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Abstract

:

Metabolic syndrome (MetS) is a precursor to the major health diseases associated with high mortality in industrialized countries: cardiovascular disease and diabetes. An important component of the pathogenesis of the metabolic syndrome is mitochondrial dysfunction, which is associated with tissue hypoxia, disruption of mitochondrial integrity, increased production of reactive oxygen species, and a decrease in ATP, leading to a chronic inflammatory state that affects tissues and organ systems. The mitochondrial AAA + protease Lon (Lonp1) has a broad spectrum of activities. In addition to its classical function (degradation of misfolded or damaged proteins), enzymatic activity (proteolysis, chaperone activity, mitochondrial DNA (mtDNA)binding) has been demonstrated. At the same time, the spectrum of Lonp1 activity extends to the regulation of cellular processes inside mitochondria, as well as outside mitochondria (nuclear localization). This mitochondrial protease with enzymatic activity may be a promising molecular target for the development of targeted therapy for MetS and its components. The aim of this review is to elucidate the role of mtDNA in the pathogenesis of metabolic syndrome and its components as a key component of mitochondrial dysfunction and to describe the promising and little-studied AAA + LonP1 protease as a potential target in metabolic disorders.
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1. Introduction


Obesity is the main factor in the development of metabolic syndrome (MetS), which is characterized by complications such as visceral (abdominal) obesity, hypertension, high cholesterol, and elevated glycemia (hyperglycemia). MetS is a precursor of major health diseases associated with high mortality in industrialized countries: cardiovascular disease and diabetes [1].



The World Health Organization estimates that the global incidence rate of metabolic syndrome in adults is over 25% and increasing every year. This increases the risk of developing type 2 diabetes (fivefold), having a heart attack (threefold), and dying (twofold) [2,3]. The increase in incidence is primarily related to the heterogeneous phenotypes of the MetS and the lack of specific effective therapies [3].



Adipose tissue and phagocytes are active producers of proinflammatory factors that contribute to the development of mild chronic inflammation associated with insulin resistance, type 2 diabetes mellitus, and MetS [4,5].



Chronic inflammation leads to accelerated biological aging of the body, characterized by a shortening of the length of cellular telomeres and the development of mitochondrial dysfunction [6,7].



At the same time, mitochondrial dysfunction, which is associated with tissue hypoxia, impaired mitochondrial integrity, increased production of reactive oxygen species, and a decrease in ATP, leading to a chronic inflammatory state that affects tissues and organ systems, is an important component of the pathogenesis of the MetS.



Mitochondrial dysfunction and cellular aging are also associated with a decrease in mitochondrial DNA (mtDNA) copy number [6] and an accumulation of mitochondrial mutations (heteroplasmy) [7]. At the same time, a positive correlation was found between telomere length and mtDNA copy number [4]. Studies have shown an association between MetS and its components with a decrease in mtDNA in peripheral blood cells [7,8]. In addition, low mtDNA levels have been found to be associated with various diseases and mortality [6].



The mitochondrial AAA + protease Lon (Lonp1) has a broad spectrum of activities. In addition to its classical function (degradation of misfolded or damaged proteins), enzymatic activity (proteolysis, chaperone activity, mtDNA binding) has been demonstrated. At the same time, the spectrum of Lonp1 activity extends to the regulation of cellular processes inside mitochondria, as well as outside mitochondria (nuclear localization). Lonp1 is ubiquitously expressed in humans and is involved in the regulation of mitophagy and response to oxidative stress, heat shock, and in the maintenance of mtDNA [8,9,10]. This mitochondrial protease with enzymatic activity may be a promising molecular target for the development of targeted therapy for MetS and its components.



The aim of this review is to elucidate the role of mtDNA in the pathogenesis of metabolic syndrome and its components as a key component of mitochondrial dysfunction and to describe the promising and little-studied AAA+ LonP1 protease as a potential target (with possible therapeutic potential) in metabolic disorders.




2. mtDNA


Each cell contains many mitochondria, and each mitochondria contains several copies of mtDNA [11]. mtDNA is located in the mitochondrial matrix in close proximity to the electron transport chain, the major source of reactive oxygen species. Therefore, mtDNA is particularly susceptible to oxidation leading to mutations and the development of various pathologies [12]. Human mtDNA is 16,569 bp in size and contains 37 genes encoding 22 transfer RNAs, two ribosomal RNAs required for protein synthesis, and 13 messenger RNAs required for OXPHOS [13].



The double-stranded closed mtDNA molecule consists of a heavy outer ring (H) and a complementary light inner ring (L) that contain no introns [14]. At the same time, the D-loop (control region) is the most intense regulatory non-coding region of mtDNA, which contains the origin of replication of the H-strand. It is noted that the mitochondrial control region is subject to a high rate of mtDNA changes (especially in hypervariable regions) [13].



Despite multiple repair pathways, cells have limited ability to repair mtDNA [12].



2.1. The Relationship between Quantitative mtDNA Levels (and Inflammation) in Obesity and Metabolic Syndrome


Studies show that each mitochondrion contains 2 to 10 copies of mtDNA (mtDNA CN) [11].



The mechanism underlying mtDNA CN alteration in metabolic disorders is directly related to excess energy substrates leading to insulin resistance mediated by an increase in inflammatory cytokine profile, resulting in mitochondrial fragmentation, oxidative stress (increased ROS production), accumulation of mtDNA damage, and cellular senescence [1]. Notably, there is evidence for a causal relationship between changes in mtDNA CN and inflammation in adipose tissue and oxidative stress. In adipose tissue, a decrease in mtDNA CN can lead to a deficiency in OXPHOS proteins and promote the formation of a pool of M1 macrophages that generate ATP through glycolysis and produce pro-inflammatory mediators, contributing to insulin resistance [15,16].



