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Diabetes mellitus is a global public health challenge with high morbidity. Type 2 diabetes mellitus (T2DM) accounts for 90% of the global prevalence of diabetes. T2DM is featured by a combination of defective insulin secretion by pancreatic β-cells and the inability of insulin-sensitive tissues to respond appropriately to insulin. However, the pathogenesis of this disease is complicated by genetic and environmental factors, which needs further study. Numerous studies have demonstrated an epigenetic influence on the course of this disease via altering the expression of downstream diabetes-related proteins. Further studies in the field of epigenetics can help to elucidate the mechanisms and identify appropriate treatments. Histone methylation is defined as a common histone mark by adding a methyl group (-CH3) onto a lysine or arginine residue, which can alter the expression of downstream proteins and affect cellular processes. Thus, in tthis study will discuss types and functions of histone methylation and its role in T2DM wilsed. We will review the involvement of histone methyltransferases and histone demethylases in the progression of T2DM and analyze epigenetic-based therapies. We will also discuss the potential application of histone methylation modification as targets for the treatment of T2DM.
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INTRODUCTION
Diabetes mellitus, a global public health challenge with rapidly increasing morbidity rate, causes a high epidemiological and economic burden on health systems worldwide (Zimmet et al., 2016). This disease serves as a high-prevalence epidemic that currently affects approximately 316 million people, which is estimated to reach 470 million by the year 2035 (Reed et al., 2021). Among the types of diabetes, type 2 diabetes mellitus (T2DM) is a common form, which accounts for nearly 90% of the global prevalence of diabetes (Dendup et al., 2018). Type 2 diabetes is a complicated, chronic, and multi-factor disease, featured by prolonged high glucose levels, altered insulin sensitivity, pancreatic beta cell dysfunction, and alterations in oxidative and inflammation-related gene expression (Venables and Jeukendrup, 2009). Intuitively, T2DM is induced either by insulin resistance (IR) from insulin-responsive cells and tissues or pancreatic β‐cell dysfunction, leading to inadequate secretion of insulin (Galicia-Garcia et al., 2020). Mechanically, T2DM is due to a combination of genetic and environmental factors. Genetic factors include heritable polymorphisms and mutations in genes that are responsible for regulating insulin sensitivity. Environmental factors include unhealthy diet, old age, and sedentary lifestyle, playing essential roles in T2DM progression (Lee et al., 2000). As depicted by a follow-up epidemiology of diabetes intervention and complication study, patients with diabetes who underwent standard insulin therapy show persistent slight inflammation and progressive vascular complications despite the intensified therapy afterward, indicating a potential metabolic memory signature prompted by hyperglycemia (Ryk et al., 2020). However, the pathogenesis of this disease is complicated by genetic and environmental factors, which need further study. Numerous studies have demonstrated an epigenetic influence on the course of this disease. Further research in the field of epigenetics can help to elucidate the mechanisms and identify appropriate treatments.
Epigenetics refers to somatic heritable genetic traits caused by changes in chromatin structure without changing the DNA sequence, including DNA methylation, histone modifications, noncoding RNA (ncRNAs) regulation, and chromosomal remodeling (Ordog et al., 2012). Among the epigenetic modifications, DNA methylation is a specific postsynthetic, enzymatic modification of DNA base. In addition, histone modification is a covalent post-translational modification (PTM) to histone proteins, whereas ncRNA modification occurs at the post-translational and post-transcriptional levels (Cedar and Bergman, 2009). A nucleosome, which is known as the basic unit of chromatin, is composed of 146 bp DNA sequences intertwining a core histone octamer, including two copies of H2A, H2B, H3, and H4 (Mariño-Ramírez et al., 2005). The nucleosome further assembles into a spiral fiber with six nucleosomes per circle with the assistance of other proteins, such as histone H1. The N-terminal of histones can be covalently modified by various types of PTMs, including acetylation, methylation, phosphorylation, and ubiquitination (Ramazi et al., 2020).
Based on the transcriptional status, chromosome exists in two different functional states in cells. It is either in a highly folded condensed structure that is, unavailable for transcription (heterochromatin) or in an unfolded, uncondensed structure that is accessible for transcriptional factors to initiate gene transcription (euchromatin) (Pederson and Robbins, 1972). Despite early observations, their functional explorations are just at the beginning stage. Nuclear histone acetyltransferase (HAT) is initially identified as a homolog of the yeast transcriptional coactivator Gcn5p, which correlates with the findings of a previous study, that is, histone acetylation is related to gene transcriptional activation (Verdone et al., 2006). These observations induce in-depth research of histone acetylation function in gene transcription modulation. Therefore, biochemical and genetic analyses show the importance of histone acetylation in transcriptional regulation. As shown in previous studies, several factors can modulate the status of acetylation, including HATs (e.g., Gcn5, p300/CBP, PCAF, TAF250, and the p160 family) and histone deacetylases (HDACs, e.g., Sin3 and NCoR/SMRT) (Zhang and Reinberg, 2001). All these studies have confirmed the regulation of the dynamic structure of chromatin by histone acetylation. Lysine acetylation has been implicated in mediating immunological and metabolic pathways; therefore, it maintains energy homeostasis via controlling the expression of downstream proteins (Iyer et al., 2012). Lysine acetylation can also affect the expression of a majority of the metabolic enzymes involved in glycolysis, tricarboxylic acid (TCA) and urea cycles, and fatty acid and glycogen metabolism in the liver (Kosanam et al., 2014). For example, the enhanced deacetylation activity of SIRT1 is observed in caloric restriction and fasting-mediated fatty acid oxidation, which maintains glucose homeostasis, accompanied by PGC-1α and PPARα activation (Soyal et al., 2006). SIRT1 activation also suppresses the expression-targeted genes of SREBP regulatory elements and improves metabolic status in diet-induced and genetically obese mice (Ding et al., 2017). These results suggest the modulatory effects of deacetylases and the acetylation levels on metabolism. The inhibitors of HDACs can also mediate the development, proliferation, and differentiation of β-cells in diabetic animal models and IR (Khan and Jena, 2014).
Apart from histone acetylation, critical achievements have been made in the studies of other histone modifications, such as phosphorylation and histone methylation (Bui et al., 2010). These modifications are mutually affected, and pre-formed modifications can modulate subsequent histone modifications. Collectively, these modifications serve as marks for recruiting other proteins to control diverse chromatin functions, including gene expression, DNA replication, and chromosomal segregation (Zhang and Reinberg, 2001).
Accumulating studies have shown that histone modifications interact and influence each other because the decoding of a specific post-translational modification (PTM) at a single-nucleosome level is difficult (Rothbart and Strahl, 2014). At present, advances in high-throughput technology facilitate the protein modification identification on a large scale. Notably, recent studies have recognized histone methylation as the most flourishing field of epigenetics and most stable type of PTM (Ishii et al., 2021).
Previous studies have mostly focused on the effects of epigenetic on some of the major physiological and pathological processes, such as embryonic development, aging, and cancer (Khan et al., 2016). However, considerable attention has been paid to other fields recently, such as inflammation, obesity, cardiovascular diseases, neurodegenerative diseases, and immune diseases (Khan et al., 2016; Jasiulionis, 2018). Considering that the epigenetic modifications are susceptible to external and internal factors and are capable to modulate gene expression, epigenetic is regarded as the unknown and potential critical mechanism of several diseases. Epigenetic modifications are inheritable during cell division, leading to stable inheritance of acquired phenotypes; therefore, epigenetics can serve as a new framework for the exploration of etiological factors in environment-associated diseases, particularly diabetes.
HISTONE METHYLATION
Histone methylation is a common histone mark by adding a methyl group (−CH3) onto a particular lysine or arginine residue (Greer and Shi, 2012). The methylation on the lysine residues can be mono-(me), di-(me2), or tri-(me3) on the ε-amino group, whereas for arginine, it can be mono-(me) or di-(me2s) symmetrically or asymmetrically (me2a) (Kim et al., 2019). Histone methylation can be added by histone methyltransferase (HMTs), catalyzing the transfer of a methyl group from S-adenosylmethionine to their targeted residues (Yang et al., 2021). Typically, HMTs are composed of three families: the SET-domain containing enzymes, Dot1-like proteins, and arginine N-methyltransferase enzymes (PRMTs, Figure 1; Table 1) (Michalak and Visvader, 2016). The former two families primarily act on lysines (KMTs) and share a conserved catalytic SET domain that is, originally identified in the Drosophila Su [var] 3-9, Enhancer of zeste, and Trithorax proteins, and the latter primarily acts on arginines (Bhaumik et al., 2007; Park and Han, 2019). HMTs not only methylate histones that make up for chromatin, but also free histones and even non-histone proteins (Gong and Miller, 2019).
[image: Figure 1]FIGURE 1 | Histone methylation sites on H3 and H4, and the enzymes catalyzing or removing histone methylation. The existing methylation sites in histone H3 and H4 and the histone methyltransferases (writers) and demethylases (erasers) responsible for these modification sites are listed.
TABLE 1 | Known histone methylation sites and proposed functions.
[image: Table 1]Conversely, histone demethylases (HDMs) promote the removal of a methyl group from lysines or arginines. Lysine demethylases (KDMs) are classified into two families: the FAD-dependent amine oxidases and Fe (II)- and α-ketoglutarate-dependent jumonji C (JmjC)-domain containing iron-dependent dioxygenases (JMJD, Figure 1) (Arifuzzaman et al., 2020).
Lysine-specific demethylase (LSD) is composed of two members, LSD1 and LSD2, and demethylase mono- and dimethylated H3K4 and H3K9 (Kim et al., 2018). JmjC domain-containing HDMs are divided into several subgroups, including the JARID/KDM5, JMJD1/JHDM2/KDM3, JMJD2/KDM4, JMJD3/KDM6, JHDM1/FBX/KDM2, and JmjC domain-only group, based on the substrate specificity for H3K4, H3K9, H3K27, or H3K36 (Dong et al., 2020). The JMJD2 or KDM4 family, containing JMJD2A (KDM4A), JMJD2B (KDM4B), and JMJD2C (KDM4C), is responsible for demethylation of di- and trimethylated H3K9 and H3K36 (H3K9me2/me3 and H3K36me2/me3, Figure 1; Table 1) (Kim et al., 2018). Arginine demethylases remain less represented.
