8 and caspase-3 elevation and down-regulation of BCL-2 protein. Moreover, the treatment with the chemotherapeutic agent increased the generation of hydrogen peroxide with a decrease in nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) expression. In contrast, the increase in superoxide dismutase (SOD2) expression contributed to the diminishment of hydrogen peroxide production with a decrease in NF-κB protein expression in the MDA-MB-231 breast cancer cell line [141]. It is hypothesized that the greater amounts of superoxide that are detected during DOX administration are caused by a decrease in the activity of enzymes that are responsible for the decomposition of superoxide, such as SOD2 and catalases [142]. Treatment of cervical cancer cells (CaSki and SiHa cell lines) with cisplatin and DOX results in different profiles of types of ROS induced following drug administration. Cisplatin treatment results in the generation of hydrogen peroxide, hydroxyl, and peroxyl radicals, while DOX induces the production of superoxides [143]. A similar tendency was observed in HaCaT keratinocytes, where DOX induced superoxide production with no increase in hydrogen peroxide, hydroxyl, or peroxyl radicals. This study also pointed out that the diminished antiapoptotic function of the BCL-2 protein may result from its ubiquitination and proteasomal degradation [144]. Alternatively, down-regulation of GATA binding protein 4 (GATA4) can result in a decrease in antiapoptotic B-cell lymphoma-extra large (BCL-xL) protein [145]. Ehrlich tumor cells treated with DOX experience excessive superoxide anion production in tumor microsomes and nuclei. Rotenone (ETC complex I interferer) was shown to boost the formation of drug-stimulated superoxide by mitochondria. This suggests that the proximal section of the ETC in tumor cells is responsible for the reduction of the DOX quinone. These studies also show that anthracyclines are capable of considerably boosting oxygen radical metabolism in Ehrlich tumor cells and this may contribute to the cytotoxicity and apoptotic properties of agents belonging to this class of compounds [146].



Lipid peroxidation, the oxidative destruction of lipid membranes, has been linked to oxidative stress. This procedure generates about 200 different kinds of aldehydes, many of which are highly reactive. The mutagenic and carcinogenic effects of these aldehydes are due to their capacity to react with DNA or to form pro-mutagenic exocyclic adducts and protein–DNA crosslinks, which can halt both DNA replication and transcription [147,148,149]. Lipid peroxidation was observed following DOX administration [150,151,152]; however, the contribution of lipid peroxidation to DOX cytotoxicity is controversial, as previously reviewed [153].



Another possible mode of action of DOX includes the overproduction of ceramide [154,155], which contribute to ROS generation, DNA damage, and apoptosis [6,129,156,157,158,159]. Ceramides were reported to trigger the release of proapoptotic proteins from the mitochondria through the development of vast protein-permeable channels through which proapoptotic proteins (including cytochrome c, procaspases, apoptosis-inducing factor (AIF), heat shock proteins, the secondary mitochondria-derived activator of caspases (SMAC)/direct inhibitor of apoptosis-binding protein with low pI (DIABLO), and endonuclease G) are released. Mitochondria contain the enzymes necessary for the synthesis and hydrolysis of ceramide. There is also evidence that mitochondrial ceramide levels are increased just before the induction phase of apoptosis [160,161,162]. Khodadust et al. found that a dendrimeric (PIC-G4-DOX) nanoformulation of DOX up-regulates the expression of genes encoding the proapoptotic proteins NOXA, PUMA, and BAX, while down-regulating the expression of survivin, APOLLON, and BCL-2 in the MCF-7 cancer cell line. This formulation also increased the cytotoxic activity of DOX toward the MCF-7 cancer cell line. According to the findings, PIC-G4-DOX has the potential to be effective for targeted delivery that can impact apoptotic pathways, which ultimately leads to a higher degree of cancer-cell killing. The Polyinosinic:polycytidylic acid [Poly (I:C)] component of the PIC-G4-DOX nanoformulation acts similarly to an RNA virus and triggers the intrinsic apoptosis pathway of cancer cells. Following receptor-mediated endocytosis, the synthetic double-stranded RNA is detected in the cytoplasm by a class of ubiquitous cytoplasmic RNA helicases called retinoic acid inducible gene-I (RIG-I) and melanoma differentiation Ag-5 (MDA-5) initiates an antiviral signaling cascade via the adaptor protein mitochondrial antiviral signaling (MAVS). The activation of TP53 as a result of stress stimuli leads to the activation of BAX, which in turn activates the intrinsic apoptotic pathway. BAX achieves this activation via up-regulating PUMA and NOXA. After being activated, proapoptotic BAX causes the mitochondria to become depolarized, which in turn causes the release of cytochrome c into the cytoplasm. After forming an apoptosome by creating a complex with apoptosis protease activation factor (APAF-1), cytochrome c and pro-caspase 9 lead to caspase 9 activation, which in subsequent events activates effector caspase 3. The activation of the transcription factor nuclear factor kappa B (NF-kB) and interferon regulatory factors (IRFs) such as IRF-3 as a result of MAVS-dependent signaling triggers the production of inflammatory cytokines and chemokines, including type I interferons (IFNs). Activation of RIG-I and subsequent downstream MAVS signaling can induce transcription of the proapoptotic BH3-only proteins NOXA and PUMA independent of TP53. This results in the activation of the intrinsic apoptotic pathway, in which BAX functions to disrupt the integrity of the mitochondrial membrane, which in turn leads to the release of cytochrome c, formation of an apoptosome, caspase 3 activation, and apoptosis. Because of its stability, biocompatibility, increased rate of internalization, and toxicity, PIC-G4-DOX shows promise as potential anticancer agent [163].