The tissue-specific indicator of the amount of mtDNA CN per cell is not a direct marker of mitochondrial function but is related to mitochondrial enzyme activity and adenosine triphosphate production [17]. This confirms the results of a study in which cells with reduced mtDNA CN had reduced expression of vital complex proteins, altered cell morphology, and lower respiratory enzyme activity [18].



Mitochondrial dysfunction has been shown to be associated with changes in the quantitative content of mtDNA and the degree of mtDNA damage [19] at MetS, insulin resistance, and obesity [20,21].



Studies in humans and animals have shown that loss of mtDNA content occurs in metabolic diseases [22]. The change in mtDNA CN in obesity has been described in studies that analyzed this parameter in adipose tissue [23] and peripheral blood [9].



Studies confirm a dynamic relationship between mtDNA CN and weight changes [24,25]. At the same time, a cross-sectional analysis of large cohorts showed a direct association between reduced mtDNA CN and obesity, diabetes, dyslipidemia, and hypertension [26].



A decrease in mtDNA CN in leukocytes, skeletal muscle cells, hepatocytes, and white adipocytes correlates with visceral obesity, body mass index, hyperlipidemia, cardiovascular disease, MetS, and mortality [5,27,28]. The results of studies with a limited sample of subjects diagnosed at MetS showed depletion of mtDNA CN in peripheral blood leukocyte cells [29,30].



In addition, lower levels of mtDNA CN correlated with MetS components in the general population [1,29,30].



In a recent study of a large cohort of patients with MetS and type 2 diabetes (type 2 DM), a strong association was found between low whole blood mtDNA CN levels and obesity, MetS, and type 2 DM. Moreover, mtDNA CN may predict the risk of developing MetS in patients with chronic kidney disease and in the European population as a whole [31].



Interestingly, a 10-year study in patients with MetS found an annual decrease of about five copies of mtDNA (in peripheral blood cells) [1], consistent with similar studies [6,32]. These studies draw a parallel between metabolic disorders and aging, as similar changes (decrease) in mtDNA copies per cell with age are observed in peripheral blood leukocytes [6], human pancreatic cells [33], fibroblasts, and myocytes.



In addition, higher triglyceride levels have been found to be associated with a decrease in mtDNA in peripheral blood mononuclear cells in patients with MetS [1], and similar associations have been shown for hyperglycemia and mtDNA [34].



A low baseline mtDNA CN was prospectively associated with a higher risk of developing type 2 DM [35]. It is noted that mtDNA CN level is a dynamic indicator and may change depending on endogenous/exogenous conditions. Thus, a higher mtDNA CN level was observed in type 2 diabetic patients with greater weight loss while taking the antidiabetic drug (metformin), which was associated with a decrease in glucose level, allowing the use of mtDNA CN for effective weight control in type 2 DM [36]. In addition, sex-specific variation in mtDNA CN was noted, as were the dynamics of this indicator before and after bariatric surgery [37]. In contrast, a decrease in mtDNA CN in peripheral blood was associated with an increase in mtDNA copy number in subcutaneous adipose tissue and TNF-a production in people with a high body mass index [23].



Thus, the above data suggest a direct link between mtDNA CN alterations and the development of metabolic disorders such as obesity, type 2 DM, and MetS and confirm the important role of mitochondrial dysfunction in the development of these diseases.




2.2. mtDNA Methylation


A close relationship has been established between mitochondria/mtDNA and nuclear DNA.



The mtDNA is essential for normal mitochondrial function, and many mitochondrial proteins are encoded by nuclear genes [38]. The interaction between mitochondria and the nuclear epigenome is bidirectional: mitochondria mediate epigenetic processes, and changes in the epigenome control mitochondrial function and influence stress response and lifespan [39,40].



Mitochondria provide for the formation of intermediate metabolites necessary for epigenetic modifications in the nucleus that control mitochondrial protein expression.



Interestingly, mtDNA CN also regulates nuclear gene expression through changes in nuclear CpG methylation, which leads to more severe pathology by regulating signaling pathways [41]. Epigenetic changes in nuclear DNA and low levels of mtDNA CN have been found to correlate with lower cancer survival [41].



This is of particular interest because the measurement of DNA methylation in peripheral blood cells can be used as a marker of less accessible tissues involved in obesity [42], and differences in peripheral blood cell DNA methylation profiles have been demonstrated in obesity [43].



The phenomenon of mtDNA methylation was discovered in the 1970s. CpG and non-CpG methylations were detected in mtDNA, and the presence of methyltransferases in mitochondria was also demonstrated. At the same time, in the human mitochondrial genome, the number of C sites (subject to methylation) of the L chain is more than twice the number of C sites of the H chain, with a small number of the C sites being dinucleotide CpG. Thus, methylation of mtDNA occurs mainly at the L chain and CpG sites. Moreover, 12 of 13 protein-coding genes use the L-chain as a template. L-chain methylation could affect mitochondrial function by controlling mtDNA gene expression [44].