Histone modifications at particular loci are associated with the transcriptional status of the downstream genes (Ellis et al., 2009). Hyperacetylation of H3 and H4 is associated with the activation of gene transcription; conversely, hypoacetylation correlates with the repression of gene transcription (Schnekenburger et al., 2007). Histone methylation can be an activator and repressor of downstream gene transcription. For example, H3K9me2 is commonly believed as repressive heterochromatin. H3K36 methylation has been shown to associate with transcriptional activation (Matsuda et al., 2015). Lysine methylation is observed in transcriptional activation (H3K4, K36, K79) and repression (H3K9, K27, H4K20) (Table 1) (Völkel and Angrand, 2007). In addition, the extent of methylation affects the status of gene transcription. H4K20 monomethylation (H4K20me1) is associated with active gene transcription, whereas trimethylation on H4K20 (H4K20me3) correlates with silenced gene transcription and compacted heterochromatin (Li et al., 2011). The status of gene transcription is also modulated by the loci of the methylation with regard to the DNA sequence. For example, H3K9me3 at the promoter is associated with gene repression, and that at the gene body is correlated with gene activation (Nagy et al., 2017). The influence of histone modification on gene transcription is determined through recognition of other binding motifs. Several chromatin-modifying enzymes are involved in histone methylation on recruitment to specific target gene loci (Bannister and Kouzarides, 2011). For example, the Tudor domains (e.g., 53BP1 and JMJD2A/KDM4A) are found in the methyl-lysine-binding module of histone methylation enzymes (Mallette et al., 2012).
HISTONE METHYLATION IN TYPE 2 DIABETES
Type 2 diabetes results from the combined interaction between genetic and environmental factors (Ahlqvist et al., 2011). However, the genetic factors identified at present only account for a small percentage of the observed disease. The remaining heritability could be possibly explained by rare variants, including gene-environment interactions and epigenetics. Aberrant histone modifications prelude the development of various diseases, such as IR (Maude et al., 2021). Several studies have focused on the relation of histone modification and T2DM.
Insulin resistance is a common characteristic found in many metabolic defects, including high fasting glucose, high triglycerides, low high-density lipoprotein cholesterol, and hypertension (Roberts et al., 2013). Sustained IR could induce T2DM, which is the pathology of T2DM for a long time. Broad examinations of histone modifications in IR have been performed, including hepatic IR, T2DM, and obesity (Castellano-Castillo et al., 2019). For example, the progression of T2DM is accompanied by an increased level of H3K4me1 and H3K9me2 and a reduced level of H3K9ac and H3K23ac (Figure 2) (Tu et al., 2015). Global proteomic analysis revealed 15 histone modifications differentially abundant in high-fat diet (HFD)-induced mice (Maude et al., 2021). HDAC8 was associated with the promotion of IR in NAFLD-associated hepatocellular carcinoma (HCC). About 5,000 regions of H3K27ac enrichment were found to be significantly different in HFD-induced glucose-tolerant mice. Many genes are reported to have altered expression and contribute to the pathogenesis of T2DM. Increased expression and decreased methylation of CDKN1A and PDE7B genes in T2DM were reported to result in impaired glucose-stimulated insulin release (Ishikawa et al., 2015). The high H3K4me3 level of the Fxyd3 gene negatively modulates glucose competence of insulin-secreting cells in mice (Vallois et al., 2014). ER stress induced the increased level of H3K4me1 at the inflammatory gene MCP-1 promoter in accordance with the enhanced expression of MCP-1 by SET7/9 upregulation in db/db mice (Chen et al., 2014). These observation provides evidence of diabetes associated epigenetic modifications and associated impaired insulin release.
[image: Figure 2]FIGURE 2 | Alterations of histone methylation and downstream-targeted gene induced by high glucose and diabetes. High glucose induces the increased level of H3K4me1/2/3 and H3R17me and reduces the landscape of H3K9me3 and H4K20me, which cause the activation or repression of downstream genes. Diabetes, featured by sustained high glucose, is accompanied with increased H3K4me2/3, and decreased level of H3K4me1, H3K27me, H3K4me3, H4K9/14ac, H4K20me, and H3K27me3 and upregulation or downregulation of targeted genes.
Initial studies analyzed DNA methylation of candidate genes for T2DM such as INS (encoding insulin), PDX1, PPARGC1A (encoding PGC1α), and GLP1R (encoding the GLP-1 receptor) in human pancreatic islets from donors with T2DM and non-diabetic controls (Ling and Rönn, 2019). Islets from T2DM donors were found to have increased DNA methylation and decreased expression of these key genes, which were associated with impaired insulin secretion. Notably, genome-wide histone modifications have so far only been analyzed in pancreatic islets of non-diabetic subjects, whereas other studies performed in blood cells have included subjects with T2DM. In addition, histone modifications have been analyzed in monocytes cultured in normal and high glucose. The same applies for analysis of the chromatin structure, for example, by ATAC-seq, where mainly samples from non-diabetic people have been used. Therefore, there is a large need for further epigenome-wide studies in tissues from subjects with T2DM.
Active Chromatin Marks
H3K4me1/2/3, H3K36me2/3, and H3K79me2 are correlated with transcriptional activation (Zheng et al., 2021). A genome-wide study of these modifications revealed that these modifications played critical roles in the specific promoters and enhancers of the islet and pathogenesis of diabetes (Backe et al., 2019).
Recently, H3K4me1/2/3 has been implicated in the dysregulation of critical genes involved in the progression of diabetic nephropathy (DN) (Figure 2) (Kato and Natarajan, 2014). An increased level of H3K4me landscape at extracellular matrix-associated gene promoters was observed in rat mesangial cells (RMC) upon high-glucose treatment (Sun et al., 2010). In transient hyperglycemia endothelial cells, the level of H3K4me1 at the proximal promoter of p65 was increased accompanied with the sustained activation of NF-κB subunit p65 (Wegner et al., 2014). Meanwhile, the enhanced H3K4me1 level at the p65 promoter was induced by hyperglycemic exposure in aortic endothelial cells isolated from non-diabetic mice (Rajasekar et al., 2015). ChIP coupled with DNA microarray (ChIP-on-chip) assay depicted that high-glucose stimulation altered the level of H3K4me2 in cultured human monocytes (Sun et al., 2014). Moreover, the H3K4me2 level was enhanced in uninephrectomized db/db mice.
The methylation of histones correlated with the progression of T2DM. For example, treatment with MCP-1/CCL2 antagonist relieved DN histological damage and H3K4me2 methylation status in uninephrectomized db/db mice (Figure 2) (Sun et al., 2014). In type 2 diabetic db/db mice, the H3K4me1 level was enhanced, which was consistent with enhanced RNA polymerase II recruitment at the promoter region of PAI-1 and RAGE (receptor for advanced glycation end products) compared with db/+ mice; however, H3K4me2/3 showed no evident difference (Sun et al., 2014). In addition, ER stress induced the increased level of H3K4me1 at the MCP-1 promoter in accordance with the enhanced expression of inflammatory gene MCP-1 by SET7/9 upregulation in db/db mice (Shao et al., 2021). H3K4me3 enhancement was observed in proinflammatory genes (MCP-1 and TNF-α), profibrotic genes (TGF-β1 and collagen III), and histone-modifying enzyme (SET1 and BRG1) in an ischemia-reperfusion injury animal model (Naito et al., 2009). In IR state, H3K4me3 and H3K9/14ac were reduced in adipose tissue (Figure 2) (Wróblewski et al., 2021). The enhancement of the H3K4me3 level promoted PEPCK expression, which might contribute to hyperglycemia and anorexia in mandarin fish fed on carbohydrate-rich diets (You et al., 2020). The high H3K4me3 level of the Fxyd3 gene negatively modulates glucose competence of insulin-secreting cells in mice (Figure 2) (You et al., 2020). Moreover, transcription factor 19 regulates gluconeogenesis through mediating H3K4me3 and modulating the expression of glucose-6-phosphatase and fructose-1,6 bisphosphatase (Sen et al., 2017). Diet-induced obesity in mice depicted the significantly reduced level of acetylated H3, H4, and methylated H4K4 (Milagro et al., 2013).
H3K4me2 demethylation is mediated by a FAD-dependent demethylase, LSD1, which is enhanced in adipose tissue of HFD-induced mice (Hino et al., 2012). In addition, the genes related to energy expenditure are directly repressed by LSD1. Thus, the inhibition of LSD1 elevates the entire H3K4 methylation and reduces the body weight of HFD-induced mice (Hino et al., 2012). A HMT, MLL3, could induce H3K4 methylation (Bosgana et al., 2020). The mutations of MLL3 at the catalytic SET domain change the level of a series of metabolic genes such as Rbp4, which is involved in insulin sensitivity. These studies demonstrate that manipulating the global level of H3K4 methylation could affect adiposity and insulin sensitivity (Jufvas et al., 2013). This finding is further verified by studying the positive correlation of the expression level of H3K4me3 and PPARγ during adipogenesis (Wang et al., 2013). Moreover, highly demethylated H3K4 is observed at the insulin reporter, indicating the involvement of histone methylation in insulin promoter modulation (Žumer et al., 2012).
The methylation on histone H3 Arg17 and Arg26 has been considered as transcriptional activation (Selvi et al., 2010). H3R17 methylation mediated by PRMT4 correlates with insulin gene expression and insulin secretion stimulated by glucose in pancreatic β cells (Ma et al., 2001). Another activation mark, H3K36me3, was reported to be correlated with transcriptional elongation (Sun et al., 2020).
Different from other methylation sites at the histone tails, the methylation of H3K79 is on the globular domain of the histone (Mushtaq et al., 2021). Its methylation is mediated by the methyltransferase, which is a disruptor of telomeric silencing proteins DOT1/DOT1L (Farooq et al., 2016). H3K79 methylation is involved in mediating the cell cycle, embryonic development, DNA damage response, and hematopoiesis (Farooq et al., 2016). The ring-finger ubiquitin ligase complex components, namely, Rnf20 and Rnf40, are a prerequisite for histone modifications such as H3K4 and H3K79 methylation (Jääskeläinen et al., 2012). Rnf complex depletion affects the expression of β-cell genes, including Glut2, MafA, and Ucp2, contributing to the reduced glucose-stimulated insulin secretion.
Repressive Chromatin Marks
