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Abstract

:

The principal sensing of dietary methionine restriction (MR) occurs in the liver, where it activates multiple transcriptional programs that mediate various biological components of the response. Hepatic Fgf21 is a key target and essential endocrine mediator of the metabolic phenotype produced by dietary MR. The transcription factor, Nfe2l2, is also activated by MR and functions in tandem with hepatic Atf4 to transactivate multiple, antioxidative components of the integrated stress response. However, it is unclear whether the transcriptional responses linked to Nfe2l2 activation by dietary MR are essential to the biological efficacy of the diet. Using mice with liver-specific deletion of Nfe2l2 (Nfe2l2fl/(Alb)) and their floxed littermates (Nfe2l2fl/fl) fed either Control or MR diets, the absence of hepatic Nfe2l2 had no effect on the ability of the MR diet to increase FGF21, reduce body weight and adiposity, and increase energy expenditure. Moreover, the primary elements of the hepatic transcriptome were similarly affected by MR in both genotypes, with the only major differences occurring in induction of the P450-associated drug metabolism pathway and the pentose glucuronate interconversion pathway. The biological significance of these pathways is uncertain but we conclude that hepatic Nfe2l2 is not essential in mediating the metabolic effects of dietary MR.
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1. Introduction


Reducing dietary methionine concentration from ~0.8% to 0.17% is the basis for the well-studied model of dietary methionine restriction (MR) first described by Orentreich et al. [1]. In addition to extending lifespan in rodents [1,2,3], dietary MR also produces short-term metabolic benefits that include inhibition of weight gain, reduced fat accumulation, reductions in tissue and circulating lipid levels, and enhancement of overall insulin sensitivity [4,5,6,7]. Dietary MR limits body weight and fat accumulation by increasing energy expenditure (EE) [5,8], and many of the accompanying metabolic improvements produced by MR are secondary to reduced adiposity and the associated decrease in markers of inflammation [9,10]. However, a critically important response to sensing of low methionine is the induction of hepatic fibroblast growth factor 21 (FGF21) [7,11], as most metabolic effects of dietary MR are FGF21-dependent [12]. The MR-induced increase in EE is due to FGF21 acting in the brain to increase sympathetic outflow to adipose tissue [13,14], but FGF21 also enhances insulin sensitivity through direct effects in peripheral tissues [12]. In addition, dietary MR produces significant inhibition of hepatic lipid metabolism through transcriptional effects that are FGF21 independent [12]. An important unresolved question is how the hepatic sensing of reduced methionine intake is translated into the complex series of transcriptional programs that are initiated within hours of introduction of the MR diet.



Transcriptional activation of FGF21 is an essential component of the integrated stress response (ISR) that occurs in the liver after dietary restriction of protein or essential amino acids like methionine [7,15]. The initial step of the ISR involves phosphorylation of eukaryotic initiation factor eIF2α by serine/threonine kinases that are activated by different cellular stresses (e.g., general control nonderepressible 2 (GCN2), heme-regulated inhibitor (HRI), PKR-like endoplasmic reticulum kinase (PERK) and protein kinase double-stranded RNA dependent (PKR). Although each is capable of phosphorylating and activating eIF2α, GCN2 and PERK are the kinases most responsive to nutritional perturbations. Activation of eIF2α produces an overall decrease in protein synthesis by limiting ribosomal translation of mRNA [16,17,18], while selectively de-repressing translation of genes containing specific upstream open reading frames in their promoters. Through increased duration of ribosomal scanning and re-initiation efficiency [19], proteins such as activating transcription factor 4 (ATF4) are recruited to promoters of genes such as FGF21 that mediate cellular stress responses [20,21]. It was originally thought that MR-induced stress signaling occurred solely through the canonical GCN2–eIF2α–ATF4 pathway [20,22,23,24], but recent work has shown that MR can produce its full range of metabolic effects in mice lacking GCN2 [25]. PERK was suggested as an alternative pathway linking MR to eIF2α in the absence of GCN2 [25], but subsequent studies showed that liver-specific deletion of PERK did not compromise the ability of MR to reduce body weight or increase eIF2α phosphorylation [26]. Another more recent study showed that liver-specific deletion of ATF4 also failed to compromise the ability of MR to increase transcription of hepatic FGF21 or reduce body weight [27]. Collectively, these studies suggest that each of these molecules are dispensable and not required for dietary MR to either activate the ISR or produce its full range of metabolic effects.