The mechanism of methylation due to mtDNA changes suggests the involvement of histones. Thus, retrograde signaling from mitochondria to the nucleus regulates histone acetylation and alters gene expression in the nucleus through heterogeneous ribonucleoprotein A2 (hnRNAP2). At the same time, histone modifications correlate with mitochondrial content and are associated with chromatin activation (H4K16, H3L4me3, H3K36me2) [45]. Moreover, oxidative phosphorylation injury alters methylation processes due to modifications of the methionine cycle involved in the formation of S-adenosylmethionine, a methyl donor for histones and DNA methyltransferases [41].



Mutations and single nucleotide polymorphisms occur more frequently in the mitochondrial displacement loop (D-loop) than in other mtDNA regions [46]. This is mediated by the high sensitivity of the D-loop of mtDNA to ROS-dependent damage.



Functional regulation of mtDNA in metabolic disorders has been shown to be related to methylation marks in mtDNA (particularly in the bias loop, D-loop) [39].



Oxidative stress leads to increased expression of a key transcription factor that controls mitochondrial gene expression and mtDNA replication, mitochondrial transcription factor A (TFAM). TFAM initiates mitochondrial transcription by binding to the D-loop region and also regulates the process of mtDNA replication.



At the same time, D-loop methylation of mtDNA also affects mitochondrial gene expression and mtDNA replication [47]. High D-loop methylation disrupts TFAM, thereby reducing mitochondrial gene transcription and altering mitochondrial function [48,49]. A change in mtDNA copy number was found in response to an increase/decrease in the level of D-loop methylation [50,51]. Hypomethylation of the D-loop enhances gene expression [49] and leads to an increase in mtDNA copy number. Hypermethylation was associated with a decrease in mtDNA copy number [52].



According to the literature, mammalian mtDNA is enriched in N6-methyldeoxyadenosine (6 mA), presumably involving the methyltransferase METTL4, which causes suppression of mtDNA binding to TFAM. Hypoxia contributed to a 1300-fold increase in 6 mA labeling in mtDNA compared with total DNA. Furthermore, 6 mA mtDNA methylation promoted attenuation of mtDNA transcription, decreased mtDNA CN (HepG2 cells), and impaired mitochondrial activity [53].



A paper by Bordoni L. et al. [54] shows that mtDNA methylation patterns in DNA samples from buccal swabs are associated with body composition in overweight children, confirming previous studies on sex differences in mtDNA CN and obesity [5,37].



However, another paper by Bordoni L. et al. [55] found slight associations between mtDNA methylation levels and obesity, with no association between mtDNA methylation and mtDNA CN in VAT biopsies. At the same time, higher D-loop methylation was observed in severe obesity [55].



Studies show a direct association between changes in mtDNA methylation and the development of obesity [56] and cardiovascular disease [57].



High levels of mtDNA-D loop methylation in peripheral blood were found to be associated with low mtDNA-CN levels in insulin resistance and obesity [58].



Thus, mtDNA methylation may have a modulatory effect on the expression of important genes involved in the maintenance of mitochondrial and cellular function in the background of metabolic disorders.




2.3. mtDNA Mutations Accumulated during Development or in Postmitotic Tissues


The mitochondrial genome has a high mutation rate, about 100–1000 times higher than that of the nuclear genome. The mtDNA is not protected by histone proteins, so defective genes accumulate in it 10–20 times faster than in nuclear DNA [59].



Pathological mutations in mtDNA persist through mitochondrial fusion/fission processes and impaired mitophagy [60,61]. Accumulation of somatic mutations in mtDNA (heteroplasmy) leads to disruption of mitochondrial functions [62].



mtDNA mutations play an important role in the pathogenesis of MetS.



Mutations of tRNA genes are localized in areas important for tRNA stability, tRNA concentration in equilibrium in mitochondria, and aminoacylation activity, leading to high ROS production, development of oxidative stress, and apoptosis [59]. Mutations in the mitochondrial tRNA allele T4291C have been observed in the European population and have been associated with MetS and metabolic defects. In addition, mtDNA D-loop mutations, particularly T16189C, have been associated with insulin resistance and coronary heart disease [63,64]. Diabetes-associated mtDNA mutations: tRNALeu(UUR) A3243G heteroplasmy is involved in the pathogenesis of hereditary diabetes [65]. Studies on the role of the A3243G mutation have shown a direct link to mitochondrial dysfunction associated with inefficient aminoacetylation, impaired mRNA precursor processing, and basic posttranscriptional modification of tRNALeu(UUR) [66]. A study of the relationship of mitochondrial heteroplasmy in peripheral blood cells in a man with juvenile (as well as familial) diabetes, MetS, and a history of multiple sclerosis showed interesting results. Analysis of the mtDNA genome revealed a heteroplasmic mutation of mtDNA A8890G exclusively in the patient studied (but not in his relatives), whereas an association between the MetS and the single nucleotide polymorphism T16189C was found in all family members [67].



Thus, investigating the role of mtDNA polymorphisms in the pathogenesis of MetS and its components is a promising direction that will enable future work to prevent and predict the likelihood of developing severe pathologies and reduce the high risk of mortality (outcomes).




2.4. mtDNA Haplogroups


mtDNA variants are inherited maternally without recombination and can accumulate over time. A mitochondrial haplogroup groups together people who have the same accumulated mtDNA variants and may be geographically separated. In other words, haplogroups are ancient functional polymorphisms associated with specific mtDNA lineages [68]. Different haplogroups form different branches of the mitochondrial phylogenetic tree [13].



Studies have shown the association between mitochondrial haplogroups and the development of obesity [69,70,71] and MetS [72] in different parts of the world.



