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Abstract

The discovery of the microRNA (miRNA) family of small RNAs as fundamental regulators of 

post-transcriptional gene expression has fostered research on their importance in every area of 

biology and clinical medicine. In the particular area of liver metabolism and disease, miRNAs are 

gaining increasing importance. By focusing on two fundamental hepatic biosynthetic pathways, 

glutathione and methionine, we review recent advances on the comprehension of the role of 

miRNAs in liver pathophysiology and more specifically of models of hepatic cholestasis/fibrosis 

and hepatocellular carcinoma.

1. Glutathione synthesis

GSH is synthesized from its constituent amino acids in all mammalian cells in two ATP-

requiring enzymatic steps: the first step is the rate-limiting step catalyzed by glutamate-

cysteine ligase (GCL), which condenses glutamate and cysteine to form γ-glutamylcysteine, 

and the second step is catalyzed by GSH synthetase (GS), which condenses glycine and γ-

glutamylcysteine to form GSH [1]. GSH synthesis is largely controlled by the activity of 

GCL, a heterodimeric enzyme composed by a heavy subunit, GCLC (73 kDa) with catalytic 

activity and a smaller one, GCLM (33 kDa) that has a regulatory role on the other subunit 

[1]. Under normal physiological conditions GCL activity is regulated mainly by non-

allosteric feedback competitive inhibition by GSH (Ki = 2.3 mM) [2] and the availability of 

the limiting amino acid precursor L-cysteine [3]. Intracellular cysteine concentration is close 

to the GCL’s Km value for cysteine (0.1–0.3 mM), whereas glutamate concentration is about 

10-fold higher than the GCL’s Km value for glutamate (1.8 mM) [2,4]. The cellular 

concentration of ATP is another limiting variable. Of note, its Km for GCLc is 6 times higher 

when it is not forming the holoenzyme with the regulatory subunit GCLm [5]. Although 

GSH synthetase is generally not important in regulating GSH synthesis, it is important in 
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determining overall GSH synthetic capacity in certain tissues (i.e. skeletal muscle) and/or 

under stressful conditions [6]. One major question that remains largely unresolved is related 

to the subcellular distribution and compartmentation of GSH. While it is now accepted that 

GSH is distributed in the cytosol, nucleus and mitochondria, it is still unclear if the 

regulation of the redox state by GSH in these locations bears differential features among 

them. The employment of compartment-targeted redox-sensitive fluorescent sensors is 

progressively allowing to gain insight into this fundamental question [7].

GSH homeostasis in the cell is not only regulated by its de novo synthesis. There are other 

relevant factors such as utilization, recycling and cellular export, generating a redox cycle, 

known as the GSH cycle (Fig. 1) [1,8]. These additional pathways incorporate other 

important antioxidant, redox-related enzymes such as glutathione peroxidase (GPx), which 

metabolize residual hydrogen peroxide from aerobic respiration by converting 2 GSH 

molecules to its oxidized form (GSSG). Recent important work has shown how multiple 

GSSG removal pathways affect GSH/GSSG ratio, subcellular location and homeostasis, at 

least in yeast [9]. GSSG is recycled back to GSH by the action of glutathione reductase 

(GR), a reaction that consumes NADPH. GSH works also as cofactor and substrate for the 

glutaredoxin family (Grx), which catalyze disulfide reductions in the presence of NADPH 

and glutathione reductase (GR) [10]. Moreover, GSH is also able to react with critical Cys 

residues in proteins, by forming mixed disulfides (see [11]).