Histone methylation has several repressive chromatin marks, which could affect the progression of T2DM. H3K9me2/3, H3K27me3, and H4K20me3 are generally considered as gene silencers (Li et al., 2019). These histone methylations are involved in metabolic memory leading to long-term alterations in diabetes (Sun et al., 2014). The decreased H3K9me3 level at the promoter of inflammatory genes (IL-6, MCSF, and MCP-1) was induced, accompanied with increased expression in response to high glucose in normal human vascular smooth muscle cells (VSMCs) (Villeneuve et al., 2008). Similar methylation alterations were observed in VSMCs of a diabetic mice model (Villeneuve et al., 2010). In addition, the stimulation of TNF-α further exacerbated the decrease of H3K9me3 along with increased expression of inflammatory genes in VSMCs of db/db mice (Sun et al., 2014). In other RMC models, H3K9me2/3 was reduced, accompanied with induced upregulation of Col1α1, PAI-1, and CTGF genes in response to TGF-β and high glucose (Sun et al., 2017). Moreover, transient stimulation with high glucose triggered sustained reduction of the H3K9me2 and H3K9me3 levels at the p65 promoter, even after removing high glucose, indicating that the epigenetic alterations were remarkable metabolic changes (Wei et al., 2020). Furthermore, the dynamic epigenetic modification of H3K9me2 was observed in THP-1 cells when high glucose and monocytes were isolated from patients with diabetes (Miao et al., 2007). The expression of p66Shc was modulated by a complicated network, including the methyltransferase SUV39H1, demethylase JMJD2C, and acetyltransferase steroid receptor coactivator-1 (SRC-1) by stimulating H3K9 demethylation and acetylation (Marmorstein and Trievel, 2009). Interestingly, targeting SUV39H1, JMJD2C, and SRC-1 ameliorated obesity-related endothelia dysfunction in mice (Costantino et al., 2019). Moreover, depletion of p66Shc restored insulin response through the IRS-1/Akt/eNOS and NF-kB pathways (Natalicchio et al., 2011).
H3K27 methylation is a repressive epigenetic mark. In a type 2 diabetic mouse model, the H3K27me3 level at RAGE and PAI-1 promoters was decreased relative to db/+ mice (Komers et al., 2013). As illustrated by another OVE26 mice and STZ-induced rat type 1 diabetic models, the H3K27me3 levels were decreased, and consequently the expression of Cox2 and MCP-1 in mice was enhanced (Komers et al., 2013). The proliferation of pancreatic β cells is important in adapting to the increased insulin requirement as cell proliferation weakens after birth (Dhawan et al., 2009). The level of H3K27 declined at Ink4a/Arf and HMT, EZH2, which was consistent with the elevated expression of Ink4a/Arf in older mice (Massenet et al., 2021).
Among histone methylations, the methylation of histone H4 was initially identified about half a century ago; however, its catalyzing enzymes was not clear until recently. H4K20me1/2 methylation, which is involved in gene repression, is responsible for DNA replication and damage repair (Jørgensen et al., 2013). The methylation of H4K20me1 is mediated by SEY8, whereas H4K20me2/3 is primarily mediated by SUV4-20H1 and SUV4-20H2 (Eid et al., 2016). Glucose dysregulation induced the downregulation of antioxidant gene mitochondrial superoxide dismutase (SOD), and the increased level of H4K20me3 via increased recruitment of SUV4-20H2 to SOD gene promoter induced its expression (Reddy et al., 2012). The multigenerational effects of HFD in the first two generations promoted the elevated methylation of H4K20 at the leptin promoter, which was consistent with the increased expression and serum level of leptin at 12 and 24 weeks of age in white adipose tissues (Macchia et al., 2021). Interestingly, the level of H4K20me1 was also increased in the offspring of both parents upon HFD treatment (Safi-Stibler and Gabory, 2020). These observations indicated that histone modification marks can be acquired from in utero HFD induction or from both parents.
HMTs, HDMs, Writers, and Erasers in Type 2 Diabetes
Histone methylation is relatively stable and modulated by HMTs (as methylation writers) and HDMs (as methylation erasers), which cause complexity in the pathogeny of diabetes and related diseases. Typically, H3K4me is catalyzed by several HMTs, including SET1/COMPASS, mixed lineage leukemia 1–4 (MLL1-4), SET and MYND domain 2/3 (SMYD2/3), and SET7/9 (Gu and Lee, 2013). H3K9me can be modified by suppressor of variegation 3–9 homolog 1/2 (SUV39H1/2), G9a, G9a-like protein (GLP), SET domain, bifurcated 1/ERG-associated protein with SET domain (SETDB1/ESET), and Eu-HMTase1 (Table 2) (Venkatesh and Workman, 2013). In addition, H3K27me is mediated by EZH2, H3K36me by SET2, and H3K79 by Dot1 (Kim et al., 2017). These enzymes can modify these sites to different degrees to modulate the expression of downstream genes. Histone methylation can also be affected by different metabolites as cofactors or cosubstrates (Chen et al., 2020). HMTs transfer methylation groups dependent on S-adenosyl methionine (SAM), whereas JmjC domain-containing demethylases remove methyl groups dependent on α-ketoglutarate (αKG) (Matilainen et al., 2017). As a critical metabolite in the TCA cycle, αKG serves as a substrate in several anabolic processes (Noe and Mitchell, 2019). The αKG level is affected by the cell’s metabolic state and correlated to the fasting state in hepatocytes (Sivanand and Vander Heiden, 2020). Therefore, the metabolic status is associated with the fluctuation of αKG, thereby affecting the demethylating activity of the JmjC domain-containing family.
TABLE 2 | HMT and HDM specificity, and their roles in diabetes-related phenotypes.
[image: Table 2]SUV39H1 can mediate the methylation of H3K9me3, and its suppression is directly associated with the reduced H3K9me3 level at the promoter of inflammatory genes to affect their expression in VSMC of db/db mice (Figure 3; Table 2) (Villeneuve et al., 2010). In addition, the overexpression of SUV39H1 in db/db VSMC could partially ameliorate the diabetic phenotypes (Figure 4) (Czvitkovich et al., 2001).
[image: Figure 3]FIGURE 3 | HMTs, HDMs, and respective histone methylation mark affected by diabetes and high glucose. Diabetic mice (db/db) exhibited increased expression of H3K4 methyltransferases (SETD4 and SETD7), H3K36 methyltransferase (SETD2), H3K9 demethylases (JMJD2 family), and reduced level of H3K9 methyltransferase (SUV39H1). In addition, SETD7/9 is upregulated in response to high glucose, and it modulates key fibrotic genes.
[image: Figure 4]FIGURE 4 | HMTs and HDMs modulate insulin sensitivity and diabetes-related metabolic syndrome through altering histone methylation status on the promoter of the respective genes. In detail, overexpression of PHF2 in mice leads to improved glucose intolerance and IR. Overexpression of SUV39H1 partially ameliorates the diabetic phenotypes. JMJD1A depletion is relevant to obesity. PRMT4 inhibition reduces the expression and secretion of insulin. Deletion of JMJD1C provides protection from high-carbohydrate diet-induced hepatosteatosis and IR. MLL3 mutation exhibits overall beneficial metabolic profile. In addition, MLL2 mutation causes insulin resistance and glucose intolerance.
SET7/9 recruitment and H3K4 methylation are the features of activated insulin genes in cells involved in insulin production, such as β cells, non-β cells, and embryonic stem cells (Batista and Helguero, 2018). The SET7/9 knockdown in monocytes reduced the H3K4me1 level at the promoter of MCP-1 and TNF-α and subsequently reduced occupancies of the NF-κB subunit on promoters, indicating the dependence of NF-κB in inhibiting TNF-α-induced expression of key inflammatory genes (Sun et al., 2014). Meanwhile, transient stimulation of high glucose induced increased recruitment of SET7/9 and LSD1 to the p65 promoter in aortic endothelial cells (Reddy et al., 2008). In rat renal mesangial cells, SET7/9 was upregulated and actively recruited to the promoter of key fibrotic genes (i.e., PAI-1 and CTCF) in response to high glucose (Figure 3), accompanied with increased H3K4 occupancy (Keating and El-Osta, 2013). In addition, deficiency of SET7/9 in the islets contributed to impaired glucose-induced Ca2+ mobilization and insulin secretion (Table 2). Therefore, SET7/9 is essential for glucose-stimulated insulin secretion in beta cells via modulating the euchromatin structure at the promoter of related genes through mediating histone methylation (Ogihara et al., 2009).
Previous studies reveal the association between H3K4 methylation and adipogenesis (Ge, 2012). MLL3 Δ/Δ mice harboring an H3K4 HMTs inactive mutant exhibited a significant decline of white adipose tissue accompanied with overall beneficial metabolic profile, including improved insulin sensitivity and elevated energy consumption (Figure 4) (Lee et al., 2009). These data indicate the potential application of HMT activities as targets for antidiabetic and/or anti-steatohepatitis therapeutics in certain tissues.
Haploinsufficiency in MLL2, an HMT of H3K4, induced hyperglycemia and hyperinsulinemia, which contributed to hepatic fat deposition and irregular plasma triglyceride in mice (Goldsworthy et al., 2013). In addition, MLL2 mutation caused IR and glucose intolerance in mice (Figure 4). Considering that HMT is responsible for the addition of H3K9me1/2, G9a was downregulated in diabetic mouse model. However, G9a could affect insulin sensitivity independent of methyltransferase activity. It modulated the insulin signaling pathway via mediating the structure of the transcriptional factor HMGA1, a key regulator in insulin reporter (Xue et al., 2018). In addition, G9a restoration in db/db mice improved IR and mitigated hyperglycemia and hyperinsulinemia (Chiefari et al., 2018). As a critical HMT for H3K27me3, EZH2 modulated β-cell dedifferentiation and proliferation during pancreatic endocrine specification (Dahlby et al., 2020). Homozygous EZH2-specific depletion promoted mild glucose intolerance and decreased β-cell mass (Arnes and Sussel, 2015). In addition, a reduced level of H3K27me3 was observed in β cells from human T2DM donors (Lu et al., 2018). Another HMT, PRMT4, which was responsible for H3R17 methylation, was increased in the retinal pigment epithelial layer of diabetic rats to promote cell death (Wang et al., 2017). High-glucose stimulation induced the expression of PRMT4 in INS-1 and HIT-T15 pancreatic β cells (Kim et al., 2015). PRMT4 inhibition by drugs or knockdown inhibited the expression of insulin and secretion stimulated by high glucose in primary pancreatic islets. Furthermore, overexpression of defective PRMT4 reduced the level of insulin expression (Figure 4) (Kim et al., 2015). Goto-Kakizaki rats exhibited enzymatic impaired PRMT1 activity and defective protein methylation when stimulated by postprandial hyperglycemia, indicating the potential involvement of protein methylation in mediating insulin secretion (Iwasaki, 2009).
At present, the multitude of demethylases has been identified with specific catalyzing activity toward different histone methylations (Bhaumik et al., 2007). Histone methylation is dynamic, and it potentially affects multiple diseases, including diabetes (Gottlieb et al., 2010). As depicted by a qPCR array screen, db/db mice exhibited increased expression of H3K4 methyltransferases (SETD4 and SETD7), H3K36 methyltransferase (SETD2), and H3K9 demethylases (JMJD2 family), which can be relieved by Losartan, an Ang II type 1-receptor blocker (Figure 3) (Reddy et al., 2014).
JMJD1A is responsible for demethylating mono- and di-methyl H3K9 at the promoters to gain access for gene transcription (Marmorstein and Trievel, 2009). Its depletion is relevant with obesity, reduced level of genes related to active metabolism (such as peroxisome proliferator-activated receptor and medium-chain acyl-CoA dehydrogenase) in skeletal muscle, and declined expression of cold-induced uncoupling protein 1 in brown adipose tissues of rodents (Figure 4) (Inagaki, 2018). JMJD1A also modulates genes involved in energy homeostasis, including anti-adipogenesis (Nr2f2 and GATA2), regulation of fat storage (Apoc1), glucose transport (Slc2a4), and predisposing genes of T2DM (ADAMTS9) in white adipose tissue (WAT) (Lafortuna et al., 2017). JMJD1A−/− mice displayed hypothermia induced by fasting and increased respiratory quotient (Figure 4) (Tateishi et al., 2009; Lafortuna et al., 2017). Therefore, JMJD1A plays an important role in modulating energy expenditure and fat deposition, indicating its hitherto uncharacterized role in metabolic syndrome.