Inconsistency exists on the role of TP53 in DOX-induced apoptosis. While some studies confirm the participation of TP53 in this process, others seem to contradict these finding. Discrepancies in the methodologies utilized for the exploration of TP53’s role in DOX-mediated apoptosis and heterogeneity of the tumors that were evaluated in these studies could be accountable for these conflicting results, as previously reviewed [153]. The contribution of DOX to ROS induction and apoptosis is presented in Figure 2.




2.3. Senescence Induction


It is well known that cancer cells treated with chemotherapeutics can enter senescence. As a result, therapy-induced senescence (TIS) has emerged as an advantageous method for combating cancer with minimal side effects. Emerging evidence suggests that the senescence of cancer cells can be undesirable due to the propensity of senescent cells to establish a pro-cancerogenic milieu. To deal with senescent cells, researchers have created a new drug class called senolytics, which specifically remove senescent cells [164].



The characteristic features of senescent cells include cell-cycle arrest, expression of senescence-associated β-galactosidase, heterochromatin foci formation, telomere shortening, hyper-methylation of histone H3K9, and secretion of multiple factors including chemokines and inflammatory factors such as MMPs, IL-1, IL-6, and IL-8 (the so-called senescence-associated secretory phenotype; SASP) [165]. This topic was recently reviewed by multiple authors [166,167].



DOX-induced senescence was established as the primary mechanism of therapeutic activity of the drug in the FU-SY-1 synovial sarcoma cell line [168]. Bojko et al. studied the effects of DOX (concentration of 100–200 nM) on different cancer-cell lines (non-small-cell lung cancer (A549), neuroblastoma (SH-SY-5Y), colon (HCT116), and breast cancer (MDA-MB-231 and MCF-7)). Growth arrest, induction of DSBs, up-regulation of P21, and ATM activation (the latter was not activated in HCT116 cells) was shown following drug treatment [164]. This is consistent with the earlier finding on DDR activation and senescence induction in cells treated with DOX [169]. Moreover, NF-κB activation in response to the activity of ATM could contribute to the development of SASP in DOX-treated cells. Furthermore, the induction of senescence in the examined cells was found to be dependent on the cell line used in the experiment [170,171]. As opposed to ATM and DNA-PKsc, ATR kinase activity cannot be entirely replaced by other PIKKs, as demonstrated in previous experiments by the same authors, making it essential for the development of senescence. Furthermore, the authors demonstrated that knocking down the NF-κB component, P65, abolished SASP induction but did not affect other markers of senescence and DDR signaling, demonstrating that SASP is independently controlled by NF-κB activated in other ways than the classical PIKK signaling cascade [169]. Furthermore, the same team evaluated the senescence induction in HCT116 cells treated with low doses of DOX. Increased expression of TP53, P21, and cyclin D1 accompanied by polyploidization through endoreduplication was found following the drug treatment [172].



Intimate cross-talk between senescence, epithelial–mesenchymal transition (EMT), and autophagy exist. Hu et al. observed time-dependent DOX-induced senescence activation in HeLa cells accompanied by elevated expression of IL-6 and IL-8. Due to DOX’s ability to trigger EMT, cancer cells acquire enhanced motility and resistance to chemotherapy (as the expression of pro-inflammatory IL-8 and CDK inhibitory protein p16INK4a were inversely related to that observed for vimentin). This study, therefore, indicated that EMT could suppress senescence induced by DOX [165]. This is consistent with the finding that DOX-induced senescence encourages stemness and tumorigenicity in a hepatocellular carcinoma cell line (HuH-7) [173] or induces autophagy in the myelogenous leukemia cell line (K562) [174].



Multiple other studies have also shown that DOX may also trigger senescence in normal cells, including fibroblasts [175], microglia cells [176], cardiac progenitor cells [177], cardiomyocytes [178,179], mesenchymal stem cells [180], and thymus cells [181]. This should be taken into account when investigating the potential anti-tumor activity of DOX related to senescence induction.




2.4. Other Types of Cell Death


Autophagy is a cellular catabolic degradation response that occurs in response to cell famine or stress. This reaction involves the engulfment, digestion, and recycling of cellular proteins, organelles, and cytoplasm to maintain cellular metabolism. The process of autophagy has a dualistic role in cancer. Catabolism through autophagy is beneficial to cellular survival. However, an imbalance in cell metabolism, which occurs when autophagic cellular consumption surpasses the cellular capacity for synthesis, encourages the death of cells. This can be partially explained by the encouragement of necrotic cell death and an inflammatory response that occurs in tumors that have abnormalities in both autophagy and apoptosis. Loss of the pro-survival role of autophagy is known to promote the development of tumors [182]. Autophagy was found to hamper DOX-induced apoptosis in osteosarcoma [183] and confer the chemoresistance to DOX in MCF-7 cells [184]. The induction of autophagy by rapamycin in the presence of DOX increases cardiac cell viability, decreases apoptosis and ROS production, and refines mitochondrial function in vitro and in vivo [185]. In contrast, inhibition of autophagy escalates the cytotoxicity of DOX in MDA-MB-231 and MCF-7 breast cancer cells [186,187] and prostate cancer cells [188].



