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Abstract

:

An imbalance between the formation of reactive oxygen species (ROS) and the reaction of antioxidant proteins is referred to as oxidative stress. NFE2L2/Nrf2, also known as nuclear factor erythroid-derived 2-related factor 2, is a critical enabler of cytoprotective responses to oxidative and electrophilic insults. When Nrf2 is activated, it triggers the transcription of numerous cytoprotective genes, whose promoter regions contain antioxidant response elements (AREs). In recent times, the regulation of Nrf2 by miRNAs has garnered significant attention, among the various mechanisms that govern Nrf2 signaling. It has been reported that a number of miRNAs directly suppress the expression of Nrf2s, which in turn negatively regulates the Nrf2-dependent cellular cytoprotective response. Furthermore, it has been shown that Nrf2 itself regulates miRs, which carry out some of Nrf2’s unique metabolic regulation functions. Here, we provide an overview of the functions and mechanisms of action of miRs as downstream effectors of Nrf2, as well as in their regulation of its activity.
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1. Introduction


An imbalance between the formation of reactive oxygen species (ROS) and the reaction of antioxidant proteins is referred to as oxidative stress. Cells rely on a range of biochemical, metabolic, and genetic pathways to sustain this balance between oxidants and antioxidants; when it is disrupted, pathophysiological consequences may ensue [1]. Reactive oxygen (ROS), reactive nitrogen (RNS), and reactive sulfur (RSS) species are thought to be triggers for a variety of pathogenic illnesses, such as cancer, inflammatory disorders, cardiovascular disease, neurological diseases, and persistent infections [2]. Reactive oxygen species (ROS) play essential roles in living organisms and are mainly produced under physiological conditions. A moderate rise in ROS can usually promote cell differentiation and proliferation, even though an excess of ROS can cause oxidative damage to proteins, lipids, and DNA [3]. The bulk of clinical trials employing general antioxidant therapy have failed, despite tremendous efforts over the past few decades to bring antioxidant therapy into clinical practice. This is most likely due to a lack of knowledge regarding the roles of redox signaling pathways in health and disease [4]. With a greater understanding of the mechanisms through which oxidants work, as well as the potential drawbacks and benefits of antioxidant therapy, a rational plan for improving therapeutic intervention may be developed.



In this context, the Nrf2/Keap1 signaling systems have demonstrated critical roles among the major antioxidant systems [5]. Both Nrf2 and its antagonistic regulator, the E3 ligase adaptor Kelch-like ECH-associated protein 1 (Keap1), are critical to sustaining the redox state and the synthesis of antioxidant genes [6]. Normally, Keap1 attaches to the Neh2 domain of Nrf2 through the ETGE and DLG motifs, which results in the cytoplasmic localization of Nrf2 [7]. Nevertheless, oxidative stress causes a conformational change in the E3-ligase complex that stops Nrf2 from interacting with the ubiquitin-conjugating mechanism [7]. The outcome is the release of Nrf2 from the complex and its entry into the nucleus, where it joins forces with the sMaf protein to form a heterodimer. Subsequently, the ARE is recognized by Nrf2, further regulating the synthesis of antioxidant proteins and cell defense systems [7]. Genes like TXN, G6PD, GSTA2, NQO1, and HO1 (HMOX1), which are involved in redox detoxification and NADH regeneration, are stimulated to express themselves by the Nrf2 pathway [8]. Nrf2 signaling is connected to a wide range of oxidative stress-related illnesses, including pulmonary disorders, cardiovascular abnormalities, and neurodegenerative diseases [9,10,11]. Because of its important functions, Nrf2’s activity needs to be tightly controlled, and its targets in different tissues and organs need to be known.