Based on previous reports, several HDMs had the potential to interact with transcriptional factors. For example, plant homeodomain finger protein 2 (PHF2), a type of H3K9 HDM, is essential for the transcriptional activation of ChREBP, which is a critical regulator in lipid and glycolytic metabolism (Kim et al., 2014). CHREBP plays an important role in strengthening lipogenesis under IR condition (Benhamed et al., 2012). Overexpression of PHF2 in mice led to improved glucose intolerance and IR and reduced expression of proinflammatory genes (Figure 4) (Okuno et al., 2013). PHF2 can promote SCD1 activity and elevate the ratio of monounsaturated fatty acids to saturated fatty acid, providing protection from lipotoxicity, oxidative stress, and IR (Bricambert et al., 2018). Liver-specific deletion of a HDM, JMJD1C, could provide protection from high-carbohydrate diet-induced hepatosteatosis and IR and contribute to the decreased expression of lipogenic genes through its interaction with USF1 (Figure 4) (Viscarra and Sul, 2020). Single-nucleotide polymorphism in JMJD1C is connected to the progression of T2DM, indicating the potential involvement of JMJD1C in the development of metabolic diseases as evaluated by genome-wide association studies (Kim et al., 2018). These studies have indicated the potential effects of HMTs and HDMs on the pathogenesis of T2DM.
Epigenetic-Based Therapies for Type 2 Diabetes
Collectively, we discussed that histone methylations were casually involved in the expression of genes implicated in the pathogenesis of T2DM (Sun et al., 2015). Recent studies suggested that targeting histone methylation might reverse the deleterious epigenetic marks and modulate the expression levels of genes related to T2DM. Multitude drugs and chemicals targeting histone methylations have been proposed for the treatment of this disease. More recently, inhibitors that target chromatin-associated epigenomic writers such as EZH2, erasers such as LSD1, and readers such as BRD4 are being considered as therapeutic agents (Rosen et al., 2018). The use of BET/BRD inhibitor JQ1 was highlighted in the treatment of cancer. However, it may not be suitable for the treatment of diabetes due to severe side effects, broad activity on multiple pathways, and lack of cell-type specificity.
Lactobacillus supplementation can modulate the histone methylation profile in IR (Sharma et al., 2020). H3K27 and H3K79 methylation state can be modulated by Lactobacillus supplementation (Figure 5) (Sharma et al., 2020). Lactobacillus supplementation predominantly prevented methylation and demethylation of H3K79me2 and H3K27me3, respectively, making it not an ideal drug for histone methylation-related diseases (Sharma et al., 2020). H3K27 methylation is associated with transcription repression, whereas H3K79 is correlated with transcriptional activation (Lin et al., 2010). The correlation of H3K37me3 in metabolic disorders has been identified (Wei et al., 2021). H3K27me3 can be removed by KDM6. Pharmacological inhibition of KDM6 members with GSK-J4 relieved the progression of nephropathy in diabetic db/db mice (Figure 5) (Chen et al., 2021). Inhibition of KDM6A reduces Cry1 expression and sensitizes leptin signaling to combat obesity‐related diseases (Wei et al., 2021). Therefore, GSK-J4, a KDM6A inhibitor, could serve as an attractive drug for obesity and metabolic disorders.
[image: Figure 5]FIGURE 5 | Inhibitors of histone methylation and their targets for the prevention of diabetes. For example, Lactobacillus can modulate H3K27 and H3K79 methylation in IR. Inhibition of KDM6A with GSK-J4 reduces Cry1 expression and sensitizes leptin signaling to combat obesity‐related diseases. Metformin reversed the H3K36me mark in prediabetic and diet-induced obesity mouse model. GN mediated HFD-induced hepatic steatosis by reducing the JMJD2B and PPARγ2 levels. Minocycline reversed diabetes-related chronic inflammation by modifying the methylation state of H4K20me. In addition, GSK126, an EZH2-specific inhibitor, alleviates the obesity phenotype in diet-induced obese mice.
GSK126, an EZH2-specific inhibitor, alleviates the obesity phenotype by promoting the differentiation of thermogenic beige adipocytes in diet-induced obese mice (Figure 5) (Wu et al., 2018). After GSK126 administration, the H3K27me3 and mRNA levels of the key transcription factors in adipocytes differentiation increased significantly, however, the number of lipid droplets and lipid content in the GSK126 group didn’t change much, possibly owning to some unknown side effects or drug toxicity of GSK126 in physiological functions of cells (Wu et al., 2021). An MLL1 small-molecule inhibitor, MI-2, administered at the appropriate time postinjury, may be an ideal therapeutic drug to decrease chronic inflammation of wounds among patients with diabetes (Kimball et al., 2017).
Metformin supplementation has long been implicated in the treatment of T2DM. Chromatin modification alteration is induced by metformin at the enhancer element of the ATM gene, a locus that is, relevant with metformin response in primary human hepatocytes (Bridgeman et al., 2018). Metformin reversed the H3K36me2 mark in prediabetic and diet-induced obesity mouse model (Figure 5) (Nie et al., 2017). In addition, metformin was found directly targeted the H3K27me3 demethylase KDM6A/UTX (Cuyàs et al., 2018). Metformin was revealed to modulate the level of multiple histone methyltransferases, the activity of SIRT1 and the effects of DNMT inhibitors (Bridgeman et al., 2018). Consequently, these alterations might influence the epigenome and gene expression, and subsequently leading to the antidiabetic properties of metformin. As mentioned above, the effect of metformine can alter histone methylation and gene expression which leaves much uncertainty related to the overall effect of metformin on the epigenome, on gene expression, and on the subsequent effect on the health of metformin users.
Gomisin N (GN) improves hepatic steatosis induced by HFD (Jung et al., 2017). In-depth study revealed that GN effectively reduced the expression level of JMJD2B and subsequently decreased the expression level of PPARγ2 and downstream genes, indicating the potential mechanism in GN-mediated HFD-induced hepatic steatosis (Figure 5) (Jang et al., 2017). JMJD2A inhibition induced by a chemical inhibitor, namely, 2,4-PDCA, suppressed VSMC migration, proliferation, and inflammation accompanied by decreased H3K9me3 caused by hyperglycemia in vitro and mitigated neointimal formation in balloon-injured diabetic rats (Qi et al., 2015).
LSD1 plays a central epigenetic role in various metabolic disorders, including obesity-associated diseases, neurological disorders, and cancer (Cuyàs et al., 2019). Accordingly, extra virgin olive oil contained a naturally occurring phenolic inhibitor of LSD1 and potentially exerted a beneficial effect on the treatment of obesity-associated diseases (Cuyàs et al., 2019).
Hepatic insulin sensitivity can also be modified by specific dietary components that are involved in epigenetic modifications (Maude et al., 2021). In mammals, SAM can provide methyl groups for DNA, RNA, and histones (Ouyang et al., 2020). The content of SAM is determined by the intake of its precursor, methionine and co-factor folate (vitamin B9), betaine, and vitamins B2, B6, and B12. Previous studies observed that the serum level of methyl-related metabolites correlated with IR (Zhou et al., 2011). Apart from being a methyl donor, folate is also related to LSD1 (Chen et al., 2006).
Minocycline, a tetracycline antibiotic, can reverse the diabetic-related chronic inflammation in the retina of rodents (Wang et al., 2017). Meanwhile, the methylation state of H4K20me1/2, which is associated with DNA damage response, was increased in the retina of diabetic rats, and minocycline treatment restored the methylation status of H4K20 (Wang et al., 2017). Therefore, the favorable effect of minocycline on the development of diabetic retinopathy is partially attributed to its effect on the changed histone methylation.
Apart from its therapeutic potential, epigenetic modification could also serve as disease biomarkers, which promotes early detection of disease progression and improves the estimates of future disease risk (Hornschuh et al., 2021). A total of 63 genomic regions associated with insulin sensitivity are identified from neonatal blood spot samples (Maude et al., 2021). Such genomic regions may facilitate appropriate lifestyle interventions as biomarkers to reduce IR-related diseases. Recently, Sadeh et al. utilized ChIP-seq to identify liver-specific histone modification marks in plasma-free nucleosomes (Sadeh et al., 2021). In spite of the relatively small sample size and patient heterogeneity, histone modification enrichment in liver diseases can be detected, and it can facilitate the high-throughput interrogation of disease signature in patient blood samples.
CONCLUSION
The interaction between genetics and epigenetics plays an important role in the pathogenesis of T2DM. Epigenetics refers to the phenomenon of intergenerational inheritance through cell division without changing the base sequence of DNA genetic material. Among epigenetics, histone methylation is the most important modification mode, which serves as a complicated link between genotype and phenotype. A number of studies have shown that methylation modification can affect the development of pancreatic β cells, insulin sensitivity, and secretion; thus, it is considered as a possible mechanism of T2DM. Designing therapeutic targets for epigenetic inheritance, particularly histone methylation, may provide a new approach for the treatment of T2DM.
Recent studies have also revealed that environmental factors such as energy metabolism disorders can lead to epigenetic alterations, resulting in “metabolic memory,” affecting the development and secretion of islet β cells, reducing body’s sensitivity to insulin, and ultimately leading to the occurrence of T2DM. These epigenetic changes can be corrected and reversed by special diets, drugs, and lifestyle remodeling, providing new ideas for the prevention of T2DM and developing potential drug targets for treatment.
Histone modification can be catalyzed by HMTs (writers) and removed by HDMs (erasers). Recent studies have emphasized the importance of histone methylation alteration in controlling adipogenesis and energy homeostasis. The causal relationship between diet-induced obesity and histone methylation regulated genes associated with nutrition balance, which required further investigation. Meanwhile, the utilization of genome-wide technologies in gene expression and genetic variation in patients with T2DM have provided new candidate genes. However, the association between epigenetic modification alterations and T2DM remains unclear. Thus, analyzing the role of histone modification and DNA methylation in the pathogenesis of T2DM and uncovering its complications are challenging.