Ferroptosis was indicated as another mechanism of DOX-induced cardiotoxicity. DOX causes an increase in the cell’s labile iron pool, which contributes to its cytotoxicity. DOX and its metabolites have the potential to disrupt iron homeostasis through their ability to inactivate iron regulatory proteins 1 and 2 (IRP1 and IRP2). The expression of genes involved in iron metabolism can be altered as a result of the binding of inactive IRPs to iron-response elements (IREs). By inhibition of GPX4 in both the cytosol and the mitochondria, DOX causes lipid peroxidation, which in turn results in ferroptosis. Alternatively, DOX contributes to the activation of nuclear factor erythroid 2-related factor 2 (NRF-2), which elicits ferroptosis. This topic was previously reviewed [189]. In line with these findings, nanoparticles consisting of DOX and exogenous ferritin were developed. The nanoparticles induced ROS formation and ferroptosis of HT-29 cells [190]. Similarly, other formulations including microenvironment-activatable Fe–DOX preloaded amorphous CaCO3 nanoparticles [191] and iron–DOX prodrug-loaded liposomes [192,193] were developed. Induction of ferroptosis, a relatively newly identified mechanism of cell death, can take place as a result of lipid peroxidation that is mediated by the Fenton reaction. The effectiveness of Fenton-reaction-dependent ferroptosis is, however, hindered in tumor cells by low levels of hydrogen peroxide and elevated levels of glutathione [192,194].



Pyroptosis is an inflammatory form of programmed cell death with a dualistic role in cancer. On the one hand, pyroptosis, in its role as an inflammatory cell-death process, creates an environment that is favorable for the growth of tumors. On the other, an over-activation of pyroptosis can limit the growth of tumor cells [195,196]. Caspase-1, -4, -5, and -11 are involved in the execution of pyroptosis. When caspase-1 is activated, the preforms of IL-1β, IL-18, and gasdermin D (GSDMD) are processed into active forms. In contrast to caspase-1, which is triggered by pyroptotic sensors such as the NLR family pyrin domain containing 3 (NLRP3) inflammasome, caspase-4, -5, and -11 are activated when they directly attach to lipopolysaccharides. In the past, it has been noted that NLRP3 is significant with regard to the cardiotoxicity of DOX, as discussed earlier [189,197]. Moreover, DOX caused a significant decrease in mouse muscular function, which was connected with a considerable increase in the NLRP3 inflammasome and the initiation marker toll-like receptor 4 (TLR4). When compared to the controls, there was a considerable rise in the pyroptosis activator known as apoptosis-associated speck-like protein containing a caspase recruitment domain (ASCO), which was accompanied by overexpression of certain pyroptosis markers (caspase-1, IL-1, and IL-18) [198]. When breast cancer cells were treated with DOX, the cell viability was decreased in a dose-dependent manner. Additionally, pyroptosis morphology was elicited in MDA-MB-231 and T47D cells. GSDME seems to be a crucial regulator of DOX-induced pyroptosis. In addition to this, DOX treatments caused an increase in the amount of ROS, activation of the C-Jun N-terminal kinase (JNK) signaling pathway, and activation of caspase-3 [199]. Pyroptosis was triggered by DOX at concentrations ranging from 0.5 to 5 µmol/L in melanoma cell lines SK-MEL-5, SK-MEL-28, and A-375 that had high levels of deafness, autosomal dominant 5, isoform CRA a (DFNA5) expression, but not in the human breast cancer cell line MCF-7, which had low levels of DFNA5 expression. On the other hand, treatment with DOX prompted melanoma cells to begin the process of autophagy and the use of an autophagy inhibitor triggered the pyroptosis of cells. In DOX-treated human melanoma cells, eukaryotic elongation factor-2 kinase (eEF-2K) directs the cross-talk between pyroptosis and autophagy. The absence of eEF-2K results in the inhibition of autophagy and enhancement of pyroptosis, which contributes to the modification of the sensitivity of melanoma cells to DOX. This finding suggests that targeting eEF-2K may enhance the antitumor activity of DOX [200].





3. DOX and Tumor–Immune Microenvironment


Through many mechanisms involving coordination between innate and adaptive immune responses, the body can recognize cancer cells and eradicate them. The role of T cells in this process is crucial. When stimulated, these cells contribute to an immune response that targets cancer cells. For T cells to become engaged, a specific peptide epitope of the antigen must be presented on the major histocompatibility complex (MHC) of an APC, and then form a complex with the T-cell receptor on T cells. T-cell activation requires a second signal produced by the binding of co-stimulatory molecules [201]. The process is complex and involves tumor-cell recognition, recruitment of APCs, antigen uptake and its processing, APC maturation, antigen presentation to T lymphocytes, production of stimulatory factors including interferons (IFNs, including IFNγ), and engagement of cytotoxic CD8+ T lymphocytes [202]. Moreover, the coinhibitory receptor PD-1 can be constitutively expressed or activated in myeloid, lymphoid, normal epithelial cells, and cancer. Programmed death ligand 1 (PD-L1) represents the main ligand of the PD-1 receptor. The PD-1/PD-L1 association is crucial in the establishment of immunological tolerance under normal conditions, where it serves to suppress excessive immune cell activity that could otherwise cause tissue damage and autoimmune response. Cancer cells, however, utilize PD-L1 to avoid detection by the immune response [203].