Studies have shown the association between Asian haplogroups (Japanese, Korean) and type 2 DM and MetS. Haplogroup N9a was associated with a low risk of type 2 DM and haplogroups D4/D5 and F with a high risk of type 2 DM in a cohort of Japanese and Koreans [73]. The Japanese also showed an association between haplogroup M8a (8684C˃T) (polymorphisms of single mitochondrial nucleotides) and high risk for type 2 DM and between B4c (3497C˃T, 1119T˃C) and obesity [74]. On the contrary, in the Chinese population, haplogroup N9a (N9a1, N9a10a) is predisposed to the development of type 2 DM [75]. Haplogroups M9 [76] and M8a [77] were markers of increased risk for type 2 DM in Han Chinese. A study in the Taiwanese population showed a protective role against the development of type 2 DM haplogroup D4 and a predisposing role in terms of B4a1a, E2b1 [78,79]. An association between a predisposition to type 2 DM and the presence of D4 H haplogroups was found in the Chinese Uighur population [80].



At the same time, the study by Chalkia D. et al. [72] showed the association between mitochondrial haplogroups and the risk of developing MetS.



Therefore, further studies on the relationship between mitochondrial haplogroups and the development of MetS will provide more clarity on the molecular features of the pathogenesis of the disease and allow the identification of specific targets to prevent the development of severe complications.




2.5. mtDNA Released from Cells as Alarmins and Inflammation Inducers


According to the “endosymbiont theory” proposed by Lynn Margulis, it is the evolutionary transformation of an autonomous endosymbiont bacterium into a specialized cell organelle, the mitochondrion, that results in mitochondrial products being potentially recognized by the immune system as “foreign” molecules [81]. The pro-inflammatory function of mtDNA was first demonstrated in 2004 [82]. Moreover, oxidation is an essential component of the mtDNA-associated inflammatory response [83,84]. When mtDNA binds to TFAM (mitochondrial transcription factor), the nucleotide is very stable; otherwise, mtDNA is in a fragile and easily degraded state. The study showed that cell-free mtDNA and TFAM-associated mtDNA play important roles in the inflammatory response [85].



Mitochondria-released mtDNA (which, like bacterial DNA, contains unmethylated CpG motifs) is a key factor in the activation of innate immunity mediated by pathogen-associated pattern recognition receptor (PRR) (PAMP) signaling cascades. These include the following signaling pathways: cGAS (cyclic GMP-AMP synthase pathway), Toll-like receptors (TLR9), NOD-like NLR receptors, the inflammasome NRLP3 (protein-3 with NACHT, LRR, and PYD domains) [86], and retinoic acid-inducible gene 1 (RIG-1)-like receptors (RLRs) and C-type lectin receptors (CLRs) [12,87,88,89].



Recurrent sterile inflammation (chronic production of pro-inflammatory cytokines), mediated in part by the release of mtDNA, is a classic example of a pathophysiological condition that occurs in patients with metabolic diseases [90]. It is interesting to note that in the elderly (over 90 years of age), plasma mtDNA levels gradually increase with age and correlate positively with plasma levels of TNF-a, IL-6, IL-1ra, RANTES [91]. Given the important pathogenic role of (high) circulating cytokines (TNF-a, IL-6, IL-1) and their association with poor disease prognosis [92], it is important to understand the mechanisms of association between mtDNA and the development of an inflammatory response in obesity and MetS.



Uncovering the role of mtDNA in MetS-associated inflammatory processes will therefore allow the identification of potential targets for early diagnosis and the prevention of severe disease sequelae.




2.6. Signaling Pathways Activated by mtDNA in Obesity and Metabolic Syndrome


2.6.1. cGAS-STING Signaling Pathway


Interferon gene stimulator (STING) is an inflammatory endoplasmic reticulum (ER) adapter protein (encoded by TMEM173 gene) that causes chronic inflammation [93]. The nucleic acid pattern recognition receptor (cyclic GMP-AMP synthase, cGAS) is the upstream protein that activates STING. It has been found that cGAS can be localized on the cell membrane, in the cytoplasm, and in the nucleus. cGAS binds to double-stranded DNA of exogenous and endogenous origin (including mtDNA) [94]. The binding of cGAS to mtDNA induces the synthesis of cyclic dinucleotide (CDN)-2′,3′-cyclic guanosine monophosphate-adenosine monophosphate (cGAMP). The synthesized cGAMP binds to the active pocket site STING and activates further signal transduction [95].



cGAS-dependent and -independent (ER stress) stimulation of STING leads to subsequent transport and activation of TANK-binding kinase 1 (TNK1) for phosphorylation of the regulatory factor IFN 3 (IRF3). IRF3 then dissociates and dimerizes and becomes transcriptionally active. IRF3 then migrates to the nucleus and triggers an IRF3-dependent IFN-1 response [96]. In addition, TNK1 induces nuclear transfer of nuclear factor kappa B (NF-kB), which triggers the transcription of pro-inflammatory cytokines [97].



In addition, the cGAS-STING-TBK1 pathway, which involves IKK kinases [98], promotes the translocation of nuclear factor-kappa B (NF-kB) to the nucleus [99], which also regulates the transcription of pro-inflammatory factors. STING has been shown to induce canonical/noncanonical activation of the NF-kB pathway. Thus, activation of STING (via cGAS) stimulates NF-kB and mitogen-activated protein kinase signaling via TNK1 [97].