Another level of regulation of GSH homeostasis is provided by glutathione S-transferase 

(GST), that along with other antioxidant enzymes provides the cell with protection against a 

range of harmful electrophiles produced during oxidative damage to membranes [12]. In 

humans, GST includes 22 family members, classified according to their structure as 

cytosolic, mitochondrial and membrane associated. GSTs are dimeric, with both subunits 

belonging to the same class of GSTs. The activity of GSTs is also dependent upon the 

presence of GSH, again stressing its importance as an antioxidant molecule [13]. The 

primary role of GSTs is the detoxification of reactive electrophilic compounds, including 

environmental toxins, and products of oxidative stress, by conjugation with GSH, forming 

water-soluble GSH-conjugates that are readily transported out of the cell [14–16]. Due to the 

action of specific transporters GSH conjugates are removed from the cell, thereby preventing 

crucial cellular proteins and nucleic acids from the action of reactive electrophilic 

compounds. The overexpression of GST in mammalian tumor cells has been implicated in 

the resistance to various anti-cancer agents and chemical carcinogens [17]. Additionally, in 

acetaminophen-induced hepatotoxicity recent work has shown that downregulation of GST-

Pi could prevent toxicity by increasing S-glutathionylation of GCL, protecting its integrity 

and increasing GSH synthesis [18,19]. For a detailed view of GSH-regulated antioxidant 

mechanisms and other enzymatic systems related to GSH the readers are referred to 

Espinosa-Diez et al. [20].

The availability of cysteine, or the pair cysteine/cystine is a limiting step in GSH synthesis. 

Extracellular cysteine is very unstable as it readily autoxidizes to cystine, the disulfide form 

of cysteine, which is taken up by many cells and is reduced to cysteine once inside the cell 

[4]. In hepatocytes, cysteine availability is determined mainly by membrane transport of 

cysteine (via the ASC system, the ubiquitous Na+-dependent neutral amino acid transporter 
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with preferred substrates alanine, serine and cysteine), cystine (via the Xc
− system, the 

cystine/glutamate antiporter that exchanges extracellular cystine for intracellular glutamate, 

which is induced under oxidative stress), methionine, (via the L system, the transporter 

responsible for transport of several large neutral amino acids) and the activity of the 

transsulfuration pathway, which converts methionine to cysteine [4,21,22]. The 

transsulfuration pathway is particularly active in the liver, allowing efficient utilization of 

methionine for the synthesis of GSH [23].

2. The importance of methionine metabolism for glutathione synthesis

The liver plays a central role in both methionine and GSH metabolism. Methionine 

metabolism in mammals consists of two pathways, the methionine cycle and the 

transsulfuration pathway, both sharing the first three reactions that convert methionine to 

homocysteine (Fig. 2) [23]. Up to half of the daily intake of methionine is catabolized in the 

liver, where methionine adenosyltransferase (MAT) catalyzes the first reaction that converts 

methionine and ATP to S-adenosylmethionine (SAMe) [24]. SAMe is the principal 

biological methyl donor and under normal conditions, most of the SAMe formed is used in 

transmethylation reactions generating S-adenosylhomocysteine (SAH) [24]. SAH is in turn 

hydrolyzed to homocysteine (Hcy) and adenosine through a reversible reaction catalyzed by 

SAH hydrolase. SAH is a potent competitive inhibitor of methylation reactions and the 

thermodynamics of SAH hydrolase favors SAH biosynthesis rather than hydrolysis so 

prompt removal of Hcy is required to prevent SAH accumulation [25]. The methionine cycle 

regenerates methionine via remethylation of Hcy, which can occur through a reaction 

catalyzed by methionine synthase (MS, requires B12 as a cofactor and 

methyltetrahydrofolate as the methyl donor), and betaine-homocysteine methyltransferase 

(BHMT, uses betaine, also known as trimethylglycine, as the methyl donor). MS is present 

in all mammalian cells but BHMT is restricted to liver and kidney [26]. One key function of 

BHMT is to recover excess methyl groups after, for instance, feeding a high protein diet. 