Conventional chemotherapy’s impact on the immune system is becoming increasingly recognized. This is because most studies evaluating the efficacy of such drugs against cancer cells are conducted in vitro or on immune-compromised animals and do not include immunological follow-ups [204]. DOX not only exhibits direct cytotoxic effects on cancer cells, but also utilizes the immune system to kill cancer cells by triggering CD8+ T-cell responses [205]. Moreover, pre-treatment with DOX in cancer patients may be an effective strategy to boost anti-cancer immune responses by increasing antigen-specific CD4+ Th1 immune responses [206,207]. The incubation of cancer cells with DNA-damaging agents, including the topoisomerase inhibitors camptothecin [208], DOX [209,210,211], and irinotecan [212] or the alkylating agents carboplatin [213,214], cisplatin [215,216,217,218,219], and oxaliplatin [220], leads to up-regulation of PD-L1. In response to drugs that cause DSBs, including etoposide or ionizing radiation, the ATM/ATR/CHK1 pathway is activated, which causes PD-L1 expression to increase. In addition, PD-L1 expression levels return to normal in cells that escape death after being exposed to ionizing radiation, suggesting that the up-regulation of this immune checkpoint protein in response to DNA damage is only temporary [221]. In addition, DSBs activate the interferon regulatory factor 1 (IRF1) and signal transducer and activator of transcription 1/3 (STAT1/3) transcription factors. Notably, IRF1 is necessary for PD-L1 overexpression, which shows that the DSB-dependent up-regulation of PD-L1 is regulated through the traditional JAK1/2-STAT1/2/3-IRF1 pathway [221,222,223,224,225].



DOX treatment induces the up-regulation of immune-related genes of the PD-1/PD-L1 and T-cell cytotoxicity pathways. This is accompanied by the induction of the tyrosine-protein kinase JAK (JAK-STAT) pathway and tumor necrosis factor α (TNF-α) signaling in triple-negative breast cancer patients [210] and can lead to up-regulation of PD-L1 in cancer cells [209]. PD-1/PD-L1 axis blockage together with DOX treatment may help to overcome resistance to DOX treatment and provide clinical benefits for patients [210,226]. It is possible that the up-regulation of PD-L1 in cancer cells could increase the availability of epitopes to which anti-PD-L1 small-molecule compounds and antibodies could bind. This could be one of the explanations for the observed enhanced therapeutic efficacy of the combined treatment of DOX and ant-PD-L1 antibodies [227,228]. In contrast, PD-L1 up-regulation can also confer chemiresistance in malignant cells through the up-regulation of multidrug resistance 1/P-glycoprotein (MDR1/P-GP) in breast cancer cells [229]. Therefore PD-1/PD-L1 inhibition could help to overcome the resistance mechanism to commonly used chemotherapeutic agents [230].



However, the difficulty lies in combining chemotherapeutic medications with anti-PD-L1 compounds to increase the effectiveness of the combined treatment beyond that of the individual treatments and reduce the negative effects of the therapies. A combination of the chemotherapeutic agent with the anti-PD-L1 agent should be chosen not only for its capacity to effectively kill cancer cells and inhibit their growth but also based on its predisposition to modulate the activity of immune-active cells and to preserve the activity of the administered immunotherapy [231]. For instance, PD-L1 expression is increased in bone marrow stromal cells or osteosarcoma cell lines and clinical tissue samples obtained following DOX treatment. DOX prevents CD8+ T-lymphocyte proliferation and also increases the rate of immune-cell apoptosis. The use of an antibody against PD-L1 can revert these diminishing effects on the anti-tumor immune response and lead to elevated tumor-cell apoptosis [211,232]. Pembrolizumab and atezolizumab are examples of two anti-PD-L1 monoclonal antibodies that are frequently paired with DOX to treat a variety of malignancies including triple-negative breast cancer (TNBC). A recent clinical investigation showed a significant elevation of immune-related genes involved in the PD-1/PD-L1 pathway and T-cell cytotoxicity pathways in TNBC patients treated with DOX and cisplatin [210].



Over the years, numerous systems and strategies have been tested for their effectiveness in directing drugs toward tumors. Multiple systems have been developed, including liposomes, polymers, micelles, nanoparticles, and antibody conjugates [233]. The accumulation of antitumor drugs in tumors is enhanced, and the solubility, stability, and bioavailability problems often associated with these agents are avoided through the nanoformulation of drugs into liposomes [234]. The introduction of the liposomal drug-delivery method has had a profound impact on the pharmaceutical industry. Liposomes are synthetic vehicles that can be made using cholesterol and natural, non-toxic phospholipids to generate a spherical vesicle. Liposomes constitute a promising technology for drug delivery because of their size and hydrophobic and hydrophilic properties, which hallow the encapsulation of drugs, low toxicity, and biocompatibility. Passive drug loading occurs when the drug is contained in the liposome during preparation, while active drug loading occurs after the formation of the liposome [235,236].