On the other hand, growing evidence from earlier research suggests that ROS accumulation changed the expression of microRNA [12]. MicroRNAs are 19–25 nt long noncoding RNA molecules that are crucial for posttranscriptional regulation because they bind to the 3′-untranslated regions (UTRs) of target genes and control a number of biological processes, including cell division, apoptosis, and stress response [13]. Previous research has revealed that the regulation of microRNAs varies depending on the type of cell and tissue. While a single mRNA may be targeted by multiple microRNAs, multiple microRNAs may also influence a single mRNA. As a result, different groups of mRNAs involved in a variety of pathological conditions and the pathogenesis of different human diseases, including immune system disorders and cancers, can be regulated by microRNAs [14]. However, due to its relative stability, microRNA may be able to serve as both a novel biomarker for diagnosis and a possible target for treatment for a variety of cancers [15]. Understanding the interaction between ROS production and microRNAs is crucial because it has been linked to the development of cancer and several other pathological conditions. Remarkably, OS controls the expression levels of certain miRNAs, known as ROS-miRs or redoximiRs, which change target gene expression in response to ROS [16]. In MELAS cells, the OS/NF-κB axis induced the expression of miR-9/9*, while inhibiting the expression of GTPBP3, MTO1, and TRMU [17]. However, in human umbilical vein endothelial cells (HUVECs), a prior study found that miR-21 regulated ROS homeostasis and inhibited the antioxidant response [18]. These results imply that ROS may function as miRNAs’ downstream effectors or upstream regulators. This review focuses on the ways in which the crosslink between miRNAs and the Nrf2 signaling pathway regulate ROS-mediated function and how ROS influence biological phenotypes through this interconnection.



As outlined in the following paragraphs, recent research has demonstrated the significant roles that miRNAs (miRs) play in both the regulation of Nrf2 and its downstream effects, in addition to a variety of mRNA targets. The RNA-induced silencing complex (RISC) is brought in to either cleave or repress the translation of the targeted mRNAs when miRs bind correspondingly to their mRNA targets, which are most frequently found within the 3′-UTR [13]. Numerous miRs may target a single mRNA because miRs regulate a large number of targets in a combinatorial manner [19]. Furthermore, oxidative stress triggers the expression of miR-200 in a variety of cells and tissues. In addition to targeting chemotherapy resistance, members of the miR-200 family may regulate the homeostasis of reactive oxygen species during oxidative stress [20].




2. miRNA Biology: Biogenesis and Action


Short regulatory RNAs, known as microRNAs (miRNAs), function as post-transcriptional repressors of gene expression in a variety of biological contexts. Molecular biology has undergone a revolutionary shift since the Ambros and Ruvkun groups discovered the first microRNA (miRNA), lin-4, in Caenorhabditis elegans in 1993 [21]. All animal model systems contain miRNAs, some of which have been found to be highly conserved across species [22,23,24]. The roles that miRNAs play in regulating gene expression are widely known, and new ones are constantly being found [25]. Small non-coding RNAs, or miRNAs, have an average length of 22 nucleotides. The majority of miRNAs are produced by converting DNA sequences into primary miRNAs, or pri-miRNAs, which are then processed into mature miRNAs and precursor miRNAs, or pre-miRNAs. miRNAs typically suppress expression by interacting with the 3′ UTR of target RNAs [26]. Nevertheless, there have also been reports of miRNA interaction with other regions, such as the 5′ UTR, coding sequence, and gene promoters [27]. Recent studies have suggested that miRNAs are shuttled between different subcellular compartments to control the rate of translation, and even transcription [28].