The transsulfuration pathway converts Hcy to cysteine via two enzymatic steps. The first 

step condenses Hcy with serine to form cystathionine in a reaction catalyzed by 

cystathionine β synthase (CBS, requires vitamin B6). The second step cleaves cystathionine 

to release free cysteine and α-ketobutyrate in a reaction catalyzed by another vitamin B6-

dependent enzyme, γ-cystathionase or cystathionine γ-lyase (CSE). CBS and CSE are 

known to produce hydrogen disulfide (H2S) from L-cysteine [27]. A third pathway, involves 

the combined action of cysteine/aspartate aminotransferase (CAT), which produces 3-

mercaptopyruvate from L-cysteine and α-ketoglutarate, and 3-mercaptopyruvate 

sulfurtransferase (MST), which catalyzes the synthesis of H2S from 3-mercaptopyruvate 

[27]. Recently, a fourth pathway that involves the generation of α-ketoglutarate from D-

cysteine (which is formed during food processing), through a reaction catalyzed by the 

enzyme D-amino acid oxidase (DAO), has also been shown to produce H2S [28]. In the liver, 

H2S is generated preferentially by CBS, CSE and MST [29]. While at high concentrations 

H2S inhibits mitochondrial respiration, at lower concentrations H2S acts as a mitochondrial 

energy substrate, maintaining hepatocyte bioenergetics, and a cytoprotective agent. H2S 

cytoprotective activity may be explained by its antioxidant and protein S-sulfhydration 

activities. In this respect, it is interesting to note that H2S stabilizes Nrf2, a transcription 
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factor that regulates antioxidant genes [20], through inhibition of Keap1 via a process that 

involves the Keap1 sulfhydration [30]. Accordingly, altered H2S content may be involved in 

numerous liver diseases including ischemia/reperfusion liver injury and liver cirrhosis [27]. 

The hepatic transsulfuration pathway activity is markedly impaired or absent in the fetus and 

newborn infant and in cirrhotic patients [1]. This pathway is impaired in cirrhotic patients 

due to several causes including decreased co-factor availability (such as B vitamins), 

decreased SAMe content due to reduced MAT activity [24], and reduced CBS activity as 

CBS is allosterically activated by SAMe [31]. In support of the important contribution of 

SAMe to hepatic GSH levels is the fact that patients with alcoholic and non-alcoholic fatty 

liver diseases show increased hepatic GSH levels after six months of treatment with oral 

SAMe [32].

3. MicroRNAs targeting glutathione synthesis/metabolism

MicroRNAs (miRNAs) are 21–25 nucleotide small noncoding RNAs that regulate gene 

expression by targeting the 3′UTR region of mRNAs leading to reduce protein translation 

and/or increased mRNA degradation in the majority of the cases [33]. Recently, it has been 

shown that microRNAs can also target the mRNA coding sequence and the 5′-UTR. The 

latter binding has also been suggested to have a different role, related to the enhancement of 

protein translation [34–38]. MiRNAs were first reported in 1993 and studies over the past 

two decades have established them as one of the major mechanisms of gene regulation [39].

Theoretically the intracellular levels of GSH can be altered by miRNAs that target any of the 

proteins related to the different steps involved in its enzymatic synthesis [20,40]. In practice, 

most published work on miRNAs and GSH synthesis has looked at the rate-limiting step 

catalyzed by GCL. This set of miRNAs may operate either directly by targeting the 3′UTR 

of GCLc or GCLm, or indirectly by regulating the levels of the essential regulators of GCL 

subunit expression such as the Nrf2–Keap1 complex [40]. So far, few miRNAs have been 

declared to pertain to the former set, potential examples being represented by miR-1 and 

miR-433. miR-1 is one the most relevant miRNAs in cardiovascular pathologies and it is 

able to enhance cardiac oxidative stress by targeting relevant antioxidant enzymes such as 

SOD1 and GCLc [41]. Work performed in one of our laboratories showed that miR-433 was 

able to downregulate the expression of both subunits, GCLC and GCLM, of GCL in an 

Nrf2-independent manner. Oxidant status regulated miR-433 levels in a reciprocal manner in 

human endothelial cells and miR-433 increases resulted in reduced GSH/GSSG ratio and 

diminished eNOS function [42]. With relevance to hepatic dysfunction, we observed that in 

hepatic cells Huh7 exposed to TGF-β1 GCLC levels were reduced, an effect counteracted by 

co-transfection with anti miR-433. In the bile duct ligation (BDL) model Gclc and Gclm 

subunits were significantly downregulated and highly increased levels of miR-433 

accompanied this. Studies in renal cells and in the unilateral ureteral obstructive model 

corroborated the capacity of TGF-β1 to depress GCL levels through the concourse of 

miR-433, thus providing another mechanistic explanation for the relevance of miR-433 

profibrotic action in the kidney [43]. These concepts are summarized in Fig. 3.