In 1995, the FDA approved the first liposomal DOX, called Doxil® (injectable DOX hydrochloride liposomes), for the treatment of ovarian cancer, Kaposi’s sarcoma, and myeloid melanoma [236]. The PEGylation of liposomes significantly contributed to the advancement of Doxil in clinical trials. PEGylation refers to the covalent attachment of polyethylene glycol (PEG) to a given molecule. It provides several benefits in drug development: it prolongs the retention time of liposomes in the body and shields them from degradation by intracellular enzymes or other mechanisms active inside the cell [237,238]. Pre-formulation and post-formulation techniques are distinguished as types of liposomal surface modification. Before formulation, phospholipids (often PEGylated) undergo covalent-bond formation with ligands. After conventional lipids are combined with ligand-anchored lipids, the active drug is loaded into the liposomes remotely. Through the addition of transferrin to the distal ends of liposomal PEG chains, Eavarone et al. designed liposomes containing DOX selectively targeting glioma C6 cells expressing transferrin receptor. This formulation exceeded the uptake efficiency of non-PEG, PEG, and albumin-coupled PEG liposome drug-delivery systems [239]. Targeted liposomal formulations constitute the next generation of liposomal drug-delivery systems and have been created to increase the selectivity of liposomes for cancerous tissues. Considering their great specificity for their target antigens, antibodies and antibody fragments are the most popular targeting moieties for liposomes. Interest in antibody-modified liposomes for the targeted delivery of anticancer drugs is high [240]. Effective treatment of B-cell cancers may involve the monoclonal-antibody-mediated delivery of liposomal anticancer medicines to surface antigens expressed on malignant B cells [241]. Liposomal agents targeting the internalizing epitopes (such as CD19) are hypothesized to be more effective than those targeting non-internalizing epitopes (e.g., targeted against CD20). When comparing DOX-loaded anti-CD20 targeted liposomes and nontargeted liposomes, DOX-loaded anti-CD19 targeted liposomes dramatically increased survival times after a single i.v. dosage. It has been thereby empirically established that internalizing epitopes are more beneficial to target therapeutically than their non-internalizing counterparts [242,243]. Studies on CD22 suggest a multifaceted function for this transmembrane glycoprotein in controlling B-cell survival and proliferation [244]. Through the conjugation of HB22.7 anti-CD22 monoclonal antibody with PEGylated liposomal DOX, an immunoliposomal formulation with increased efficacy and without increased toxicity was generated [245,246].



The FDA’s green light for Doxil® led the way for more liposomal formulations to be used in clinical settings. In addition to Doxil®, another licensed liposomal formulation is Myocet®, which provides the same benefits as Doxil® without displaying hand–foot syndrome (palmar–plantar erythrodysesthesia syndrome), a prominent side effect of pegylated liposomal DOX formulations [247,248,249,250,251]. The generic DOX hydrochloride liposomal injectable Lipodox® has been approved for use in patients [252,253,254]. Studies on other DOX liposomal preparations including Caelyx® [255,256], Thermodox® [257,258], Nudoxa® [259,260], 2B3-101 [261,262,263], and C225-ILS-Dox [264] with unique anticancer efficiencies, tissue distributions, and toxicity profiles have also been conducted. This topic was extensively reviewed by other authors [153,265,266]



Some of the formulations were tested for their beneficial effect on the tumor-directed immune response. For example, chimeric polypeptide DOX nanoparticle formulation boosted the infiltration of leukocytes into the tumor, reducing tumor-cell growth and inhibiting the metastatic potential of 4T1 mammary carcinoma cells of BALB/c mice compared with conventional DOX. These findings demonstrate that a nanoparticle drug is distinct from the free drug in its ability to activate antitumor immunity depending on CD8+ T-cell stimulation and IFN-γ production [267]. In addition, the number of immunosuppressive tumor-associated macrophages (TAMs) in the tumor bed is reduced by DOX treatment. STAT1-deficient mice, on the other hand, show decreased T-cell activation and reduced T-cell infiltration of the tumor in response to drug treatment and show resistance to lapatinib and/or DOX’s effects on tumor growth. Additionally, STAT1 deficiency leads to decreased production of C-X-C motif chemokine receptors (CXCL9, CXCL10, and CXCL11) in the tumor epithelium, all of which work as T-cell chemotactic factors, suggesting STAT is an important contributor to DOX’s effects on the antitumor immune response [268]. Increased numbers of CD8+ T lymphocytes and suppression of metastasis are observed in dendritic-cell infusion and DOX treatment of mice with metastatic tumors. DOX-treated mice exhibit higher levels of calreticulin (CRT). CRT is a protein that resides in the endoplasmic reticulum (ER), and it plays an important role in the regulation of calcium homeostasis as well as glycoprotein folding in the ER. Additionally, the protein has been found on the cell surface of necrotic and apoptotic cells, where it is thought to play a part in immunogenic cell death as well as other extracellular functions. Following an exposition on the apoptotic cell, CRT interacts with the CD91 receptor on DCs, playing an important role in cancer-cell recognition by the immune system [269,270]. Additionally, high mobility group box protein B1 (HMGB1) expression is also increased following the treatment of cells with DOX [271]. HMGB1 is a nuclear molecule that is typically secreted from necrotic cells. It is believed that HMGB1 is involved in the structural organization of DNA. After being released into the extracellular space, HMGB1 acts as a mediator of the inflammatory response. This could enhance the anti-tumor immune response. Apoptotic cells, on the other hand, typically do not release HMGB1 and are “immunologically silent”, in contrast to necrotic cells [271,272]. Upon the administration of DOX, metastatic human melanoma SK-MEL-24 and human colon cancer LS174T cells undergo senescence; however, the less-metastatic cell lines SK-MEL-28 and DLD-1 prefer apoptosis following drug treatment. The expression of HMGB1 was found to be persistent in senescent B16-F10, SK-MEL-24, and LS174T cells that had been treated with DOX. This led to a rise in P21 levels. Furthermore, HMGB1 depletion caused a shift from senescence to apoptosis in B16-F10 cells, and HMGB1 overexpression managed to trigger the transition from apoptosis to senescence simultaneously with increased P21 expression in B16 cells after treatment with DOX. According to these findings, selective induction of tumor suppression might be possible through the use of HMGB1 regulation of malignancies that have distinct metastatic capability [273]. HMGB1, which is released by cancer cells, serves as a ligand for the TLR-4 receptor on DCs. Sera IFNγ levels are highest after treatment with DCs and DOX, which contributes to the induction of immunological cell death [270,273].