miRNA biogenesis is initiated by post- or co-transcriptionally processing RNA polymerase II/III transcripts (Figure 1) [26]. Approximately 50% of all miRNAs that have been discovered thus far are intragenic, meaning they are primarily processed from introns and a small number of exons of genes that code for proteins. The other 50% are intergenic, meaning they are transcribed without the help of a host gene and are controlled by their own promoters [29]. When miRNAs are transcribed as clusters, they are regarded as a family because they may share seed regions and are, therefore, considered to be a single long transcript [30]. Under the canonical pathway, pri-miRNAs are generated from their genes and subsequently processed into premiRNAs by the microprocessor complex, which is made up of the ribonuclease III enzyme Drosha and the RNA binding protein DiGeorge Syndrome Critical Region 8 (DGCR8) [31]. Although Drosha cleaves the pri-miRNA duplex at the base of the pri-miRNA’s distinctive hairpin structure, DGCR8 recognizes an N6-methyladenylated GGAC motif [28]. As a consequence, pre-miRNA develops a 2 nt 3′ overhang [32]. An exportin 5 (XPO5)/RanGTP complex transports them to the cytoplasm, where they are subsequently degraded by the RNase III endonuclease Dicer [33]. By removing the terminal loop during this processing, a mature miRNA duplex is produced [34]. The mature miRNA form’s name is determined by the directionality of the miRNA strand. The pre-miRNA hairpin’s 5′ end gives rise to the 5p strand, while the 3′ end is where the 3p strand begins. It is possible to load both strands from the mature miRNA duplex into the ATP-dependent Argonaute (AGO) family of proteins [35].



On the other hand, numerous non-canonical miRNA biogenesis pathways have been identified thus far. These pathways primarily use combinations of Drosha, Dicer, exportin 5, and AGO2, which are proteins involved in the canonical pathway. Non-canonical miRNA biogenesis can be broadly classified into pathways that are either Dicer-independent or Drosha/DGCR8-independent. Pre-miRNAs produced by the Drosha/DGCR8-independent pathway resemble Dicer substrates. Without requiring Drosha cleavage, exportin 1 transports these developing RNAs straight to the cytoplasm. The m7G cap’s ability to inhibit 5p strand loading into Argonaute is most likely the cause of the strong 3p strand bias [36]. Conversely, Drosha processes endogenous short hairpin RNA (shRNA) transcripts to produce Dicer-independent miRNAs [37]. Because these pre-miRNAs are too short to be Dicer substrates, they need AGO2 to finish maturing within the cytoplasm [38] Consequently, this encourages the full pre-miRNA to be loaded into AGO2 and AGO2-dependent 3p strand slicing. Their maturation is finished by the 5p strand’s 3′–5′ trimming [38].




3. Cross-Talk of miRNAs and Nrf2


Raising the level of ROS influences the expression of miRs, which alters the cellular profile of miR content [39]. By regulating their target genes, such notable alterations in the cellular miR profile have subsequent biological effects [40]. In order to alter the cellular redox balance and potentially create an environment that supports the growth and metastasis of cancer cells, miRs may target genes that produce reactive oxygen species (ROS), or elements that are responsive to antioxidants. Consequently, there may be a reciprocal relationship between ROS signaling and miR pathways, which could have a variety of biological effects.



To put it briefly, miRs have the ability to modulate the Nrf2 signaling pathway upstream and have a high degree of control over the pathway at different stages. Overall, miRs control the Nrf2 pathway through the following four major mechanisms: (a) altering Nrf2’s nuclear translocation; (b) affecting Nrf2’s expression; (c) controlling the Nrf2 upstream mediators; and (d) modulating Keap1.



Although Nrf2 is known to act as a transcription factor for traditional cytoprotective genes, there is little research on its potential to regulate miRNA transcripts. In order to identify Nrf2 target transcripts, including miRNAs, one important study used chromatin immunoprecipitation sequencing (ChIP-Seq) on lymphoid cells treated with the Nrf2 activator, sulforaphane [41]. Near nine putative miRNAs, high confidence ChIP-Seq peaks were found, suggesting that Nrf2 regulates these miRNAs. Only miR-365, miR-193b, miR-181c, and miR-29b were found to be expressed in the lymphoblast cell line, according to conformational studies, and only miR-29b demonstrated a significant change in expression in response to Nrf2 activation. Through its direct control of HDAC4 expression, Nrf2 can indirectly downregulate miR-1 and miR-206, according to a different recent study [42]. Nrf2 binding increased the expression levels of miR-29a and miR-29b in primary human keratinocytes and the mouse epidermis [43]. Transgenic mice expressing a dominant negative Nrf2 mutant in keratinocytes—a mutant that retains DNA binding ability but lacks the transactivation domain—did not exhibit upregulation of miR-29a/b1 expression. This result indicates that the activation of the Mir29ab1 gene requires Nrf2’s transcriptional activity. Treatment with HDACi boosted Nrf2 transcriptional activity and raised Nrf2 mRNA and protein levels [44]. On the other hand, autophagy induced by HDACi was inhibited or blocked by Nrf2 knockdown. Furthermore, an array of microRNAs (miRNAs) revealed that Nrf2 overexpression was associated with the upregulation of miR-129-3p. miR-129-3p was shown to be a direct target of Nrf2 by chromatin immunoprecipitation technologies.