Indirect regulation by miRNAs of GSH synthesis can occur by targeting key factors that 

regulate the expression of GCL subunits, such as the expression of Nrf2 and Nrf2-mediated 
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trans-activation of the antioxidant response element (ARE). Nrf2 is a member of the cap ‘n’ 

collar-basic leucine zipper proteins (CNC-bZIP) that is kept in the cytosol by Keap1 and 

undergoes proteasomal degradation under non-stressful conditions [20,44,45]. Stress signals 

cause release of Nrf2 from Keap1 to escape proteasomal degradation and translocate to the 

nucleus to induce genes involved in defense and survival, such as GSH synthetic enzymes 

[1,46]. Nrf2 requires heterodimerization with small Maf (MafG, MafK and MafF) and Jun 

(c-Jun, Jun-D, and Jun-B) proteins in order to bind and activate ARE [46]. Nrf2-mediated 

activation of ARE is dependent on the abundance of competing proteins and the ability of 

Nrf2 to form heterodimers to trans-activate ARE. For instance, small Mafs can form 

homodimers to repress ARE-mediated gene expression [47]. C-Maf, a large Maf protein, can 

also form heterodimers with small Mafs (but not Nrf2) to repress ARE-mediated gene 

expression [48]. We have also shown that heterodimerization between Nrf2 and MafG as 

well as binding to ARE require sumoylation by SUMO-1 at critical sites of Nrf2 and MafG 

[49]. During hepatic stellate cell activation as well as treatment of macrophages and 

hepatocytes with lipopolysaccharide (LPS), we observed marked reduction in Nrf2:MafG 

heterodimer formation and ARE binding due to impaired SUMO-1 sumoylation of Nrf2 and 

MafG, resulting in reduced GCL expression and lower GSH level [49,50]. Several miRNAs 

have been reported to target Nrf2 [51]. miR-144 was shown to target Nrf2 directly and 

higher miR-144 expression resulted in lower Nrf2 expression and lower GSH level [52]. 

Similarly, miR-28, miR-93, miR-153, miR-27a and miR-142-5p were also shown to directly 

target Nrf2 3′-UTR in different cell lines and animal models [51]. Recently we described the 

involvement of miR-27a and miR-27b in downregulating GCLC and GCLM expression 

during chronic cholestatic liver injury by mechanisms that involve Nrf2 and a novel co-

activator of ARE (Fig. 4) [53]. A variety of in vivo and in cellulo models, including bile duct 

ligation (BDL), in vivo lithocholic acid (LCA) treatment (gavage daily) and Huh-7 cells 

treated with LCA were employed. We had previously shown that LCA lowers the expression 

of GCLC and GCLM in Huh-7 cells in a time-dependent manner and consistent with results 

in the BDL model, this correlated with reduced Nrf2 and higher MafG and c-Maf binding to 

the ARE. We had speculated that toxic bile acid caused a “displacement” of Nrf2 by MafG 

and c-Maf. However, we found that following BDL or LCA treatment, Nrf2 and MafG 

heterodimerization was actually enhanced. This contradictory finding led us to identify the 

participation of other proteins in this process using biotinylated ARE in pull-down assays, 

followed by proteomic analysis. C-Myc, which we had shown previously to be induced 

during BDL [54] and prohibitin 1 (PHB1), a well-known mitochondrial chaperone protein 

[55], also play important roles in modulating Nrf2-mediated ARE-dependent gene 

expression. Interestingly, c-Myc is thought to induce PHB1 at the transcriptional level but 

we found PHB1 expression fell despite the induction of c-Myc during cholestasis [53]. This 

was a result of c-Myc-mediated induction of miR27a/b, which targets both PHB1 and Nrf2 

directly to reduce their expression. Knockdown of c-Myc or miR27a/b attenuated LCA-

mediated suppression of Nrf2, PHB1 and GCL subunits expression, whereas overexpression 

of PHB1 protected against the fall in Nrf2 and GCL subunits. Both c-Myc and PHB1 

directly interact with Nrf2 but c-Myc lowers Nrf2 binding to ARE while PHB1 enhances it. 