Yang et al. generated DOX prodrug nanoparticles (CAP-NPs) via conjugation of the cathepsin B-cleavable peptide with DOX that allowed the release of the DOX only in cancer cells over-expressing cathepsin B. Moreover, when compared with the treatment of conventional free DOX with anti-PD-L1 antibodies, the combinatorial therapy of CAP-NPs with the same immune-checkpoint inhibitor demonstrated a significantly higher rate of complete tumor regression (50%) than the latter. During this time, CAP-NP-treated mice experienced significantly fewer adverse effects that were associated with DOX treatment and PD-1/PD-L1 blockage [34,274]. It has been also demonstrated that PD-L1-directed liposomes encompassing DOX are a reasonable combination that is capable of improving the activity of the immune system by blocking PD-L1 and through discriminate internalization of DOX in cancer cells. This combination has been effective in providing a dual benefit that is achieved by both the chemo- and immune-therapeutic strategies [275].



Unlike apoptotic cells, which remain immunologically quiet, pyroptotic cells rapidly leak their cellular contents, such as cell antigens, proinflammatory cytokines, and damage-associated molecular patterns (DAMPs), which can then affect the tumor immune microenvironment, activate host antitumor immunity, and ultimately result in tumor regression. Furthermore, APCs adopt a “hyperactive” state characterized by increased motility and promotion of higher cytotoxic T-lymphocyte responses after being activated by pyroptosis-induced signals [276]. The influence of DOX on the anti-tumor immune response is shown in Figure 3.




4. Conclusions


Because of its efficacy in battling a wide spectrum of malignancies, DOX is commonly employed in chemotherapeutic regimens. Despite its widespread clinical use, the mechanisms of action of DOX are still being debated. Although the precise mechanisms of action of DOX remain unknown, it is established that this anticancer agent intercalates into DNA, inhibits topoisomerase enzymes, disrupts the proper functioning of mitochondria, and increases free-radical production and oxidative damage [4]. Besides triggering the mitochondrial apoptosis pathway, DOX also induces senescence, autophagy, pyroptosis, ferroptosis, or necrosis of cancer cells depending on the dose of the drug and the cellular context.



DOX not only has direct cytotoxic effects on cancer cells, but also contributes to the elimination of cancer cells via the activation of immune CD8+ T-cell responses. An understanding of the interplay between the DOX-treated cells and the tumor microenvironment seems crucial for the development of combinatorial regimens including immune checkpoint inhibitors such as PD-L1 antibodies and DOX [231].



DOX exerts its effect on normal cells, leading to the development of life-threatening side effects including myelosuppression, nephrotoxicity, and cardiotoxicity [153,189]. Attempts should be made to find more effective ways to manage DOX toxicity. As a result, DOX must be loaded into a special vehicle and delivered to specific tumor sites, minimizing toxicity while maximizing the therapeutic benefits. Therefore, numerous investigations have been conducted on DOX nanoformulations such as liposomes, polymer micelles, dendrimers, and nanogels [277]. Although several DOX nanoformulations have been shown to increase the therapeutic output in comparison to standard preparations, they still face obstacles such as suboptimal diffusion and permeation properties, sophisticated release patterns, immunogenic responses, and undesirable interactions with serum proteins that force their in-depth in vitro and in vivo investigations [4,278].
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Abbreviations




	AIF
	apoptosis-inducing factor



	APAF1
	apoptotic protease-activating factor 1



	APC
	antigen-presenting cell



	ASC
	adapter protein apoptosis-associated speck-like protein containing a CARD



	ASCO
	apoptosis-associated speck-like protein containing a caspase recruitment domain



	ATM
	ataxia telangiectasia mutated (A-T mutated)