Some of the epigenetic changes associated with obesity affect genes known to increase the risk of diabetes. Other epigenetic changes affect genes not specifically related to the disease, but they play a role in metabolism. A previous study identified a series of genes that had not previously been shown to play a role in diabetes. In further tests, they found that at least some of these genes did indeed regulate insulin’s effect on sugar absorption (Multhaup et al., 2015); This provides insights into new potential therapeutic targets for T2DM. In addition to providing clues for drug development, new epigenetic tests should be developed to determine who will develop diabetes earlier, thus offering more hope for prevention of the disease. In addition, the understanding of the mechanism of gene transcription at the epigenetic level will help us to further study the prevention and control of diabetes and its complications and provide new ideas for treatment.
AUTHOR CONTRIBUTIONS
YiL, YY, K-DR, and BQ conceptualized and wrote the manuscript and created Figures. YY, YnL, YiL, K-DR, QF, and XC contributed to the writing of the manuscript. YY, YiL, K-DR, and YnL reviewed and modified the manuscript. All authors approved the final version of the manuscript.
FUNDING
This work was supported by the National Natural Science Foundation of China (No. 31900502 and 31801142), Key Scientific Research Project of Henan Universities (No. 21A310027), the Henan Medical Science and Technology Joint Building Program (No. LHGJ20190236, LHGJ20190229, and LHGJ20190265), Natural Science Foundation of Henan Province (212300410275), and Key R&D and promotion Special Projects of Henan Province (No. 212102310194).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahlqvist, E., Ahluwalia, T. S., and Groop, L. (2011). Genetics of Type 2 Diabetes. Clin. Chem. 57 (2), 241–254. doi:10.1373/clinchem.2010.157016
 Arifuzzaman, S., Khatun, M. R., and Khatun, R. (2020). Emerging of Lysine Demethylases (KDMs): From Pathophysiological Insights to Novel Therapeutic Opportunities. Biomed. Pharmacother. 129, 110392. doi:10.1016/j.biopha.2020.110392
 Arnes, L., and Sussel, L. (2015). Epigenetic Modifications and Long Noncoding RNAs Influence Pancreas Development and Function. Trends Genet. 31 (6), 290–299. doi:10.1016/j.tig.2015.02.008
 Backe, M. B., Jin, C., Andreone, L., Sankar, A., Agger, K., Helin, K., et al. (2019). The Lysine Demethylase KDM5B Regulates Islet Function and Glucose Homeostasis. J. Diabetes Res. 2019, 5451038. doi:10.1155/2019/5451038
 Bannister, A. J., and Kouzarides, T. (2011). Regulation of Chromatin by Histone Modifications. Cell Res 21 (3), 381–395. doi:10.1038/cr.2011.22
 Batista, I. A. A., and Helguero, L. A. (2018). Biological Processes and Signal Transduction Pathways Regulated by the Protein Methyltransferase SETD7 and Their Significance in Cancer. Signal. Transduct Target. Ther. 3, 19. doi:10.1038/s41392-018-0017-6
 Benhamed, F., Denechaud, P. D., Lemoine, M., Robichon, C., Moldes, M., Bertrand-Michel, J., et al. (2012). The Lipogenic Transcription Factor ChREBP Dissociates Hepatic Steatosis from Insulin Resistance in Mice and Humans. J. Clin. Invest. 122 (6), 2176–2194. doi:10.1172/JCI41636
 Bhaumik, S. R., Smith, E., and Shilatifard, A. (2007). Covalent Modifications of Histones during Development and Disease Pathogenesis. Nat. Struct. Mol. Biol. 14 (11), 1008–1016. doi:10.1038/nsmb1337
 Bosgana, P., Nikou, S., Dimitrakopoulos, F. I., Logotheti, S., Tzelepi, V., Kalophonos, C., et al. (2020). H3K4 Methylation Status and Lysine Specific Methyltransferase KMT2C Expression Correlate with Prognosis in Lung Adenocarcinoma. Curr. Mol. Pharmacol. doi:10.2174/1874467213999200831130739
 Bricambert, J., Alves-Guerra, M. C., Esteves, P., Prip-Buus, C., Bertrand-Michel, J., Guillou, H., et al. (2018). The Histone Demethylase Phf2 Acts as a Molecular Checkpoint to Prevent NAFLD Progression during Obesity. Nat. Commun. 9 (1), 2092. doi:10.1038/s41467-018-04361-y
 Bridgeman, S. C., Ellison, G. C., Melton, P. E., Newsholme, P., and Mamotte, C. D. S. (2018). Epigenetic Effects of Metformin: From Molecular Mechanisms to Clinical Implications. Diabetes Obes. Metab. 20 (7), 1553–1562. doi:10.1111/dom.13262
 Bui, H. T., Wakayama, S., Kishigami, S., Park, K. K., Kim, J. H., Thuan, N. V., et al. (2010). Effect of Trichostatin A on Chromatin Remodeling, Histone Modifications, DNA Replication, and Transcriptional Activity in Cloned Mouse Embryos. Biol. Reprod. 83 (3), 454–463. doi:10.1095/biolreprod.109.083337
 Castellano-Castillo, D., Denechaud, P. D., Fajas, L., Moreno-Indias, I., Oliva-Olivera, W., Tinahones, F., et al. (2019). Human Adipose Tissue H3K4me3 Histone Mark in Adipogenic, Lipid Metabolism and Inflammatory Genes Is Positively Associated with BMI and HOMA-IR. PLoS One 14 (4), e0215083. doi:10.1371/journal.pone.0215083
 Cedar, H., and Bergman, Y. (2009). Linking DNA Methylation and Histone Modification: Patterns and Paradigms. Nat. Rev. Genet. 10 (5), 295–304. doi:10.1038/nrg2540
 Chen, J., Guo, Y., Zeng, W., Huang, L., Pang, Q., Nie, L., et al. (2014). ER Stress Triggers MCP-1 Expression through SET7/9-Induced Histone Methylation in the Kidneys of Db/db Mice. Am. J. Physiol. Ren. Physiol 306 (8), F916–F925. doi:10.1152/ajprenal.00697.2012
 Chen, J., Xu, X., Li, Y., Li, F., Zhang, J., Xu, Q., et al. (2021). Kdm6a Suppresses the Alternative Activation of Macrophages and Impairs Energy Expenditure in Obesity. Cell Death Differ 28 (5), 1688–1704. doi:10.1038/s41418-020-00694-8
 Chen, Y., Ren, B., Yang, J., Wang, H., Yang, G., Xu, R., et al. (2020). The Role of Histone Methylation in the Development of Digestive Cancers: a Potential Direction for Cancer Management. Signal. Transduct Target. Ther. 5 (1), 143. doi:10.1038/s41392-020-00252-1
 Chen, Y., Yang, Y., Wang, F., Wan, K., Yamane, K., Zhang, Y., et al. (2006). Crystal Structure of Human Histone Lysine-specific Demethylase 1 (LSD1). Proc. Natl. Acad. Sci. U S A. 103 (38), 13956–13961. doi:10.1073/pnas.0606381103
 Chiefari, E., Foti, D. P., Sgarra, R., Pegoraro, S., Arcidiacono, B., Brunetti, F. S., et al. (2018). Transcriptional Regulation of Glucose Metabolism: The Emerging Role of the HMGA1 Chromatin Factor. Front. Endocrinol. (Lausanne) 9, 357. doi:10.3389/fendo.2018.00357
 Costantino, S., Mohammed, S. A., Ambrosini, S., and Paneni, F. (2019). Epigenetic Processing in Cardiometabolic Disease. Atherosclerosis 281, 150–158. doi:10.1016/j.atherosclerosis.2018.09.029
 Cuyàs, E., Gumuzio, J., Lozano-Sánchez, J., Carreras, D., Verdura, S., Llorach-Parés, L., et al. (2019). Extra Virgin Olive Oil Contains a Phenolic Inhibitor of the Histone Demethylase LSD1/KDM1A. Nutrients 11 (7), 1656. doi:10.3390/nu11071656
 Cuyàs, E., Verdura, S., Llorach-Pares, L., Fernández-Arroyo, S., Luciano-Mateo, F., Cabré, N., et al. (2018). Metformin Directly Targets the H3K27me3 Demethylase KDM6A/UTX. Aging Cell 17 (4), e12772. doi:10.1111/acel.12772
 Czvitkovich, S., Sauer, S., Peters, A. H., Deiner, E., Wolf, A., Laible, G., et al. (2001). Over-expression of the SUV39H1 Histone Methyltransferase Induces Altered Proliferation and Differentiation in Transgenic Mice. Mech. Dev. 107 (1-2), 141–153. doi:10.1016/s0925-4773(01)00464-6
 Dahlby, T., Simon, C., Backe, M. B., Dahllöf, M. S., Holson, E., Wagner, B. K., et al. (2020). Enhancer of Zeste Homolog 2 (EZH2) Mediates Glucolipotoxicity-Induced Apoptosis in β-Cells. Int. J. Mol. Sci. 21 (21), 8016. doi:10.3390/ijms21218016
 Dendup, T., Feng, X., Clingan, S., and Astell-Burt, T. (2018). Environmental Risk Factors for Developing Type 2 Diabetes Mellitus: A Systematic Review. Int. J. Environ. Res. Public Health 15 (1), 78. doi:10.3390/ijerph15010078
 Dhawan, S., Tschen, S. I., and Bhushan, A. (2009). Bmi-1 Regulates the Ink4a/Arf Locus to Control Pancreatic Beta-Cell Proliferation. Genes Dev. 23 (8), 906–911. doi:10.1101/gad.1742609
 Ding, R. B., Bao, J., and Deng, C. X. (2017). Emerging Roles of SIRT1 in Fatty Liver Diseases. Int. J. Biol. Sci. 13 (7), 852–867. doi:10.7150/ijbs.19370
 Dong, Y., Lu, J., Liu, J., Jalal, A., and Wang, C. (2020). Genome-wide Identification and Functional Analysis of JmjC Domain-Containing Genes in Flower Development of Rosa Chinensis. Plant Mol. Biol. 102 (4-5), 417–430. doi:10.1007/s11103-019-00955-2
 Eid, A., Rodriguez-Terrones, D., Burton, A., and Torres-Padilla, M. E. (2016). SUV4-20 Activity in the Preimplantation Mouse Embryo Controls Timely Replication. Genes Dev. 30 (22), 2513–2526. doi:10.1101/gad.288969.116
 Ellis, L., Atadja, P. W., and Johnstone, R. W. (2009). Epigenetics in Cancer: Targeting Chromatin Modifications. Mol. Cancer Ther. 8 (6), 1409–1420. doi:10.1158/1535-7163.MCT-08-0860
 Farooq, Z., Banday, S., Pandita, T. K., and Altaf, M. (2016). The many Faces of Histone H3K79 Methylation. Mutat. Res. Rev. Mutat. Res. 768, 46–52. doi:10.1016/j.mrrev.2016.03.005
 Galicia-Garcia, U., Benito-Vicente, A., Jebari, S., Larrea-Sebal, A., Siddiqi, H., Uribe, K. B., et al. (2020). Pathophysiology of Type 2 Diabetes Mellitus. Int. J. Mol. Sci. 21 (17), 6275. doi:10.3390/ijms21176275
 Ge, K. (2012). Epigenetic Regulation of Adipogenesis by Histone Methylation. Biochim. Biophys. Acta 1819 (7), 727–732. doi:10.1016/j.bbagrm.2011.12.008
 Goldsworthy, M., Absalom, N. L., Schröter, D., Matthews, H. C., Bogani, D., Moir, L., et al. (2013). Mutations in Mll2, an H3K4 Methyltransferase, Result in Insulin Resistance and Impaired Glucose Tolerance in Mice. PLoS One 8 (6), e61870. doi:10.1371/journal.pone.0061870
 Gong, F., and Miller, K. M. (2019). Histone Methylation and the DNA Damage Response. Mutat. Res. 780, 37–47. doi:10.1016/j.mrrev.2017.09.003
 Gottlieb, P. A., Quinlan, S., Krause-Steinrauf, H., Greenbaum, C. J., Wilson, D. M., Rodriguez, H., et al. (2010). Failure to Preserve Beta-Cell Function with Mycophenolate Mofetil and Daclizumab Combined Therapy in Patients with New- Onset Type 1 Diabetes. Diabetes Care 33 (4), 826–832. doi:10.2337/dc09-1349
 Greer, E. L., and Shi, Y. (2012). Histone Methylation: a Dynamic Mark in Health, Disease and Inheritance. Nat. Rev. Genet. 13 (5), 343–357. doi:10.1038/nrg3173
 Gu, B., and Lee, M. G. (2013). Histone H3 Lysine 4 Methyltransferases and Demethylases in Self-Renewal and Differentiation of Stem Cells. Cell Biosci 3 (1), 39. doi:10.1186/2045-3701-3-39
 Hino, S., Sakamoto, A., Nagaoka, K., Anan, K., Wang, Y., Mimasu, S., et al. (2012). FAD-dependent Lysine-specific Demethylase-1 Regulates Cellular Energy Expenditure. Nat. Commun. 3, 758. doi:10.1038/ncomms1755
 Hornschuh, M., Wirthgen, E., Wolfien, M., Singh, K. P., Wolkenhauer, O., and Däbritz, J. (2021). The Role of Epigenetic Modifications for the Pathogenesis of Crohn's Disease. Clin. Epigenetics 13 (1), 108. doi:10.1186/s13148-021-01089-3
 Inagaki, T. (2018). Histone Demethylases Regulate Adipocyte Thermogenesis. Diabetol. Int. 9 (4), 215–223. doi:10.1007/s13340-018-0366-y
 Ishii, M., Nakakido, M., Caaveiro, J. M. M., Kuroda, D., Okumura, C. J., Maruyama, T., et al. (2021). Structural Basis for Antigen Recognition by Methylated Lysine-specific Antibodies. J. Biol. Chem. 296, 100176. doi:10.1074/jbc.RA120.015996
 Ishikawa, K., Tsunekawa, S., Ikeniwa, M., Izumoto, T., Iida, A., Ogata, H., et al. (2015). Long-term Pancreatic Beta Cell Exposure to High Levels of Glucose but Not Palmitate Induces DNA Methylation within the Insulin Gene Promoter and Represses Transcriptional Activity. PLoS One 10 (2), e0115350. doi:10.1371/journal.pone.0115350
 Iwasaki, H. (2009). Impaired PRMT1 Activity in the Liver and Pancreas of Type 2 Diabetic Goto-Kakizaki Rats. Life Sci. 85 (3-4), 161–166. doi:10.1016/j.lfs.2009.05.007
 Iyer, A., Fairlie, D. P., and Brown, L. (2012). Lysine Acetylation in Obesity, Diabetes and Metabolic Disease. Immunol. Cel Biol 90 (1), 39–46. doi:10.1038/icb.2011.99