Taken together, activation of this c-Myc-miR-27a/b-Nrf2/PHB1 circuit in cholestatic liver 

injury inhibits GCL expression. Importantly, we found PHB1 expression is reduced in 

cholestatic liver injury in humans, such as primary biliary cirrhosis and biliary atresia [56]. 
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Whether miR-27 and GCL expression are altered in human chronic cholestatic liver diseases 

remain to be examined. Another example of a miRNA that may indirectly regulate GCLm 

through Nrf2 is represented by miR-320 in the context of endothelial toxicity generated by 

oxidized phospholipids [57]. The above discussion is largely focused on miRNAs that 

regulate Nrf2. Since Nrf2 ARE trans-activating activity is modulated by many other proteins 

(such as Keap1 and Maf proteins for instance) and post-translational modifications such as 

phosphorylation and sumoylation, miRNAs can indirectly regulate GCL through regulation 

of these other modulatory steps [40,58].

Beyond the specific targeting of the GSH enzymatic system and in particular that of GCL, in 

the past years several miRNAs have been reported to exert effects on GSH levels or on GSH-

related metabolic pathways (outside the liver) and as such will be briefly mentioned in this 

review. One interesting case is exemplified by miR-96-5p, which targeted the cysteine 

transporter excitatory amino acid carrier 1 (EAAC1) in dopaminergic brain regions and 

contributed to a reduction in GSH levels [59]. Of interest, the authors showed that the 

pattern of this miRNA exhibited diurnal rhythmicity, thus contributing to the fluctuation of 

GSH levels and suggesting that its inhibition could represent a therapeutic avenue for 

neuroprotection.

The role of GSTs has been explored in the context of several cancer types due to its role in 

detoxification. An early report described how in a murine model of aging several miRNAs 

were upregulated in the liver [60]. Of interest, some of them (miR-93, miR-214 and 

miR-669c) targeted several classes of GSTs. Several groups have also looked at miRNAs 

targeting the GST system in pathological contexts and for example it has been found that 

miR-133b may target GST-π and contributed to enhanced sensitivity to chemotherapy in 

ovarian cancer [61]. A previous report [62] had also shown that miR-133a induced apoptosis 

in bladder carcinoma cell lines through the targeting of GST-π. Other miRNAs may target 

GSH levels by interfering with enzymes involved in its recycling, i.e. GR. In this regard 

miR-214 was also shown to enhance alcohol-induced oxidative stress in liver cells by 

binding to GR and P450 reductase mRNAs [63]. Overall there is increasing evidence on the 

functional importance of miRNAs in the regulation of GSH levels, either by directly 

targeting its synthetic machinery or by interfering with routes related to its recycling or 

participation in critical GSH-dependent homeostatic pathways, which are essential for the 

maintenance of the cellular redox state.

4. MicroRNAs targeting methionine metabolism

In the liver, methionine metabolism is tightly regulated in order to keep SAMe within a 

small concentration range [64]. When the levels of SAMe drop, the methionine regeneration 

pathway is activated, shunting Hcy away from transsulfuration as CBS activity falls [24]. 

When SAMe levels are in excess, methyltransferases are induced in order to keep SAMe 

concentration in check and transsulfuration is activated [24]. Hepatic SAMe levels are 

controlled by MAT-catalyzed biosynthesis and mainly glycine N-methyltransferase 

(GNMT)-catalyzed utilization [24]. We have shown that the deficiency in either hepatic 

MAT or GNMT in mice results in liver injury and spontaneous formation of hepatocellular 
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carcinoma (HCC) (reviewed in [24]). Recent works from our lab and others have identified 

several miRNAs that target these two major enzymes.