In vitro/in vivo studies have shown that TNK1 is essential for STING-induced NF-kB activation and downstream STING kinases (TBK1, IkB kinase ε-IKKε) act redundantly to mediate stimulation of STING-NF-Kb, which triggers transcription of pro-inflammatory cytokines [97,100].



In addition to the inflammatory response, STING also regulates the process of autophagy/mitophagy, lytic cell death, apoptosis, etc. In this regard, these signaling outputs may or may not depend on upstream cGAS and second messenger cGAMP [101].



It was found that in the background of MetS there is a violation of mitophagy processes responsible for the removal of damaged mitochondria. In addition, metabolic diseases are associated with a decrease in mtDNA regulators and changes in mitochondrial integrity and structure. This contributes to mitochondrial stress and mtDNA release, leading to inflammatory responses associated with obesity and MetS [102].



Studies have shown that high levels of mtDNA fragments in plasma and mtDNA damage are positively correlated with chronic inflammation and oxidative stress [103,104]. This suggests an important role of free mtDNA as DAMPs and activators of the cGAS-STING-TBK1 signaling cascade.



TFAM heterogeneity was found to promote the release of mtDNA into the cytosol and maintain cGAS. Thus, mtDNA in the cytosol can activate the cGAS-STING pathway and increase the expression of interferon-stimulated genes (ISG) through IFN-1 signaling [105].



Studies of adipose tissue in an animal model (mouse) fed a high-fat diet (HFD) and in obese humans have shown high expression of the transcription factor IRF3, which is associated with inflammation, macrophage infiltration, and insulin resistance [106]. In addition, Bai’s research group [107] investigated the mechanism of activation of the cGAS-cGAMP-STING signaling pathway in obesity that leads to insulin resistance, sterile inflammation, and energy dysregulation. Adipose tissue shows overexpression of an oxidoreductase-like protein with a disulfide bond (DsbA-L). DsbA-L is a mitochondrial matrix protein that is also localized to the endoplasmic reticulum (ER) and has a chaperone function in adiponectin multimerization and is involved in the folding of key mitochondrial proteins critical for mtDNA replication [108]. Obesity suppresses the expression of DsbA-L and destabilizes mtDNA, promoting its release and activation of the cGAS-STING pathway, which increases the expression of TBK1, NF-kB, P65, and IRF3 genes. Increased levels of TBK1, NF-kB, P65, and IRF3 suppress insulin signaling and promote the inflammatory response.



Moreover, phosphorylated TBK1 negatively regulates thermogenesis and energy expenditure by activating phosphodiesterase-PDE3B/PDE4 to suppress protein kinase A (PKA) signaling in adipocytes and HFD-treated mice [107,109]. Simultaneously, overexpression of DsbA-L protected against mtDNA-induced stimulation of the cGAS-STING pathway and suppressed inflammatory factors via a mechanism unrelated to adiponectin and ER localization. Overexpression of DsbA-L restored PKA signaling and increased energy expenditure [107,109]. Moreover, HFD-induced obesity activates TBK1 kinase and deregulates energy homeostasis by directly inhibiting AMPK at Thr142 of the AMPKα subunit in adipose tissue [110]. At the same time, TBK1 has bidirectional activity against the inflammatory response in adipocytes [107,110]. In this study, obesity was found to trigger the release of mtDNA and cause activation of a signaling pathway.



Therefore, a more detailed investigation of the molecular aspect of mtDNA-mediated activation and the cGAS-STING-IRF3 pathway in the development and progression of the MetS will allow the identification of specific targets for effective regulation of recovery processes and reduce the risk of developing severe pathologies.




2.6.2. TLR9


Toll-like receptor 9 (TLR9) is an intracellular pattern recognition receptor and is expressed in immune cells (dendritic cells, B lymphocytes, NK cells, macrophages, etc.) and non-immune cells (cardiomyocytes, muscle, and endothelial cells) [98,111].



Mitochondrially released mtDNA interacts with TLR9 against a background of oxidative stress and decreased autophagy and promotes an inflammatory response (in mice) [112]. It was found that mtDNA is taken up by immune cells in which it triggers an inflammatory response by activating TLR9 [113]. Activation of TLR9 via unmethylated mtDNA-CpG motifs leads to the induction of NF-kB and MAPK signaling cascades [89,111].



Interestingly, mtDNA-bound TFAM can interact with the plasma membrane receptor RAGE and induce internalization of mtDNA, facilitating its recognition by TLR9 [98].



TLR9 is known to signal through myeloid differentiation protein 88 (MyD88), which activates kinases and transcription factors: MAPK, NF-kB, IRF7, to enhance proinflammatory processes and type I interferon response. Studies have shown that full-length TLR9 is translocated through the Golgi apparatus and endolysosomal compartment under the guidance of the helper protein UNC93B1 and then cleaved to acquire the ability to take up DNA [114]. The recruitment of TLR9 to the endolysosome is a key moment for the formation of its proteolytic activity [98].



In peripheral blood monocytes from patients with MetS, increased expression of endosomal TLR9 was found compared with controls, which correlated with increased nuclear expression of NF-kB [115].



In addition, work in Tlr9-/- mice showed a lower inflammatory response compared to wild-type mice fed a high-calorie diet and demonstrated the relationship between adipocyte degeneration, free DNA release, TLR9 activation, and the development of adipose tissue inflammation in an obesity background [116].