 Jääskeläinen, T., Makkonen, H., Visakorpi, T., Kim, J., Roeder, R. G., and Palvimo, J. J. (2012). Histone H2B Ubiquitin Ligases RNF20 and RNF40 in Androgen Signaling and Prostate Cancer Cell Growth. Mol. Cel Endocrinol 350 (1), 87–98. doi:10.1016/j.mce.2011.11.025
 Jang, M. K., Yun, Y. R., Kim, J. H., Park, M. H., and Jung, M. H. (2017). Gomisin N Inhibits Adipogenesis and Prevents High-Fat Diet-Induced Obesity. Sci. Rep. 7, 40345. doi:10.1038/srep40345
 Jasiulionis, M. G. (2018). Abnormal Epigenetic Regulation of Immune System during Aging. Front. Immunol. 9, 197. doi:10.3389/fimmu.2018.00197
 Jørgensen, S., Schotta, G., and Sørensen, C. S. (2013). Histone H4 Lysine 20 Methylation: Key Player in Epigenetic Regulation of Genomic Integrity. Nucleic Acids Res. 41 (5), 2797–2806. doi:10.1093/nar/gkt012
 Jufvas, A., Sjödin, S., Lundqvist, K., Amin, R., Vener, A. V., and Strålfors, P. (2013). Global Differences in Specific Histone H3 Methylation Are Associated with Overweight and Type 2 Diabetes. Clin. Epigenetics 5 (1), 15. doi:10.1186/1868-7083-5-15
 Jung, D. Y., Kim, J. H., Lee, H., and Jung, M. H. (2017). Antidiabetic Effect of Gomisin N via Activation of AMP-Activated Protein Kinase. Biochem. Biophys. Res. Commun. 494 (3-4), 587–593. doi:10.1016/j.bbrc.2017.10.120
 Kato, M., and Natarajan, R. (2014). Diabetic Nephropathy-Eemerging Epigenetic Mechanisms. Nat. Rev. Nephrol. 10 (9), 517–530. doi:10.1038/nrneph.2014.116
 Keating, S. T., and El-Osta, A. (2013). Transcriptional Regulation by the Set7 Lysine Methyltransferase. Epigenetics 8 (4), 361–372. doi:10.4161/epi.24234
 Khan, S., and Jena, G. B. (2014). Protective Role of Sodium Butyrate, a HDAC Inhibitor on Beta-Cell Proliferation, Function and Glucose Homeostasis through Modulation of P38/ERK MAPK and Apoptotic Pathways: Study in Juvenile Diabetic Rat. Chem. Biol. Interact 213, 1–12. doi:10.1016/j.cbi.2014.02.001
 Khan, S., Shukla, S., Sinha, S., and Meeran, S. M. (2016). Epigenetic Targets in Cancer and Aging: Dietary and Therapeutic Interventions. Expert Opin. Ther. Targets 20 (6), 689–703. doi:10.1517/14728222.2016.1132702
 Kim, H. J., Park, J. W., Lee, K. H., Yoon, H., Shin, D. H., Ju, U. I., et al. (2014). Plant Homeodomain finger Protein 2 Promotes Bone Formation by Demethylating and Activating Runx2 for Osteoblast Differentiation. Cel Res 24 (10), 1231–1249. doi:10.1038/cr.2014.127
 Kim, J. H., Jung, D. Y., Nagappan, A., and Jung, M. H. (2018). Histone H3K9 Demethylase JMJD2B Induces Hepatic Steatosis through Upregulation of PPARγ2. Sci. Rep. 8 (1), 13734. doi:10.1038/s41598-018-31953-x
 Kim, J. H., Lee, J. H., Lee, I. S., Lee, S. B., and Cho, K. S. (2017). Histone Lysine Methylation and Neurodevelopmental Disorders. Int. J. Mol. Sci. 18 (7), 1404. doi:10.3390/ijms18071404
 Kim, J. J., Lee, S. Y., and Miller, K. M. (2019). Preserving Genome Integrity and Function: the DNA Damage Response and Histone Modifications. Crit. Rev. Biochem. Mol. Biol. 54 (3), 208–241. doi:10.1080/10409238.2019.1620676
 Kim, J. K., Lim, Y., Lee, J. O., Lee, Y. S., Won, N. H., Kim, H., et al. (2015). PRMT4 Is Involved in Insulin Secretion via the Methylation of Histone H3 in Pancreatic β Cells. J. Mol. Endocrinol. 54 (3), 315–324. doi:10.1530/JME-14-0325
 Kimball, A. S., Joshi, A., Carson, A. E., Schaller, M., Allen, R., Bermick, J., et al. (2017). The Histone Methyltransferase MLL1 Directs Macrophage-Mediated Inflammation in Wound Healing and Is Altered in a Murine Model of Obesity and Type 2 Diabetes. Diabetes 66 (9), 2459–2471. doi:10.2337/db17-0194
 Komers, R., Mar, D., Denisenko, O., Xu, B., Oyama, T. T., and Bomsztyk, K. (2013). Epigenetic Changes in Renal Genes Dysregulated in Mouse and Rat Models of Type 1 Diabetes. Lab. Invest. 93 (5), 543–552. doi:10.1038/labinvest.2013.47
 Kosanam, H., Thai, K., Zhang, Y., Advani, A., Connelly, K. A., Diamandis, E. P., et al. (2014). Diabetes Induces Lysine Acetylation of Intermediary Metabolism Enzymes in the Kidney. Diabetes 63 (7), 2432–2439. doi:10.2337/db12-1770
 Lafortuna, C. L., Tovar, A. R., Rastelli, F., Tabozzi, S. A., Caramenti, M., Orozco-Ruiz, X., et al. (2017). Clinical, Functional, Behavioural and Epigenomic Biomarkers of Obesity. Front. Biosci. (Landmark Ed. 22, 1655–1681. doi:10.2741/4564
 Lee, A., Cardel, M., Donahoo, M., Feingold, K., Anawalt, B., and Boyce, A. (2000). “Social and Environmental Factors Influencing Obesity,” in Endotext ed . Editor K. R. Feingold. (South Dartmouth, MA: MDText.com, Inc). 
 Lee, S., Roeder, R. G., and Lee, J. W. (2009). Roles of Histone H3-Lysine 4 Methyltransferase Complexes in NR-Mediated Gene Transcription. Prog. Mol. Biol. Transl Sci. 87, 343–382. doi:10.1016/S1877-1173(09)87010-5
 Li, Y., Guo, D., Sun, R., Chen, P., Qian, Q., and Fan, H. (2019). Methylation Patterns of Lys9 and Lys27 on Histone H3 Correlate with Patient Outcome in Gastric Cancer. Dig. Dis. Sci. 64 (2), 439–446. doi:10.1007/s10620-018-5341-8
 Li, Z., Nie, F., Wang, S., and Li, L. (2011). Histone H4 Lys 20 Monomethylation by Histone Methylase SET8 Mediates Wnt Target Gene Activation. Proc. Natl. Acad. Sci. U S A. 108 (8), 3116–3123. doi:10.1073/pnas.1009353108
 Lin, H., Wang, Y., Wang, Y., Tian, F., Pu, P., Yu, Y., et al. (2010). Coordinated Regulation of Active and Repressive Histone Methylations by a Dual-Specificity Histone Demethylase ceKDM7A from Caenorhabditis elegans. Cel Res 20 (8), 899–907. doi:10.1038/cr.2010.84
 Ling, C., and Rönn, T. (2019). Epigenetics in Human Obesity and Type 2 Diabetes. Cell Metab 29 (5), 1028–1044. doi:10.1016/j.cmet.2019.03.009
 Lu, T. T., Heyne, S., Dror, E., Casas, E., Leonhardt, L., Boenke, T., et al. (2018). The Polycomb-dependent Epigenome Controls β Cell Dysfunction, Dedifferentiation, and Diabetes. Cel Metab 27 (6), 1294–e7. doi:10.1016/j.cmet.2018.04.013
 Ma, H., Baumann, C. T., Li, H., Strahl, B. D., Rice, R., Jelinek, M. A., et al. (2001). Hormone-dependent, CARM1-Directed, Arginine-specific Methylation of Histone H3 on a Steroid-Regulated Promoter. Curr. Biol. 11 (24), 1981–1985. doi:10.1016/s0960-9822(01)00600-5
 Macchia, P. E., Nettore, I. C., Franchini, F., Santana-Viera, L., and Ungaro, P. (2021). Epigenetic Regulation of Adipogenesis by Histone-Modifying Enzymes. Epigenomics 13 (3), 235–251. doi:10.2217/epi-2020-0304
 Mallette, F. A., Mattiroli, F., Cui, G., Young, L. C., Hendzel, M. J., Mer, G., et al. (2012). RNF8- and RNF168-dependent Degradation of KDM4A/JMJD2A Triggers 53BP1 Recruitment to DNA Damage Sites. EMBO J. 31 (8), 1865–1878. doi:10.1038/emboj.2012.47
 Mariño-Ramírez, L., Kann, M. G., Shoemaker, B. A., and Landsman, D. (2005). Histone Structure and Nucleosome Stability. Expert Rev. Proteomics 2 (5), 719–729. doi:10.1586/14789450.2.5.719
 Marmorstein, R., and Trievel, R. C. (2009). Histone Modifying Enzymes: Structures, Mechanisms, and Specificities. Biochim. Biophys. Acta 1789 (1), 58–68. doi:10.1016/j.bbagrm.2008.07.009
 Massenet, J., Gardner, E., Chazaud, B., and Dilworth, F. J. (2021). Epigenetic Regulation of Satellite Cell Fate during Skeletal Muscle Regeneration. Skelet Muscle 11 (1), 4. doi:10.1186/s13395-020-00259-w
 Matilainen, O., Quirós, P. M., and Auwerx, J. (2017). Mitochondria and Epigenetics - Crosstalk in Homeostasis and Stress. Trends Cel Biol 27 (6), 453–463. doi:10.1016/j.tcb.2017.02.004
 Matsuda, A., Chikashige, Y., Ding, D. Q., Ohtsuki, C., Mori, C., Asakawa, H., et al. (2015). Highly Condensed Chromatins Are Formed Adjacent to Subtelomeric and Decondensed Silent Chromatin in Fission Yeast. Nat. Commun. 6, 7753. doi:10.1038/ncomms8753
 Maude, H., Sanchez-Cabanillas, C., and Cebola, I. (2021). Epigenetics of Hepatic Insulin Resistance. Front. Endocrinol. (Lausanne) 12, 681356. doi:10.3389/fendo.2021.681356
 Miao, F., Wu, X., Zhang, L., Yuan, Y. C., Riggs, A. D., and Natarajan, R. (2007). Genome-wide Analysis of Histone Lysine Methylation Variations Caused by Diabetic Conditions in Human Monocytes. J. Biol. Chem. 282 (18), 13854–13863. doi:10.1074/jbc.M609446200
 Michalak, E. M., and Visvader, J. E. (2016). Dysregulation of Histone Methyltransferases in Breast Cancer - Opportunities for New Targeted Therapies. Mol. Oncol. 10 (10), 1497–1515. doi:10.1016/j.molonc.2016.09.003
 Milagro, F. I., Mansego, M. L., De Miguel, C., and Martínez, J. A. (2013). Dietary Factors, Epigenetic Modifications and Obesity Outcomes: Progresses and Perspectives. Mol. Aspects Med. 34 (4), 782–812. doi:10.1016/j.mam.2012.06.010
 Multhaup, M. L., Seldin, M. M., Jaffe, A. E., Lei, X., Kirchner, H., Mondal, P., et al. (2015). Mouse-human Experimental Epigenetic Analysis Unmasks Dietary Targets and Genetic Liability for Diabetic Phenotypes. Cel Metab 21 (1), 138–149. doi:10.1016/j.cmet.2014.12.014
 Mushtaq, A., Mir, U. S., Hunt, C. R., Pandita, S., Tantray, W. W., Bhat, A., et al. (2021). Role of Histone Methylation in Maintenance of Genome Integrity. Genes (Basel) 12 (7), 1000. doi:10.3390/genes12071000
 Nagy, C., Torres-Platas, S. G., Mechawar, N., and Turecki, G. (2017). Repression of Astrocytic Connexins in Cortical and Subcortical Brain Regions and Prefrontal Enrichment of H3K9me3 in Depression and Suicide. Int. J. Neuropsychopharmacol. 20 (1), 50–57. doi:10.1093/ijnp/pyw071
 Naito, M., Zager, R. A., and Bomsztyk, K. (2009). BRG1 Increases Transcription of Proinflammatory Genes in Renal Ischemia. J. Am. Soc. Nephrol. 20 (8), 1787–1796. doi:10.1681/ASN.2009010118
 Natalicchio, A., Tortosa, F., Perrini, S., Laviola, L., and Giorgino, F. (2011). p66Shc, a Multifaceted Protein Linking Erk Signalling, Glucose Metabolism, and Oxidative Stress. Arch. Physiol. Biochem. 117 (3), 116–124. doi:10.3109/13813455.2011.562513
 Nie, L., Shuai, L., Zhu, M., Liu, P., Xie, Z. F., Jiang, S., et al. (2017). The Landscape of Histone Modifications in a High-Fat Diet-Induced Obese (DIO) Mouse Model. Mol. Cel Proteomics 16 (7), 1324–1334. doi:10.1074/mcp.M117.067553
 Noe, J. T., and Mitchell, R. A. (2019). Tricarboxylic Acid Cycle Metabolites in the Control of Macrophage Activation and Effector Phenotypes. J. Leukoc. Biol. 106 (2), 359–367. doi:10.1002/JLB.3RU1218-496R
 Ogihara, T., Vanderford, N. L., Maier, B., Stein, R. W., and Mirmira, R. G. (2009). Expression and Function of Set7/9 in Pancreatic Islets. Islets 1 (3), 269–272. doi:10.4161/isl.1.3.9779
 Okuno, Y., Ohtake, F., Igarashi, K., Kanno, J., Matsumoto, T., Takada, I., et al. (2013). Epigenetic Regulation of Adipogenesis by PHF2 Histone Demethylase. Diabetes 62 (5), 1426–1434. doi:10.2337/db12-0628
 Ordog, T., Syed, S. A., Hayashi, Y., and Asuzu, D. T. (2012). Epigenetics and Chromatin Dynamics: a Review and a Paradigm for Functional Disorders. Neurogastroenterol Motil. 24 (12), 1054–1068. doi:10.1111/nmo.12031
 Ouyang, Y., Wu, Q., Li, J., Sun, S., and Sun, S. (2020). S-adenosylmethionine: A Metabolite Critical to the Regulation of Autophagy. Cell Prolif 53 (11), e12891. doi:10.1111/cpr.12891
 Park, J. W., and Han, J. W. (2019). Targeting Epigenetics for Cancer Therapy. Arch. Pharm. Res. 42 (2), 159–170. doi:10.1007/s12272-019-01126-z
 Pederson, T., and Robbins, E. (1972). Chromatin Structure and the Cell Division Cycle. Actinomycin Binding in Synchronized HeLa Cells. J. Cel Biol 55 (2), 322–327. doi:10.1083/jcb.55.2.322
 Qi, H., Jing, Z., Xiaolin, W., Changwu, X., Xiaorong, H., Jian, Y., et al. (2015). Histone Demethylase JMJD2A Inhibition Attenuates Neointimal Hyperplasia in the Carotid Arteries of Balloon-Injured Diabetic Rats via Transcriptional Silencing: Inflammatory Gene Expression in Vascular Smooth Muscle Cells. Cell Physiol Biochem 37 (2), 719–734. doi:10.1159/000430390
 Rajasekar, P., O'Neill, C. L., Eeles, L., Stitt, A. W., and Medina, R. J. (2015). Epigenetic Changes in Endothelial Progenitors as a Possible Cellular Basis for Glycemic Memory in Diabetic Vascular Complications. J. Diabetes Res. 2015, 436879. doi:10.1155/2015/436879