	ATR
	ataxia telangiectasia and Rad3-related



	ATRIP
	ATR-interacting protein



	BCL-2
	apoptosis regulator BCL2



	BCL-xL
	B-cell lymphoma-extra large



	CDC25A/C
	M-phase inducer phosphatases



	CDK
	cyclin-dependent kinase



	CHK1/2
	checkpoint kinases



	CL
	Cardiolipin



	CRT
	Calreticulin



	CXCL
	C-X-C motif chemokine receptors



	DAMPs
	damage-associated molecular patterns



	DDR
	DNA damage response



	DFNA5
	deafness, autosomal dominant 5, isoform CRA



	DIABLO
	direct inhibitor of apoptosis-binding protein with low



	DNA-PKcs
	DNA-dependent protein kinase catalytic subunit



	DOX
	Doxorubicin



	DPC
	DNA–protein crosslink



	DR5
	death receptor 5



	DSBs
	double-strand breaks



	eEF-2K
	eukaryotic elongation factor-2 kinase



	EMT
	epithelial–mesenchymal transition



	ER
	Endoplasmic reticulum



	ETAA1
	Ewing’s tumor-associated antigen 1



	ETC
	electron transport chain



	FASL
	FAS antigen ligand



	FDA
	Food and Drug Administration



	FLIP
	FLICE/caspase-8 inhibitory protein



	GATA4
	GATA Binding Protein 4



	GPX4
	glutathione peroxidase



	GSDMD/E
	gasdermin-D/E



	GZMA/B
	granzyme A/B



	HMGB1
	high mobility group box protein B1



	HR
	homologous recombination



	IFNs
	Interferons



	ILs
	Interleukins



	IREs
	iron-response elements



	IRF1
	interferon regulatory factor 1



	IRP1/2
	iron regulatory proteins 1/2



	JAK
	tyrosine-protein kinase JAK



	JNK
	C-Jun N-terminal kinase



	MAVS
	adaptor protein mitochondrial antiviral signaling



	MCM2/7
	minichromosome maintenance helicase complex



	MDA-5
	melanoma differentiation Ag-5



	MDC-1
	mediator of DNA damage checkpoint protein 1



	MDR1
	multidrug resistance 1



	MHC
	major histocompatibility complex



	MRE11
	meiotic recombination 11 homolog 1



	MRN
	MRE11–RAD50–NBS1 complex



	mtDNA
	mitochondrial DNA



	NBS1
	Nibrin



	nDNA
	nuclear DNA



	NFAT
	nuclear factor of activated T-lymphocytes



	NF-κB
	nuclear factor kappa-light-chain-enhancer of activated B cells



	NHEJ
	non-homologous end joining



	NK
	natural killer cell



	NLRP3
	NACHT, LRR, and PYD domains-containing protein 3



	NOXA
	phorbol-12-myristate-13-acetate-induced protein 1



	NRF2
	nuclear factor erythroid 2-related factor 2



	P2RX7
	P2X purinoceptor



	PARP-1
	poly(ADP-ribose) polymerase 1



	PARs
	poly(ADP-ribose) polymers



	PD-L1
	programmed death ligand 1



	PEG
	polyethylene glycol



	PFNs
	Perforins



	PG-P
	P-glycoprotein



	PIKKs
	phosphoinositide 3-kinase-related protein kinases



	PNKP
	polynucleotide kinase phosphatase



	pRB
	retinoblastoma protein



	PRDX2
	peroxiredoxin-2



	PUMA
	isoform 1 of Bcl-2-binding component 3, isoforms 1/2



	RHINO
	RAD9, RAD1, HUS1 interacting nuclear orphan



	RIG-1
	retinoic acid inducible gene-I



	RNS
	reactive nitrogen species



	ROS
	reactive oxygen species



	RPA
	replication protein A



	SASP
	senescence-associated secretory phenotype



	SOD2
	superoxide dismutase 2



	SMAC
	secondary mitochondria-derived activator of caspases



	SSBR
	single-strand break repair



	SSBs
	single-strand breaks



	ssDNA
	single-stranded DNA



	STAT1/2/3
	signal transducer and activator of transcription 1/2/3



	TAMs
	tumor-associated macrophages



	TPD-1
	tyrosyl-DNA phosphodiesterase 1



	TIS
	therapy-induced senescence



	TLR4
	Toll-like receptor 4



	TNFR1
	tumor necrosis factor receptor 1



	TNF-α
	tumor necrosis factor α



	TOPB1
	topoisomerase 2-binding protein 1



	TP53
	cellular tumor antigen p53



	TRAIL
	TNF-related apoptosis inducing ligand



	TRX1
	thioredoxin-1



	XRCC1
	X-ray repair cross-complementing group-1
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Figure 1. (A) Induction of DNA damage following treatment of cells with doxorubicin (DOX). DOX induces DNA damage through three main mechanisms: the formation of DNA adducts, single-strand break (SSB) induction, and double-strand break (DSB) induction, in which DNA strands remain bound to trapped topoisomerase enzymes through DNA–protein crosslinks (DPCs) and intercalation of DOX in the DNA molecule. (B) Activation of DNA damage response (DDR) pathway. Trapping of topoisomerase enzymes by DOX induces the formation of either SSBs or DSBs. SSBs are detected by poly [ADP-ribose] polymerase 1 (PARP-1), and the ssDNA is covered with replication protein A (RPA). This results in the recruitment of a variety of factors including DNA topoisomerase 2-binding protein 1 (TOPBP-1), RAD9, RAD1, HUS1 interacting nuclear orphan (RHINO), ATR-interacting protein (ATRIP), MRE11–RAD50–NBS1 complexes, and serine/threonine-protein kinase ATR that contribute to the formation of γH2AX protein foci at the sites of damage. DSBs are detected by MRN complexes, which recruit a mediator of DNA damage checkpoint protein 1 (MDC-1) and amplification of the foci formation by ataxia telangiectasia mutated (A-T mutated) (ATM) kinase. Consequently, ATR and ATM kinases phosphorylate checkpoint kinases CHK1 and CHK2. (C) Induction of apoptosis or cell-cycle arrest by DOX. The CHK1/2-mediated phosphorylation of CDC25A/C phosphatases leads to their degradation and as a consequence no dephosphorylation of CDK-cyclin complexes that prevent cell-cycle progression. Alternatively, CHK2 phosphorylates and activates cellular tumor antigen p53 (TP53) transcription factor leading to up-regulation of P21, which binds unphosphorylated (active) CDK–cyclin complexes and contributes to cell-cycle arrest. Created with BioRender.com accessed on 1 January 2023. 