In a recent study, patients with MetS were found to have increased levels of oxidized mtDNA (ox-mtDNA) in plasma and increased TLR9 expression in PBMCs. At the same time, rats receiving HFD also had increased levels of ox-mtDNA expression in plasma and TLR9 expression in cardiac immune cells. Interestingly, in patients with MetS, an increase in circulating ox-mtDNA activated the TLR9-NF-kB pathway and stimulated secretion of IL-1β, IL-6, and IL-8 (a block of culture work on THP-1 cells) [117].



Thus, the broad spectrum of activity of the activated TLR9 pathway under the influence of mtDNA suggests its key role in the pathogenesis of MetS and may serve as a promising target whose regulation will reduce the negative consequences of the disease.




2.6.3. Pyrin Domain of NLR Family-Containing Inflammasome 3 (NLRP3)


Inflammasomes fall into several categories: (1) nucleotide-binding domain (NOD); leucine-rich repeats (LRR), containing protein (NLR), or NLR inflammasomes; (2) absent in melanoma 2 (AIM2) and pyrin inflammasomes; (3) non-canonical inflammasomes [118]. mtDNA is recognized by two members of the immunogenic receptor superfamily: AIM2 and NRLP3. NRLP3 inflammasomes are cytoplasmic multiprotein complexes of the innate immune system [81]. NRLP3 inflammasomes are localized in neutrophils, monocytes, dendritic cells, macrophages, and nonhematopoietic cells [119].



The inflammasome is activated by PAMPs and DAMPs (including mtDNA). The inflammasome is activated by two sequential signals. First, NF-kB is stimulated (via TLR9, TLR4, TLR7), which triggers the inflammatory response and prepares the cell for further activation. The second signal is a trigger that interacts with the recognition part of the complex and leads to oligomerization/activation of the inflammasome particle. The specific inflammasome protein is the recognition protein and the common one is the scaffold adaptor protein ASC that relays the caspase-1 signal. Assembly and oligomerization of the inflammasome lead to cleavage of caspase-1 and trigger secretion of IL-1β, whose expression was triggered by the start signal [98].



When NRLP3 is activated, the caspase 1 subunit of the NRLP3 complex cleaves pro-interleukins into mature IL-1β, IL-18, key markers of mild inflammation. NRLP3 is considered a key factor responsible for the initiation and progression of chronic inflammation [5].



Obesity, diabetes, and MetS have been shown to be associated with increased NRLP3 activity in subcutaneous adipose tissue (SAT). At the same time, inflammatory mediators, IL-1β, IL-18, and caspase-1 levels at SAT are significantly increased in patients with MetS compared to controls, which may contribute to an increase in insulin resistance, inflammation, and SAT fibrosis [120].



In addition, disruption of NRLP3 in adipose tissue decreases levels of pro-inflammatory cytokines and restores insulin sensitivity in obese mice [121].



An interaction between mtDNA and NLRP3 has been described for autophagic protein-deficient mouse macrophages (LC3B, beclin1). Against the background of LC3B/beclin1 deficiency, accumulation of dysfunctional mitochondria and NLRP3/ROS-dependent mtDNA translocation to the cytosol were observed. Cytosolic mtDNA was involved in the development of the inflammatory response through the activation of IL-1β/IL-18 secretion [122]. Studies have also shown that autophagic clearance of damaged mitochondria (and mtDNA) prevents the development of inflammation. In addition, the compound 8-OH-dG in ox-mtDNA has been suggested to play an important role in NLRP3 activation [123].



Thus, MetS is directly related to the development of chronic, noninfectious (sterile) inflammation associated with mitochondrial damage and the release of mtDNA into the cytoplasm, which activates various signaling pathways (Figure 1).



Gradually, some aspects of the molecular action of mtDNA in the development of metabolic diseases are becoming better understood, but many questions remain unexplored and need to be investigated in depth.






3. Mitochondrial Protease Lonp1


The highly conserved ATP-dependent mitochondrial protease Lon AAA + (Lonp1) is a product of the nuclear LONP1 gene, provides mitochondrial proteostasis (homeostasis, protein synthesis, folding, conformational maintenance, and degradation), and regulates adaptive cell responses to stress [124]. Studies have shown that LonP1 activation in vitro is associated with acute cellular stressors: hypoxia, oxidative stress, nutrient starvation, and unfolded protein response in the ER [125]. Lonp1 is an important regulator of mitochondrial metabolism and response to free radical damage, as well as an important factor in mtDNA maintenance and repair. The protease activity of Lonp1 is mediated by its circulation between binding (at the inner surface of the mitochondrial membrane) to the mitochondrial genome and release into the mitochondrial matrix, where it can cleave matrix proteins.



The functional potential of Lonp1 can be divided into three components:




	
Proteolytic digestion of oxidized proteins and turnover of specific key mitochondrial enzymes: aconitase, TFAM, StAR (steroidogenic acute regulatory protein), P450, SP -22, COX4;



	
Proteinchaperone interacting with the HSP60-mtHSP70 complex, GRP78, NDUF58;



	
mtDNA-binding protein involved in mtDNA replication and mitogenesis [126].








Activation of LonP1 (in vitro) has been found to maintain normal cell viability in response to acute cellular stress [127], but in another study, opposite results linked LonP1 activation to cell death [128]. Overexpression of LonP1 has been observed during the oncogenic transformation of tumor cells, likely allowing overcoming hypoxic, metabolic, and proteotoxic stress [127,129]. However, the function of LonP1 in obesity and MetS in vivo is unknown.