Mutant expression of the miR-365/193b cluster has been associated with cancers, including those of the colon and lungs. It is interesting to note that miR-365 and miR-193b can both be linked to tumors independently of one another in the cluster. Reduced expression of thyroid transcription factor 1, critical for lung development and frequently upregulated in lung tumors, has been linked to downregulation of miR-365 in lung cancer [45]. On the other hand, it is believed that over-expression of miR-365 in colon cancer inhibits the development and growth of tumors by focusing on the anti-apoptotic genes BCL-2 and cyclin D1. Nrf2 has the ability to control the miR-365/193b cluster, according to ChIP-Seq data [41]. Front-line chemotherapy drugs such as cytarbine/daunorubicin, bortezomib (myeloma), and 5-fluorouracil (colon cancer) cause Nrf2 to become upregulated. It was found that miR-200a targets keap1 mRNA and, thus, releases Nrf2 [46]. This leads to the induction of cytoprotective genes, which, in turn, reduces the cell’s sensitivity to these drugs [46].



miR-181c is primarily linked to the differentiation of hematopoietic cells and the pathogenesis of cancer. It has been demonstrated that miR-181c represses a number of genes linked to cancer and is highly expressed in the thymus, brain, liver, and bone marrow [47]. It seems that miR-181c has a tumor-type-specific role in cancer. Most gastric cancer samples tested had downregulated miR-181c, but a small percentage had significantly higher expression, suggesting that this miR can function as both a tumor suppressor and an oncomiR [48].



In human colorectal adenocarcinoma HT29 cells, silencing Nrf2 reduced ATP levels, which, in turn, triggered AMPK activation [49]. The regulation of AMPK signaling was linked to increased miR-181c in Nrf2-knockdown cancer cells as the underlying mechanism. AMP-activated protein kinase-α (AMPKα) and acetyl CoA carboxylase were phosphorylated more when a miR-181c mimic was introduced into control cells. On the other hand, AMPKα and ACC phosphorylation were decreased in Nrf2-knockdown cancer cells upon transfection of a miR-181c inhibitor. Interestingly, these modifications in metabolic signaling caused Nrf2-silenced cancer cells to become more sensitive [49]. Another study found that Nrf2 silencing increased the expression of miR-181c via NF-κB signaling [50]. This increase was linked to a decrease in the catalytic core subunit of complex IV of the electron transport chain, mitochondria-encoded cytochrome c oxidase subunit-1. Interestingly, these modifications triggered the activation of AMPKα, and consequent signaling for metabolic adaptation, which included the inhibition of enzymes involved in the biosynthesis of sterol and fatty acids. Thus, the aforementioned study indicates the importance of Nrf2 in cancer mitochondria by clarifying the role of underlying molecular events related to miR-181c/MT-CO1 [50].