In mammals, two different genes encode for the catalytic subunit of MAT – MAT1A that is 

largely expressed in normal differentiated hepatocytes and MAT2A that is expressed in all 

extra-hepatic tissues and in the non-parenchymal cells of the liver [24]. Patients with chronic 

liver disease have reduced hepatic MAT activity because of reduced expression of MAT1A 
at the mRNA level and inactivation of the MAT1A-encoded enzymes [65]. MAT1A is also 

often silent in HCC and this is associated with a worse outcome [66]. Importantly, 

overexpressing MAT1A inhibited growth of HCC in vivo, which was associated with 

inhibition in angiogenesis and an increase in apoptosis [67]. However, the limited feasibility 

of this approach led us to search for miRNAs that might regulate MAT1A. We identified 

three miRNAs whose roles in HCC were unknown: miR-495, miR-664, miR-485-3p. These 

miRNAs are induced in HCC and suppress MAT1A expression at the mRNA level [68]. We 

provided evidence that suppressing the expression of these miRNAs resulted in increased 

MAT1A expression and inhibition of tumor growth, invasion and metastasis in an orthotopic 

HCC model. We also provided clear evidence that when MAT1A expression increased in 

HCC, a lot of the MAT1A-encoded protein showed up in the nucleus and this resulted in 

higher nuclear SAMe level, global DNA hypermethylation and other epigenetic changes 

[68]. One of the pathways affected by this is the LIN28B–Let-7 pathway. LIN28B is often 

overexpressed in HCC and plays an important role in tumor invasion and metastasis by 

down-regulating the expression of let-7, a well-recognized tumor suppressor that targets cell 

proliferation, angiogenesis and apoptosis [69, 70]. We found that when MAT1A expression 

increased, the LIN28B promoter region became hypermethylated and LIN28B expression 

fell. This then led to increased let-7 expression [68]. These findings are summarized in Fig. 

5 and show the important role of MAT1A expression in HCC tumorigenesis and the 

potential of targeting the miRNAs that suppress MAT1A expression in the treatment of 

HCC. In addition to our report, one other study showed that miR-22 and miR-29b target 

Mat1a in the rat [71].

5. Conclusion

We have highlighted the importance of the emerging field of miRNAs as crucial regulatory 

molecules in the context of two fundamental homeostatic pathways of liver metabolism, 

which are also interconnected between them, the GSH biosynthetic pathway and the 

methionine cycle. Both are regulated by specific sets of miRNAs that may act in a concerted 

action to aggravate previous pathological states or trigger counteracting routes in specific 

disease settings. In this regard, the liver is an essential organ to scrutinize, as exemplified by 

the above discussed pathophysiological animal models.
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Fig. 1. 
GSH biosynthetic route and GSH cycle. GSH biosynthesis occurs in two different ATP-

dependent steps. The first and limiting step is carried out by GCL, formed by two subunits 

GCLC and GCLM. In this step Glu and Cys react to form γ-glutamylcisteine (γ-GC). GS is 

responsible of the second step that joins Gly forming γ-glutamylcisteinyl-glycine (GSH). 

Aerobic respiration or other ROS sources increase H2O2 that should be metabolized, in this 

case by GPx generating GSSG. This GSSG can be reduced to GSH again with the help of 

GR, creating a redox cycle, using as a reducing agent NAPDH, from the Penthose Phosphate 