 Ramazi, S., Allahverdi, A., and Zahiri, J. (2020). Evaluation of post-translational Modifications in Histone Proteins: A Review on Histone Modification Defects in Developmental and Neurological Disorders. J. Biosci. 45. doi:10.1007/s12038-020-00099-2
 Reddy, M. A., Park, J. T., and Natarajan, R. (2012). Epigenetic Modifications and Diabetic Nephropathy. Kidney Res. Clin. Pract. 31 (3), 139–150. doi:10.1016/j.krcp.2012.07.004
 Reddy, M. A., Sumanth, P., Lanting, L., Yuan, H., Wang, M., Mar, D., et al. (2014). Losartan Reverses Permissive Epigenetic Changes in Renal Glomeruli of Diabetic Db/db Mice. Kidney Int. 85 (2), 362–373. doi:10.1038/ki.2013.387
 Reddy, M. A., Villeneuve, L. M., Wang, M., Lanting, L., and Natarajan, R. (2008). Role of the Lysine-specific Demethylase 1 in the Proinflammatory Phenotype of Vascular Smooth Muscle Cells of Diabetic Mice. Circ. Res. 103 (6), 615–623. doi:10.1161/CIRCRESAHA.108.175190
 Reed, J., Bain, S., and Kanamarlapudi, V. (2021). A Review of Current Trends with Type 2 Diabetes Epidemiology, Aetiology, Pathogenesis, Treatments and Future Perspectives. Diabetes Metab. Syndr. Obes. 14, 3567–3602. doi:10.2147/DMSO.S319895
 Roberts, C. K., Hevener, A. L., and Barnard, R. J. (2013). Metabolic Syndrome and Insulin Resistance: Underlying Causes and Modification by Exercise Training. Compr. Physiol. 3 (1), 1–58. doi:10.1002/cphy.c110062
 Rosen, E. D., Kaestner, K. H., Natarajan, R., Patti, M. E., Sallari, R., Sander, M., et al. (2018). Epigenetics and Epigenomics: Implications for Diabetes and Obesity. Diabetes 67 (10), 1923–1931. doi:10.2337/db18-0537
 Rothbart, S. B., and Strahl, B. D. (2014). Interpreting the Language of Histone and DNA Modifications. Biochim. Biophys. Acta 1839 (8), 627–643. doi:10.1016/j.bbagrm.2014.03.001
 Ryk, A., Łosiewicz, A., Michalak, A., and Fendler, W. (2020). Biological Activity of C-Peptide in Microvascular Complications of Type 1 Diabetes-Time for Translational Studies or Back to the Basics. Int. J. Mol. Sci. 21 (24), 9723. doi:10.3390/ijms21249723
 Sadeh, R., Sharkia, I., Fialkoff, G., Rahat, A., Gutin, J., Chappleboim, A., et al. (2021). ChIP-seq of Plasma Cell-free Nucleosomes Identifies Gene Expression Programs of the Cells of Origin. Nat. Biotechnol. 39 (5), 586–598. doi:10.1038/s41587-020-00775-6
 Safi-Stibler, S., and Gabory, A. (2020). Epigenetics and the Developmental Origins of Health and Disease: Parental Environment Signalling to the Epigenome, Critical Time Windows and Sculpting the Adult Phenotype. Semin. Cel Dev Biol 97, 172–180. doi:10.1016/j.semcdb.2019.09.008
 Schnekenburger, M., Peng, L., and Puga, A. (2007). HDAC1 Bound to the Cyp1a1 Promoter Blocks Histone Acetylation Associated with Ah Receptor-Mediated Trans-activation. Biochim. Biophys. Acta 1769 (9-10), 569–578. doi:10.1016/j.bbaexp.2007.07.002
 Selvi, B. R., Batta, K., Kishore, A. H., Mantelingu, K., Varier, R. A., Balasubramanyam, K., et al. (2010). Identification of a Novel Inhibitor of Coactivator-Associated Arginine Methyltransferase 1 (CARM1)-Mediated Methylation of Histone H3 Arg-17. J. Biol. Chem. 285 (10), 7143–7152. doi:10.1074/jbc.M109.063933
 Sen, S., Sanyal, S., Srivastava, D. K., Dasgupta, D., Roy, S., and Das, C. (2017). Transcription Factor 19 Interacts with Histone 3 Lysine 4 Trimethylation and Controls Gluconeogenesis via the Nucleosome-Remodeling-Deacetylase Complex. J. Biol. Chem. 292 (50), 20362–20378. doi:10.1074/jbc.M117.786863
 Shao, B. Y., Zhang, S. F., Li, H. D., Meng, X. M., and Chen, H. Y. (2021). Epigenetics and Inflammation in Diabetic Nephropathy. Front. Physiol. 12, 649587. doi:10.3389/fphys.2021.649587
 Sharma, N., Navik, U., and Tikoo, K. (2020). Unveiling the Presence of Epigenetic Mark by Lactobacillus Supplementation in High-Fat Diet-Induced Metabolic Disorder in Sprague-Dawley Rats. J. Nutr. Biochem. 84, 108442. doi:10.1016/j.jnutbio.2020.108442
 Sivanand, S., and Vander Heiden, M. G. (2020). Emerging Roles for Branched-Chain Amino Acid Metabolism in Cancer. Cancer Cell 37 (2), 147–156. doi:10.1016/j.ccell.2019.12.011
 Soyal, S., Krempler, F., Oberkofler, H., and Patsch, W. (2006). PGC-1alpha: a Potent Transcriptional Cofactor Involved in the Pathogenesis of Type 2 Diabetes. Diabetologia 49 (7), 1477–1488. doi:10.1007/s00125-006-0268-6
 Sun, C., Fan, J. G., and Qiao, L. (2015). Potential Epigenetic Mechanism in Non-alcoholic Fatty Liver Disease. Int. J. Mol. Sci. 16 (3), 5161–5179. doi:10.3390/ijms16035161
 Sun, G., Reddy, M. A., Yuan, H., Lanting, L., Kato, M., and Natarajan, R. (2010). Epigenetic Histone Methylation Modulates Fibrotic Gene Expression. J. Am. Soc. Nephrol. 21 (12), 2069–2080. doi:10.1681/ASN.2010060633
 Sun, G. D., Cui, W. P., Guo, Q. Y., and Miao, L. N. (2014). Histone Lysine Methylation in Diabetic Nephropathy. J. Diabetes Res. 2014, 654148. doi:10.1155/2014/654148
 Sun, J., Wang, Y., Cui, W., Lou, Y., Sun, G., Zhang, D., et al. (2017). Role of Epigenetic Histone Modifications in Diabetic Kidney Disease Involving Renal Fibrosis. J. Diabetes Res. 2017, 7242384. doi:10.1155/2017/7242384
 Sun, Z., Zhang, Y., Jia, J., Fang, Y., Tang, Y., Wu, H., et al. (2020). H3K36me3, Message from Chromatin to DNA Damage Repair. Cel Biosci 10, 9. doi:10.1186/s13578-020-0374-z
 Tateishi, K., Okada, Y., Kallin, E. M., and Zhang, Y. (2009). Role of Jhdm2a in Regulating Metabolic Gene Expression and Obesity Resistance. Nature 458 (7239), 757–761. doi:10.1038/nature07777
 Tu, P., Li, X., Ma, B., Duan, H., Zhang, Y., Wu, R., et al. (2015). Liver Histone H3 Methylation and Acetylation May Associate with Type 2 Diabetes Development. J. Physiol. Biochem. 71 (1), 89–98. doi:10.1007/s13105-015-0385-0
 Vallois, D., Niederhäuser, G., Ibberson, M., Nagaraj, V., Nagaray, V., Marselli, L., et al. (2014). Gluco-incretins Regulate Beta-Cell Glucose Competence by Epigenetic Silencing of Fxyd3 Expression. PLoS One 9 (7), e103277. doi:10.1371/journal.pone.0103277
 Venables, M. C., and Jeukendrup, A. E. (2009). Physical Inactivity and Obesity: Links with Insulin Resistance and Type 2 Diabetes Mellitus. Diabetes Metab. Res. Rev. 25 (Suppl. 1), S18–S23. doi:10.1002/dmrr.983
 Venkatesh, S., and Workman, J. L. (2013). Set2 Mediated H3 Lysine 36 Methylation: Regulation of Transcription Elongation and Implications in Organismal Development. Wiley Interdiscip. Rev. Dev. Biol. 2 (5), 685–700. doi:10.1002/wdev.109
 Verdone, L., Agricola, E., Caserta, M., and Di Mauro, E. (2006). Histone Acetylation in Gene Regulation. Brief. Funct. Genomic Proteomic 5 (3), 209–221. doi:10.1093/bfgp/ell028
 Villeneuve, L. M., Kato, M., Reddy, M. A., Wang, M., Lanting, L., and Natarajan, R. (2010). Enhanced Levels of microRNA-125b in Vascular Smooth Muscle Cells of Diabetic Db/db Mice lead to Increased Inflammatory Gene Expression by Targeting the Histone Methyltransferase Suv39h1. Diabetes 59 (11), 2904–2915. doi:10.2337/db10-0208
 Villeneuve, L. M., Reddy, M. A., Lanting, L. L., Wang, M., Meng, L., and Natarajan, R. (2008). Epigenetic Histone H3 Lysine 9 Methylation in Metabolic Memory and Inflammatory Phenotype of Vascular Smooth Muscle Cells in Diabetes. Proc. Natl. Acad. Sci. U S A. 105 (26), 9047–9052. doi:10.1073/pnas.0803623105
 Viscarra, J., and Sul, H. S. (2020). Epigenetic Regulation of Hepatic Lipogenesis: Role in Hepatosteatosis and Diabetes. Diabetes 69 (4), 525–531. doi:10.2337/dbi18-0032
 Völkel, P., and Angrand, P. O. (2007). The Control of Histone Lysine Methylation in Epigenetic Regulation. Biochimie 89 (1), 1–20. doi:10.1016/j.biochi.2006.07.009
 Wang, L., Xu, S., Lee, J. E., Baldridge, A., Grullon, S., Peng, W., et al. (2013). Histone H3K9 Methyltransferase G9a Represses PPARγ Expression and Adipogenesis. EMBO J. 32 (1), 45–59. doi:10.1038/emboj.2012.306
 Wang, W., Sidoli, S., Zhang, W., Wang, Q., Wang, L., Jensen, O. N., et al. (2017). Abnormal Levels of Histone Methylation in the Retinas of Diabetic Rats Are Reversed by Minocycline Treatment. Sci. Rep. 7, 45103. doi:10.1038/srep45103
 Wegner, M., Neddermann, D., Piorunska-Stolzmann, M., and Jagodzinski, P. P. (2014). Role of Epigenetic Mechanisms in the Development of Chronic Complications of Diabetes. Diabetes Res. Clin. Pract. 105 (2), 164–175. doi:10.1016/j.diabres.2014.03.019
 Wei, X., Yi, X., Zhu, X. H., and Jiang, D. S. (2020). Histone Methylation and Vascular Biology. Clin. Epigenetics 12 (1), 30. doi:10.1186/s13148-020-00826-4
 Wei, Y., Chen, J., Xu, X., Li, F., Wu, K., Jiang, Y., et al. (2021). Restoration of H3k27me3 Modification Epigenetically Silences Cry1 Expression and Sensitizes Leptin Signaling to Reduce Obesity-Related Properties. Adv. Sci. (Weinh) 8 (14), 2004319. doi:10.1002/advs.202004319
 Wróblewski, A., Strycharz, J., Świderska, E., Balcerczyk, A., Szemraj, J., Drzewoski, J., et al. (2021). Chronic and Transient Hyperglycemia Induces Changes in the Expression Patterns of IL6 and ADIPOQ Genes and Their Associated Epigenetic Modifications in Differentiating Human Visceral Adipocytes. Int. J. Mol. Sci. 22 (13), 6964. doi:10.3390/ijms22136964
 Wu, X., Li, J., Chang, K., Yang, F., Jia, Z., Sun, C., et al. (2021). Histone H3 Methyltransferase Ezh2 Promotes white Adipocytes but Inhibits Brown and Beige Adipocyte Differentiation in Mice. Biochim. Biophys. Acta Mol. Cel Biol Lipids 1866 (6), 158901. doi:10.1016/j.bbalip.2021.158901
 Wu, X., Wang, Y., Wang, Y., Wang, X., Li, J., Chang, K., et al. (2018). GSK126 Alleviates the Obesity Phenotype by Promoting the Differentiation of Thermogenic Beige Adipocytes in Diet-Induced Obese Mice. Biochem. Biophys. Res. Commun. 501 (1), 9–15. doi:10.1016/j.bbrc.2018.04.073
 Xue, W., Huang, J., Chen, H., Zhang, Y., Zhu, X., Li, J., et al. (2018). Histone Methyltransferase G9a Modulates Hepatic Insulin Signaling via Regulating HMGA1. Biochim. Biophys. Acta Mol. Basis Dis. 1864 (2), 338–346. doi:10.1016/j.bbadis.2017.10.037
 Yang, Y., Luan, Y., Yuan, R. X., and Luan, Y. (2021). Histone Methylation Related Therapeutic Challenge in Cardiovascular Diseases. Front. Cardiovasc. Med. 8, 710053. doi:10.3389/fcvm.2021.710053
 You, J. J., Ren, P., He, S., Liang, X. F., Xiao, Q. Q., and Zhang, Y. P. (2020). Histone Methylation of H3K4 Involved in the Anorexia of Carnivorous Mandarin Fish (Siniperca chuatsi) after Feeding on a Carbohydrate-Rich Diet. Front. Endocrinol. (Lausanne) 11, 323. doi:10.3389/fendo.2020.00323
 Zhang, Y., and Reinberg, D. (2001). Transcription Regulation by Histone Methylation: Interplay between Different Covalent Modifications of the Core Histone Tails. Genes Dev. 15 (18), 2343–2360. doi:10.1101/gad.927301
 Zheng, W., Guo, J., and Liu, Z. S. (2021). Effects of Metabolic Memory on Inflammation and Fibrosis Associated with Diabetic Kidney Disease: an Epigenetic Perspective. Clin. Epigenetics 13 (1), 87. doi:10.1186/s13148-021-01079-5
 Zhou, S. S., Zhou, Y. M., Li, D., and Lun, Y. Z. (2011). Dietary Methyl-Consuming Compounds and Metabolic Syndrome. Hypertens. Res. 34 (12), 1239–1245. doi:10.1038/hr.2011.133
 Zimmet, P., Alberti, K. G., Magliano, D. J., and Bennett, P. H. (2016). Diabetes Mellitus Statistics on Prevalence and Mortality: Facts and Fallacies. Nat. Rev. Endocrinol. 12 (10), 616–622. doi:10.1038/nrendo.2016.105
 Žumer, K., Low, A. K., Jiang, H., Saksela, K., and Peterlin, B. M. (2012). Unmodified Histone H3K4 and DNA-dependent Protein Kinase Recruit Autoimmune Regulator to Target Genes. Mol. Cel Biol 32 (8), 1354–1362. doi:10.1128/MCB.06359-11
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Yang, Luan, Feng, Chen, Qin, Ren and Luan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-807413-g005.gif