The ability of miR-200c to inhibit the epithelial to mesenchymal transition (EMT) makes it a tumor suppressor miR that is implicated in several cancers [51,52]. Additionally, miR-200c has been connected to drug resistance in a number of cancers. For example, because paclitaxel targets the microtubule component TUBB3, breast and ovarian cancer cells with higher expression levels of miR-200c are more susceptible to paclitaxel [52]. Research has also revealed that breast cancer cells that express low levels of miR-200c are more resistant to radiation, whereas overexpression of this miRNA results in a higher rate of apoptosis [53]. The fact that miR-200c targets TBK1, which, in cancers, represses apoptosis and activates other oncogenic pathways like AKT, contributes to this increased sensitivity. On the other hand, overexpression of miR-200c has been associated with chemoresistance and poor prognosis in esophageal cancers. This is because miR-200c targets the AKT phosphorylation repressor PPP2R1B, increasing AKT activation, which indicates their tissue-specific roles [54].



A recent study revealed apoptosis of enterocytes, colonic dysfunction, downregulation of miR-200a, inflammatory response, and inactivation of the Nrf2/Keap1 pathway in a colitis model (Figure 2) [55]. In addition, in dextran sulfate sodium-induced enterocytes, there was an increase in Keap1 expression and a decrease in the protein expression levels of Nrf2 and NQO1, which were restored by miR-200a. Following miR-200a overexpression, the mRNA expression levels of HO-1, NQO-1, and SOD were also restored, indicating that miR-200a mitigates these detrimental changes by activating the Nrf2 antioxidant pathway and repressing Keap1. As demonstrated by luciferase assays, miR-200a was able to target Keap1’s 3′-UTR. Thus, overexpression of miR-200a may inhibit intestinal inflammation and oxidative stress by degrading Keap1 and activating Nrf2.



Another study found that miR-200a can target Keap1 mRNA, encouraging Keap1 degradation and activating Nrf2, which protects mice against the cardiotoxic effects of doxorubicin [56]. Furthermore, by focusing on Keap1/Nrf2, miR-200a can ameliorate diabetic endothelial dysfunction [57]. Furthermore, polydatin-induced enhancement of miR-200a to regulate the Keap1/Nrf2 pathway can avert fructose-induced hepatic inflammation [58]. Another study revealed that doxorubicin significantly increased the expression level of miR-128-3p, decreased the expression level of Sirt1, and changed the levels of Nrf2 protein [59]. On the other hand, miR-128-3p antagomir reduced liver damage by increasing Sirt1, Nrf2, Sirt3, NQO1, and HO-1 protein levels. In another report, miR-140-5p targeted Nrf2 and Sirt2 to promote myocardial oxidative stress, which is a key factor in doxorubicin-induced cardiotoxicity. By altering the expression levels of HO-1, NQO1, Gst, GCLM, Keap1, and FOXO3a, miR-140-5p directly targeted Nrf2 and Sirt2 [60]. Furthermore, miR-140-5p/Nrf2 and miR-140-5p/Sirt2 might be new targets for treating cardiotoxicity brought on by doxorubicin.



In renal mesangial cells, aldose reductase has the ability to negatively regulate the expression of miR-200a-3p/141-3p [61]. Under high-glucose conditions, miR-200a-3p/141-3p directly targets Keap1, Tgfβ2, fibronectin, and Zeb2, and it indirectly regulates Tgfβ1 and Nrf2. Significant upregulation of Nrf2 and reduced Keap1 expression were observed in the renal cortex upon aldose reductase deficiency-induced elevations in miR-200a-3p/141-3p.



Furthermore, pertinent research indicates that a novel way to activate Nrf2 is through miRNA targeting and Keap1 silencing [62,63]. Through Keap1 targeting and silencing, to trigger Nrf2 signaling, miR-152 protects the heart [64]. By focusing on the Keap1-Nrf2-HO-1 axis, miR-141 suppresses the migration and proliferation of vascular smooth muscle cells [65]. In order to shield retinal pigment epithelial cells from oxidative damage, miR-626 activated Nrf2 and targeted Keap1 [66].