Considering that the incidence of MetS is increasing every year and there are not enough potential therapeutic targets to address this important public health problem, investigating the role of LonP1 in obesity and MetS is an urgent task for the scientific community.



It has been found that homozygous deletion of the LONP1 gene in mice results in early embryonic lethality, whereas heterozygous LONP1+/− mice are phenotypically indistinguishable from the norm [127]. The first described human disease mediated by pathogenic mutations in LONP1 is a rare multisystemic developmental disorder affecting the brain, eyes, teeth, ears, and skeletal system in children, termed CODAS syndrome [130,131]. Although some patients have atrioventricular defects and incomplete cardiac septum [130].



In humans, LonP1 is ubiquitously expressed [8]. The highest expression of LonP1 is found in the heart, brain, liver, and skeletal muscle [132], indicating its important role in maintaining mitochondrial homeostasis in energy-demanding tissues [132].



Studies in rats have shown that LonP1 maintains mitochondrial redox status and reduces protein oxidative damage and cell apoptosis by selectively inhibiting nicotinamide nucleotide transhydrogenase (Nnt) complex I subunit activity [132]. At the same time, aging was found to be associated with a decrease in LonP1 expression, whereas overexpression increased lifespan [132].



Thus, LonP1 protease may play a key role in the pathogenesis of metabolic syndrome and indirectly regulate the magnitude of the inflammatory response, providing a potential target for the prevention of complications of the disease.



3.1. Molecular Functions of LonP1 in Obesity and Metabolic Syndrome


Mitochondrial homeostasis requires the induction of several signaling pathways responsible for mitochondrial quality control, including the mitochondrial Unfolded Protein Response (UPRmt). UPRmt detects proteolytic perturbations specifically in mitochondria and removes the stress by retrograde signaling to the nucleus, leading to transcriptional activation of protective genes [133]. Damaged proteins are recognized by mitochondrial chaperones (Hsp60) and members of the DnaJ heat shock protein family (Hsp40) and then unfold. This turns these proteins into substrates for proteases, including the LON protease [133,134,135,136], which degrades them [137].



LON protease (LONP1) is an important mitochondrial matrix enzyme that regulates the degradation of oxidized proteins and is strongly induced in response to acute stress [138].



The effect of UPRmt signaling components on metabolic phenotype has been demonstrated [139]. Inhibition of the OXPHOS complex in skeletal muscle and adipose tissue activates UPRmt, which plays a protective role in obesity and insulin resistance in a mouse model [140,141].



At the same time, a decrease in LON levels is associated with aging and chronic stress and contributes to the development of pathologies [142]. LON is involved in the regulation of hepatic insulin resistance and gluconeogenesis. Treatment with LON-specific miRNAs leads to mitochondrial dysfunction (decrease in ROS content, mitochondrial membrane potential). LON deficiency induces gluconeogenesis in the liver by inducing glucose-6-phosphatase and PGC-1a in human liver cells (SK-HEP-1). At the same time, overexpression of LON enhances hepatic insulin resistance in cells with dysfunctional mitochondria [143].



This suggests that mitochondrial proteases enhance systemic energy metabolism by regulating mitochondrial function and mitochondrial quality control [139].



A link between LONP1 and metabolic disorders has been demonstrated by the presence of low LONP1 expression in the liver of diabetic db/db mice [143] and by the fact that a reduction in LONP1 expression leads to impaired insulin signaling and increased expression of gluconeogenic enzymes in human liver cells [143]. It was found that the expression of LONP1 in visceral adipose tissue (VAT) was significantly higher in subjects with high body mass index than in subjects with low body mass index. In addition, high expression of LONP1 in the GTEx database was associated with increased lipid and glucose metabolism. These results suggest a modulatory effect of LONP1 VAT on systemic glucose metabolism in response to obesity. Glucose tolerance was associated with the expression of LONP1 in sWAT in BXD RI mice. However, no correlation was found between LONP1 VAT expression and serum glucose, lipid profiles, and HOMA-IR [137].



This suggests that a homeostatic mechanism to maintain mitochondrial function and systemic metabolism (including glucose) is initiated by increasing the expression of LONP1 in human VAT in obesity [137].



One study found global downregulation of mitochondrial oxidative pathways, mtDNA levels, and OXPHOS protein expression in subcutaneous adipose tissue of humans with high BMI compared with identical twins with lower body mass index [144]. However, the results of another study showed no suppression of gene expression [145]. When the mitochondrial function was analyzed, oxygen consumption rate and citrate synthase activity were significantly lower in obese human adipocytes, although mitochondrial content in adipocytes was not significantly different from that of the normal group [146].



Interestingly, the expression of LONP1 in muscle tissue serves as a mitochondrial sensor that responds to changes in the level of physical activity [147].



It was found that a twofold increase in the expression of LONP1 in the heart and a longer lifespan were observed in animals (mice) that were physically active throughout their lives compared to sedentary mice [134].



Hypoxia-induced factor 1 (HIF-1) regulates the composition of COX4 units [126]. At the same time, HIF-1 enhances Lon transcription and its overexpression contributes to COX4 degradation. Altering COX4 subunit expression allows the optimization of mitochondrial ATP production, oxygen consumption, and ROS formation [148].



The mitochondrial matrix is known to contain two highly conserved chaperone systems, HSP60 and mitochondrial HSP70 (mtHSP70), which are critical for facilitating the folding reaction of mitochondrial precursor proteins [149].