OPS/images/fphar-12-807413-t001.jpg
Histone

H1
H2A
H3

Ha

Site

Lys26
Ag3
Ag2
Ag8
Arg17
Arg26
Arga2
Lysd

Lys9

Lys27

Lys36
Lys79

Arg3

Lys20

Lys59

Histone-modifying
enzymes

EZH2

PRMT1/6, PRMTS/7
PRMTS, PRMT6
PRMTS, PRMT2/6
CARM1

CARM1

CARM1

Set1 (S. cerevisiae)
Set 7/9 (vertebrates)
MLL, ALL-1

Asht (D. melanogaster)
Suash, Cird.

G9a

SETDB1

Dim-5, Kryptonite
Ashi

Ezh2

G9a
Set2
Dot1

PRMT1/6

PRMT5/7

PR-Set7

Sw4-20h

Asht (D. melanogaster)
Set9 (S. pombe)
unknown

Proposed function

transcriptional siencing

Alteration in metabolism

transcriptional activation, transcriptional repression

transcriptional repression

transcriptional activation, transcriptional repression

transcriptional activation
transcriptional activation
transcriptional activation
permissive euchromatin (i-Me)
transcriptional activation (tri-Me)
transcriptional activation
transoriptional activation
transcriptional silencing (tri-Me)
transcriptional repression genomic
imprinting

transcriptional repression (tri-Me)
DNA methylation (tri-Me)
transcriptional activation
transariptional silencing

X inactivation (tri-Me)
transcriptional silencing
transcriptional activation (elongation)
euchromatin

transcriptional activation (elongation)
checkpoint response
transariptional activation
transcriptional repression
transcriptional silencing (mono-Me)
heterochromatin (tri-Me)
transoriptional activation
checkpoint response
transariptional siencing

correlates with insuiin gene expression and insulin secretion stimulated by
glucose

enhanced in response to hyperglycermia, enhanced in uninephrectornized
db/db mice

reduced in VSMGs stimulated with high glucose and diabetic mice model

reduced in T2DM and T1DM.

higher H3K36me3 in db/db mice
associated with glucose-stimulated insulin secretion

elevated in response to glucose dysregulation and HFD





OPS/images/fphar-12-807413-g003.gif
EE)






OPS/images/fphar-12-807413-g004.gif





OPS/images/fphar-12-807413-t002.jpg
Classifcation Family

HMT PRMTs

SET

Seven-p-
strand (7BS)

HDMs KDM1

JMJC

Name

PRMT1
PRMT4
PRMTS

PRMT7

EZH2

NSD1-3, SETD2,
SMYD2

SUV39H1, SUV3gH2
G9a

SET7/9

SET8

SUV4-20H1, SUv4-
20H2

Dot1/DOT1L.

KDM1A (LSD1)
KDM1B (LSD2)
KDMSA/B/C/D
KDM28B (JHDM1B)
KDM2A (JHDM1A)
KDMBA (JHDM2A,
JMID1A)

KDM4A (JHDMS3A,
JMID2A)

KDMSA (JARID1A)
KDMBB (JMJD3)
PHF2

Specificity

H4R3
HeR2, R17, R26
H2A, H4 (non-histone
proteins)

HaR2

Haka?

H3K36

H3K9

H3K9, H3K27
H3K4

H4K20
H4K20

H3K79

H3K4me1/2, H3K9me1/2
H3K4me1/2

H3K4me2/3
H3K36me2/1, H3K4me3
H3K36me2/1

H3K9me2/1

H3K9me3/2,
H3K36me3/2
H3K4me3/2
H3K27me2/3
H3K9me2

Roles in diabetes-related
phenotypes

Impaired PRMT1 activity stimulated by hyperglycemia
Increased in diabetic models. PRMT4 inhibition suppresses the expression
of insulin

Modulate p-cell dedifferentiation and cell proliferation

Overexpression of SUV39H1 ameliorate the diabetic phenotypes
Modulated insuiin signaling pathway
Essential for the glucose-stimulated insulin secretion

Promotion of beige adipocyte

Promotion of beige adipocyte. Depletion of JMJD1A s relevant with obesity
Enhanced in db/db mice
Promotion of beige adipocyte

Overexpression of PHF2 in mice led to improved glucose intolerance and
insulin resistance





OPS/xhtml/nav.xhtml
Contents

		Cover

		Epigenetics and Beyond: Targeting Histone Methylation to Treat Type 2 Diabetes Mellitus		Introduction

		Histone Methylation

		Histone Methylation in Type 2 Diabetes		Active Chromatin Marks

		Repressive Chromatin Marks

		HMTs, HDMs, Writers, and Erasers in Type 2 Diabetes

		Epigenetic-Based Therapies for Type 2 Diabetes





		Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Epigenetics and Beyond:
Targeting Histone Methylation to
Treat Type 2 Diabetes Mellitus





OPS/images/fphar-12-807413-g001.gif
Hitone ocamer






OPS/images/fphar-12-807413-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