Sangokoya et al. found that erythrocyte samples from patients with homozygous sickle cell disease (HbSS) who were experiencing worsened anemia had elevated expression of miR-144 [67]. Luciferase experiments verified that miR-144 has a direct regulatory effect on Nrf2 expression, since the latter carries two target sequences for miR-144 on the 3′-UTR for Nrf2. A similar investigation demonstrated the direct regulatory impact of miR-28 on Nrf2 expression and the ensuing cellular functions in breast cancer cell lines [68]. Through binding on the Nrf2 3′-UTR, miR-28 successfully regulated Nrf2 expression, as demonstrated by luciferase reporter assays. It was also made clear, however, that the regulatory function of miR-28 is independent of Keap-1 because overexpression of miR-28 neither altered Keap-1 and Nrf2 interactions, nor caused dysregulated expression of Keap-1. Another study demonstrated a decrease in Nrf2 protein levels after miR-93 was induced to express itself, as well as a decrease in phenotypes linked to carcinogenesis after miR-93-knockdown experiments [69]. The miR-93 “seed” sequence did not perfectly match the 3′-UTR of Nrf2, but it still reduced the levels of Nrf2 mRNA and protein in breast cancer cells [70]. Nrf2 protein levels were reduced as a result of ectopic expression of miR-93. One of the known direct regulators of Nrf2 in breast cancer cells is miR-28, which has been shown to bind the Nrf2 3′-UTR and control Nrf2 expression without the need for KEAP1 [71]. Therefore, one potential tactic to restore Nrf2 functions could be to counteract the repression of this transcription factor, mediated by miR-28 and miR-93, in order to rescue Nrf2 activity.



In the SH-SY5Y neuroblastoma cell line, one study found that miR-153, miR-27-a, miR-142-5p, and miR-144 are regulatory miRNAs for Nrf2 [72]. These regulatory connections were confirmed by individual miRNA mimic co-transfection experiments, as well as by the observation of decreased Nrf2 transcription and protein levels after the miRNAs were expressed ectopically. When hydrogen peroxide was applied to neuroblastoma cells, miR-153 bound to the Nrf2 3′-UTR and inhibited the translation of a luciferase reporter [72]. miR-153 and miR-144 were significantly upregulated in rat hippocampi following traumatic brain injury, resulting in diminished mRNA and protein levels of Nrf2 [73]. Remarkably, earlier research had discovered Nrf2-bound enhancer/promoter elements upstream of gene clusters encoding for miR-29s [43], suggesting that Nrf2-dependent regulation of miR-29s in the brain may exist. Reduced expression levels of microsomal glutathione S-transferase 1 (Mgst1) and sirtuin 1 (Sirt1) are the result of miR-34a and miR-93 targeting Nrf2 in aged rat liver [74]. Nrf2 target gene expression was downregulated and Nrf2 mRNA and protein levels were markedly reduced by overexpression of miR-34a. More significantly, the Nrf2-dependent antioxidant pathway was restored and the effects of ischemia–reperfusion-induced hepatic injury were lessened when miR-34a expression was inhibited [75]. In another report, TNF-α treatment causes all endothelial cell lines to express less miR-27b, activates inflammatory pathways, changes the mitochondria, and produces an increase in reactive oxygen species, all of which aid in the induction of intrinsic apoptosis [76]. By targeting the 3′untranslated regions of FOXO1 mRNA, hsa-miR-27b-3p reduces the expression of this gene and lessens the activation of the Akt/FOXO1 pathway.