Interestingly, in silico analysis of the promoters of the Hsp60, Hsp10, and Lonp1 genes revealed that these genes can be regulated by MAPK signaling [150], which has been linked to the development of obesity and MetS [151,152].



The chaperone activity of Lonp1 was also confirmed, reflecting the cooperation of Lonp1 with mtHSP70 in the biogenesis of mitochondrial matrix proteins [149].



Human Lon can bind to mitochondrial promoters and control mtDNA transcription/translation by degrading several regulatory proteins involved in mtDNA maintenance (TFAM, POLG) [153,154]. Enzymatically active murine Lon has been shown to hydrolyze ATP, cleave protein substrates in an ATP-induced manner, and bind specifically to single-stranded (not double-stranded) DNA [155]. Human Lon binds to mtDNA sequences containing at least four contiguous guanine residues capable of forming G-quadruplexes (quadruplex structures with tetrad arrangement of guanines) [156]. At the same time, suppression of Lon in human fibroblasts was associated with loss of mtDNA [157].



However, there are conflicting data showing no association between Lon suppression and mtDNA CN [158], which is contradicted by other studies [153,159].



Therefore, further studies to identify the molecular mechanisms of action of Lonp1 in different cell types/tissues in obesity/MetS and its role in regulating mtDNA will provide new perspectives and a basis for developing effective prognostic and therapeutic pathogenesis-based strategies for the treatment of metabolic diseases.




3.2. Nuclear Localization of Lonp1


A novel role for LonP1 has been identified in metabolic remodeling [127]. This suggests the possible existence of unexplored LonP1 functions [160].



Polo et al. identified mitochondria-associated membranes (MAMs) as a localization site for LonP1 in the presence of ER stress, suggesting that LonP1 is not exclusive to mitochondria [160]. These studies have been validated in other cell and animal models [161,162]. Lon proteases have also been identified in cellular organelles involved in cellular oxidative stress and oxygen utilization, the peroxisomes [163].



In addition, the movement of some mitochondrial proteins into the nucleus in response to various stimuli was previously uncovered, adding many additional functions (monooxygenase CLK-1 and transcription factor ATFS-1) to regulation. The nuclear and mitochondrial forms of Lonp1 were found to be identical, whereas the mitochondrial and nuclear forms of CLK-1 and ATFS-1 differed [164]. The greatest similarity is between Lonp1 and the mitochondrial pyruvate dehydrogenase complex (PDC), which moves from the mitochondrial matrix to the nucleus during the cell cycle in response to growth signals (serum, epidermal growth factor) [164].



Up to 22% of Lonp1 has been found to be localized in the nucleus. At the same time, their amount depends on the response of the cell to heat shock. In the nucleus, LonP1 interacts with heat shock factor 1 (HSF1) and modulates the heat shock response [164]. Work in prokaryotes confirms the complex interplay between LonP1 (known as La protease in E. coli) and heat shock [165]. Similar results were obtained when bacterial Lon was studied [166,167].



Lonp1 has been shown to be stress sensitive and activated upon heat shock in human cells [168]. Even heat shock exposure alone (no genotoxic stress, no cell cycle block) results in the translocation of Lonp1 to the nucleus [164]. Physical interaction of Lonp1 with HSF1 occurs in the nucleus, Lonp1-mediated modulation of HSF1 levels (by degradation of HSF1), and down-regulation of HSF1 target genes [164]. The manner in which Lonp1 is exported from mitochondria to the nucleus is still unknown, as is the nature of the interaction between Lonp1 and HSF1.



Thus, the AAA + Lonp1 protease has a number of functional properties that remain to be investigated. At the same time, special attention needs to be paid to investigating the possible therapeutic potential of Lonp1 in reducing the proinflammatory response and restoring mitochondrial dysfunction (mtDNA repair) in MetS and its components.





4. Conclusions


Metabolic syndrome is a collection of diseases that co-occur and increase the risk of developing cardiovascular disease [3]. The data presented above point to the important role of mitochondrial dysfunction in the development and progression of metabolic syndrome components, particularly disorders related to a key component of the mitochondrial genome—mtDNA: methylation, heteroplasmy, mtDNA copy number, and activation of signaling pathways associated with response to mtDNA as alarmins.



Despite the results obtained and new data in the field of the study of the components of metabolic syndrome and associated mitochondrial disorders, many fundamental questions have not yet been investigated and require more detailed analysis.



Studies conducted in larger populations in different countries will help to establish more precise molecular genetic links between mtDNA alterations and metabolic syndrome disorders and fill knowledge gaps regarding the pathogenesis of this disease. At the same time, studying the repair potential of cells, especially their organelles—mitochondria—will help develop a system for diagnosing metabolic disorders and identify targeted molecules for pathogenetically based treatment. One candidate for successful use in future developments may be the AAA + Lonp1 protease, given its broad spectrum of activity and function and its recently identified nuclear localization [164]. Further studies will allow us to determine the specific role of Lonp1 in the pathogenesis of each of the components of the metabolic syndrome (and their combination) and to develop drugs based on the Lonp1 protease, similar to the described new anticancer drugs targeting AAA + proteases [169].



In our opinion, molecular genetic research focusing on mtDNA biology and mtDNA repair processes will provide an effective personalized solution to prevent and combat the heterogeneous phenotypes of metabolic syndrome.
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Figure 1. Signaling pathways activated by free mtDNA in the pathogenesis of metabolic syndrome. (1) cGAS- STING signaling pathway; (2) TLR9 signaling pathway; (3) NLRP3 signaling pathway. 
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