Pathway (PPP) or folate metabolism (FM). GSH also forms mixed disulfides with proteins 

through S-Gluthathionylation, protecting redox sensitive Cys residues. Furthermore, 

glutaredoxins (Grx) can reduce disulfide (S–S) bonds in proteins, and glutathione S 

transferase (GST) uses GSH to conjugate and detoxify reactive electrophilic compounds (R).
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Fig. 2. 
Hepatic methionine metabolism is closely linked to GSH synthesis. Nearly half of the daily 

intake of methionine is catabolized in the liver via methionine adenosyltransferase (MAT), 

generating S-adenosylmethionine (SAMe), the principal biological methyl donor that 

donates its methyl group to a large variety of acceptor molecules in reactions catalyzed by 

methyltransferases (MTs). Transmethylation produces S-adenosylhomocysteine (SAH), 

which is a potent inhibitor of all transmethylation reactions. SAH is hydrolyzed by SAH 

hydrolase, in a reversible reaction generating homocysteine and adenosine. The 

thermodynamics of SAH hydrolase favors biosynthesis rather than hydrolysis so that prompt 

removal of homocysteine and adenosine is required to prevent SAH accumulation. 

Homocysteine can be remethylated to form methionine or converted to cysteine (Cys) via 

the transsulfuration pathway, a two-step enzymatic process catalyzed by cystathionine β-

synthase (CBS) and cystathionase (CSE), both requiring vitamin B6. Remethylation of 

homocysteine can occur via methionine synthase (MS), which requires folate and vitamin 

B12 and betaine homocysteine methyltransferase (BHMT), which requires betaine. The liver 

has the highest transsulfuration activity of all tissues, which allows methionine to be 

effectively utilized for GSH synthesis.
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Fig. 3. 
Glutathione synthesis inhibition regulated by microRNAs. GSH levels can be regulated by 

miRNAs, either by targeting GCL directly or by indirectly downregulating the levels of Nrf2 

(miRs 142,153, 93, 27a/b, 144 and 28, left). MiR-433 was described to downregulate the 

expression of both GCL subunits in an Nrf2-independent manner. This microRNA is redox-

sensitive and responds to situations of either acute (top right) or chronic (bottom right) 

injury. After a chronic damage as that observed in hepatic or kidney fibrosis, an increase in 

TGF-β1 induces miR-433 expression inhibiting GCL protein expression, GSH levels and 

amplifying oxidative stress mediated damage contributing to the fibrotic process.
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Fig. 4. 
Chronic cholestasis turns on c-Myc-miR27a/b circuit to inhibit ARE-dependent GCL 

expression. Chronic cholestasis induces c-Myc expression, which in turn induces miR27a 

and miR27b, both of which suppress the inner mitochondrial membrane protein, prohibitin 1 

(PHB1) and Nrf2 at the post-transcriptional level directly. In normal liver GCLC and GCLM 

expression is positively regulated by ARE, which is activated by heterodimer of Nrf2 with 

small Maf or Jun proteins. In addition, c-Myc and PHB1 also directly interact with Nrf2 but 

c-Myc serves as a co-repressor while PHB1 acts as a co-activator for Nrf2-driven ARE-

dependent gene expression. In normal liver the expression of PHB1 is high and c-Myc is 

low, allowing for positive Nrf2-driven ARE-dependent GCL expression. In chronic 

cholestatic liver injury there is induction of c-Myc, leading to down-regulation of both Nrf2 

and PHB1. In addition, there is induction of MafG and c-Maf, which can homodimerize 

(MafG:MafG) and heterodimerize (c-Maf: MafG) to repress ARE-dependent gene 

expression. These changes all work in concert to bring about down-regulation of GCLC and 

GCLM expression. Adapted from Yang et al. [53].
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Fig. 5. 
MiRNAs-mediated down-regulation of MAT1A leads to silencing of let-7 by an epigenetic 

mechanism. Normal liver expresses high levels of MATα1 and SAMe, which exerts an 

inhibitory tone on growth factors while being hepatoprotective. In HCC several miRNAs are 

induced, including miR-664, miR-485-3p and miR-495, and they all suppress MAT1A 

expression at the mRNA level. This results in reduced SAMe level and global DNA 

hypomethylation. One of the pathways affected is LIN28B–let-7. Let-7 is a well-known 

tumor suppressor and when SAMe levels are low, the LIN28B promoter region becomes 

hypomethylated and LIN28B expression is induced, resulting in suppression of let-7, 

favoring tumor growth, invasion and metastasis. Taken from Yang et al. [68].
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