Following Nrf2 knockdown in acute myeloid leukemia cells, the results of miRNA microarray screenings demonstrated Nrf2-directed upregulated expression of miR-125-b1 and concurrent decrease in miR-29-b1 [77]. The research conducted by Joo and colleagues [78] provided more proof that Nrf2 controls the transcription of miR-125b1 expression, demonstrating how the activation of Nrf2 in the kidney tissues of mice given oltipraz increased the expression of miR-125-b1 [78]. In hepatocellular carcinoma (HCC) chemoresistance models, Shi and colleagues found an increase in miR-141 expression that correlated with drug resistance to 5-fluorouracil [79]. Using luciferase reporter assays and RT-qPCR for additional analysis, it was discovered that miR-141 directly regulated downstream Keap1 transcription [79]. The direct regulatory effect of miR-340 on Nrf2 within HCC cell lines exhibiting a chemoresistance phenotype for cisplatin was also demonstrated in another study [80]. Two miRNAs, miR-1 and miR-206, were downregulated in tandem with a decrease in cell line growth in A549 tumor cell lines that showed knockdown of Nrf2 [81]. Numerous studies demonstrated that the miR-103/107 family (which includes miR-103.1, miR-103.2, and miR-107) targets Dicer by directly binding to its 3′-UTR, thus attenuating miRNA biosynthesis [82].



The cells of the retinal pigment epithelium are vulnerable to oxidative stress. Increased nuclear translocation of Nrf2 and inhibition of Cul3 are caused by increased expression of miR-601 [83]. Consequently, elevated expression levels of ARE-dependent genes, like HO-1 and NQO1, strengthen the antioxidant defense system. Hepatotoxicity is caused by acetaminophen (APAP) overdose through control of the miR-19b [84]. Research has demonstrated that the administration of APAP causes miR-19b to be downregulated. This stage is essential for SIRT1 stimulation, which sets off the Nrf2 cascade and a number of downstream mediators, including antioxidant enzymes. Following I/R injury, a decrease in miR-320 expression has been observed [85]. Activation and expression of the Nrf2 signaling pathway and its downstream mediator, HO-1, are markedly accelerated by downregulating miR-320. I/R injury was attenuated as a result of the reduction in ROS concentrations brought about by Nrf2 stimulation. High oxidative stress sensitivity and cell pyroptosis are linked to chlorpyrifos exposure. Chlorpyrifos partially mediates these deleterious effects on SH-SY5Y cells by upregulating miR-181 [86]. Consequently, the SIRT1/PGC-1α/Nrf2 signaling pathway, which is implicated in cell protection and the inhibition of ROS generation, is suppressed by miR-181.



PRXL2A, a protein that may resemble the scavenger DJ-1/PARK7, is regulated by miR-125b [77]. By favorably influencing the Nrf2 signaling pathway, the upregulation of PRXL2A by miR-125b prevents oxidative damage in cells. I/R injury can affect cardiomyocytes [87]. Molecular pathways involved in the antioxidant defense system can be targeted to lessen this vulnerability [88]. Cardiomyocytes are protected from I/R damage by miR-24-3p, which efficiently initiates the Nrf2 signaling pathway by inhibiting Keap1 [88]. After ischemic stroke, attempts were made to lessen the cerebral I/R injury by miR-34b [89]. The results demonstrated that, while miR-34b increases the activities of SOD and manganese SOD (MnSOD), it significantly reduces the infarction volume, neurological severity scores, and the level of nitric oxide (NO). It was discovered that the inhibition of Keap1 mediates the protective effects of miR-34b. This inhibition of Keap1 then triggers the Nrf2 signaling pathway, which, in turn, activates the antioxidant enzymes. It has been demonstrated that, by blocking the Nrf2/ARE pathway, miR-101 suppresses cell division and promotes apoptosis in gastric mucosal epithelial cells. By attaching itself to the UTR of Nrf2, miR-101 inhibits the activity of Nrf2 [90].



NRAL, a long non-coding RNA, has been linked to cisplatin resistance, according to a 2019 study by Wu and colleagues [91]. The relationship between NRAL and miR-340-5p was also inverse, with NRAL having a negative effect on miR-340-5p to initiate Nrf2-dependent antioxidant enzymes. This indicates that the NRAL/miR-340-5p/Nrf2 axis plays a crucial role in hepatocellular carcinoma cells’ resistance to cisplatin [91]. It seems that the Nrf2 signaling pathway is downregulated by miR-495 activity during epilepsy and seizures, which results in apoptosis. Research has demonstrated that UCA1, a long noncoding RNA, inhibits the expression of miR-495, which, in turn, stimulates the Nrf2 pathway and prevents apoptosis in neurons and epileptiform hippocampal tissues [92].