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Figure 2. Contribution of DOX to ROS induction and apoptosis. The interaction of DOX with cardiolipin (CL) leads to the elevation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) levels, which contribute to DNA damage of nuclear (nDNA) and mitochondrial DNA (mtDNA). DNA damage and mutations in mtDNA encoding proteins of the electron transport chain (ETC) lead to the production of defective ETC components that increase electron leakage and ROS/RNS generation. Alternatively, ROS trigger lipid peroxidation, enhancing ROS pools in the cells. ROS may trigger the activation of the ATM-CHK2-TP53 signaling independently of DNA damage through ROS-mediated ataxia telangiectasia mutated A-T mutated (ATM) dimer formation through modification of enzyme cysteine residues by peroxiredoxin-2 (PRDX2) and thioredoxin-1 (TRX1). Through the P38 protein, ROS may activate the P16 protein, which works as an inhibitor of cyclin-dependent kinases 4/6 (CDK4/CDK6). DOX increases the expression of cellular tumor antigen p53 (TP53) and down-regulates the expression of GATA binding protein 4 (GATA4), which influences the expression of genes under the control of these transcription factors. Consequently, an increase in multiple proapoptotic proteins (including BAX, caspase 3/8 (CASP3/8), FAS antigen ligand (FASL), phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), and isoform 1 of Bcl-2-binding component 3, isoforms 1/2 (PUMA)) is observed in addition to a decrease in antiapoptotic factors (such as cyclin D1, B-cell lymphoma-extra large (BCL-xL), and FLICE). The observed down-regulation of BCL-xL and apoptosis regulator Bcl-2 (BCL-2) activity can be attributed to the inhibitory activity of NOXA and PUMA and the antiapoptotic protein proteasomal degradation. Alternatively, activation of ceramide signaling together with mitochondrial pore formation (through BAX and BAK proteins) and the loss of mitochondrial integrity confer the release of proapoptotic factors including cytochrome c, apoptotic protease-activating factor 1 (APAF1), and procaspase-9 (leading to apoptosome formation), the secondary mitochondria-derived activator of caspases (SMAC)/direct inhibitor of apoptosis-binding protein with low pI (DIABLO), apoptosis-inducing factor 1, mitochondrial (AIF), and pro-caspases. Apoptosome activity contributes to the activation of effector caspases (CASP3, -6, and -7) that execute the final phase of apoptosis and lead to the activation of nucleases that cleave nDNA (leading to DNA laddering observed following treatment of cells with DOX). DOX also induces the extrinsic apoptosis pathway via up-regulation of FASL, its interaction with the death receptors tumor necrosis factor receptor 1 (TNFR1), FAS, and death receptor 5 (DR5), and activation of CASP8 and effector caspases. Created with BioRender.com accessed on 1 January 2023. 
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Figure 3. The role of DOX in the anti-tumor immune response. (A) DOX induces the apoptotic cell death of cancer cells, contributing to the exposition or release of ATP, calreticulin (CRT), and high mobility group box protein B1 (HMGB1) of cancer cells and promoting their recognition by dendritic cells (DCs) through respective receptors (P2X purinoceptor 7 (P2RX7), CD91, and toll-like receptor 4 (TLR-4)) present on their cellular surface. (B) These events allow the maturation of DCs and the release of immune-stimulating factors such as interleukins (ILs) and tumor-necrosis factor α (TNF-α). These events promote the activation and expansion of T cells. (C) Activated T cells and natural killer (NK) cells recruited to the tumor microenvironment release perforins (PFNs), granzyme A/B (GZMA/B), and interferon γ (IFN-γ), leading to cancer-cell death. (D) DOX induces double-strand break (DSB) formation, contributing to the activation of the ATR/ATM/CHK2 pathway and promoting STAT1/2/3/IRF1-mediated programmed cell death 1 ligand 1 (PD-L1) up-regulation. This confers to the inhibition of immunogenic cell death. (E) ATP released by dying cancer cells activates P2RX7 expressed on surrounding tumor cells, contributing to the formation of the inflammasome (consisting of adapter protein apoptosis-associated speck-like protein containing a CARD (ASC), NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) and procaspase-1) and activation of caspase-1, which converts pro-IL-1β and pro-IL-18 to active forms (IL-1β, IL-18), activates effector caspase-3, and cleaves gasdermin-D/E (GSDMD/E) to the C-terminal moiety (GSDMD/E-C) and promotes the release of the N-terminal moiety (GSDMD/E-N) that forms pores, triggering pyroptosis. This contributes to the release of a multitude of intracellular factors including ATP, HMGB1, IL-1β, and IL-8 to the extracellular space. Alternatively, the cleavage of GSDMD/E can be triggered by GZNMA/B and PFNs released by NK cells and activated T cells recruited to the tumor microenvironment. Created with BioRender.com accessed on 1 January 2023. 
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