Oxidative stress has a detrimental effect on bone metabolism, and miR-455-3p has the ability to modulate oxidative damage [93]. Apoptosis and a high degree of oxidative stress are linked to exposure to ferric ammonium citrate (FAC) and a reduction in cell proliferation [94]. The detrimental effects of FAC were counteracted by increasing the expression of miR-455-3p, which led to the restoration of bone metabolism and the inhibition of apoptosis [93]. Oxidative damage is reduced when miR-455-3p stimulates Nrf2’s activation through its upstream mediator, HDAC2 [93]. H2O2 has the ability to increase ROS and oxidative stress. Research has demonstrated the connection between exposure to H2O2 and the development of osteoporosis and osteonecrosis [95]. By degrading cul3, which, in turn, activates ARE-related genes, like NQO1, HO-1, and GCLC, miR-455 stabilizes and increases the level of Nrf2. By strengthening the antioxidant defense system, osteoblasts are shielded from the damaging effects of H2O2 [96].



As a tumor suppressor, miR-148b creates an environment in which ROS levels are high, which inhibits the growth of tumor cells [97]. The expression of endoplasmic reticulum metalloprotease 1 (ERMP1) is inhibited by miR-148b. Consequently, human endometrial cancer RL95-2 cells experience a reduction in cell proliferation due to the downregulation of Nrf2, which raises ROS levels [97]. Another recent study showed that miR-21 directed attenuating SOD3, or via an indirect mechanism that limited TNFα production, thereby reducing SOD2 levels, to inhibit the metabolism of superoxide to hydrogen peroxide, which is produced either by endogenous basal activities or exposure to ionizing radiation (IR) [98]. Therefore, their results demonstrate that miR-21 regulates cellular ROS levels, which, in turn, significantly promotes tumorigenesis. Reduction in ROS and oxidative stress-induced cell death were also observed upon overexpression of miR-210 [99]. Furthermore, following hypoxia–reoxygenation, downregulation of miR-210 increased ROS. Based on microRNA expression profiling, it was found that HIF-1α upregulates the levels of miR-210 and downregulates those of miR-383 [99].




4. Conclusions


Essentially, the purpose of this review is to draw attention to the clinical significance of miRNA effects within the Nrf2/KEAP1 pathway, as well as other important pathways that are impacted by Nrf2 activity. It is crucial to understand these novel molecular interactions at the miRnomic level, as dysregulated miRNAs that are thought to be responsible for exacerbating particular disease conditions with oxidative stress and clinical progression may be novel targets for medication. It was determined that elevated expression levels of the mir-103/107 family during the metastasis process will cause Dicer, mir-200b, and mir-200c to be downregulated or targeted, which will, in turn, promote the expression of sirt1 (the repressor of Nrf2). As a result, Nrf2’s expression level, and the downstream-regulated antioxidant-protective genes it regulates, will be reduced. By affecting Keap1, controlling Nrf2 expression, changing Nrf2’s nuclear translocation, and affecting upstream mediators of the Nrf2 pathway, like SIRT1/PGC1a, PRXL2A, Notch, BRMP1, HDAC2, and MEG3, miRs can influence the Nrf2 signaling pathway. It may be extremely beneficial for clinical practice to learn more about the extent of redox-sensitive miRNA-induced epigenetic gene regulatory control on crucial components of the Nrf2 signaling pathway and its interactions, especially in the context of oxidative stress, since, once discovered and verified, these miRNAs may be used as novel therapeutic targets for soon-to-be-released translational medicine-based treatments in clinical settings. This review article, as a whole, affirms and supports the significance of applying microRNA-based therapies in clinical settings following research trials.
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