Nuclear factor erythroid 2-related factor 2 (Nfe2l2, NRF2) is an important stress-sensitive transcription factor that functions in concert with ATF4 to regulate components of the ISR program [28,29]. We have proposed that dietary MR also signals through PERK in the liver [25] to activate Nfe2l2 and its transcriptional program [30,31]. Nfe2l2 is a master regulator of oxidative stress responses in the liver [32], where its target genes catalyze conjugation of glutathione (GSH), amino acids, sulphates, glucuronic acid, acetyl residues, and methyl residues to activated xenobiotics. These reactions prevent ROS generation by xenobiotic auto-oxidation and irreversible protein inactivation by oxidative stress (reviewed in [33]). Given that dietary MR produces a significant decrease in hepatic GSH that could be activating Nfe2l2 through PERK [30,31,34,35,36,37,38,39], we have proposed that Nfe2l2 could be an important mediator of the transcriptional and biological responses to dietary MR [25]. Using mice with liver-specific deletion of Nfe2l2 fed MR diets, it is shown that the absence of Nfe2l2 muted the diet-induced induction of P450-associated drug metabolism pathways, some Nfe2l2 target genes, and pentose glucuronate interconversion pathways, but had no significant effect on the ability of dietary MR to produce its primary transcriptional effects in liver or any of its metabolic effects.




2. Materials and Methods


2.1. Animals and Diets


All experiments were reviewed and approved by the Institutional Animal Care and Use Committee at Pennington Biomedical Research Center using the guidelines established by the National Research Council, Animal Welfare Act, and Public Health Service Policy on the humane care and use of animals. Nfe2l2 floxed (C57BL/6-Nfe2l2tm1.1Sred/SbisJ; Stock No: 025433, Nfe2l2fl/fl) and Albumin-cre (B6.Cg-Speer6-ps1Tg(Alb-cre)21Mgn/J; Stock No: 003574) mice were obtained from Jackson Laboratory (Ellsworth, ME). Homozygous Nfe2l2fl/fl mice were bred to mice homozygous for the floxed Nfe2l2 and with one copy of the Alb-cre gene, resulting in litters consisting of 50% Alb-cre-positive homozygous Nfe2l2 floxed mice (Nfe2l2fl/(Alb)). The homozygous Nfe2l2 floxed littermates (Nfe2l2fl/fl) served as control animals. The genotype of all mice was confirmed by real time PCR to confirm the absence of hepatic Nfe2l2 mRNA. Animals were fed Purina diet #5001 from weaning until six weeks of age, at which time they were singly housed in shoebox cages with corncob bedding. All mice were switched to the previously described Control diet (Con; Dyets, Inc., Bethlehem, PA, USA) at this time and provided the Con diet for the subsequent two weeks before randomization to either the Con or MR diet groups. The Con diet contained 0.86% methionine and no cysteine, whereas the MR diet contained 0.17% methionine and no cysteine [5]. Diets were formulated as extruded pellets and fed ad libitum. The energy content of both diets was 15.96 kJ/g, with 18.9% of energy from fat, 64.9% from carbohydrates, and 14.8% from a custom L-amino acid mixture. Housing temperature was maintained at 23 °C and lights were on a 12 h on/off schedule. Water was provided ad libitum, and food and water intake were measured at weekly intervals. Additionally, body weight and composition were measured weekly. Body composition was assessed using nuclear magnetic resonance (NMR) spectroscopy (Bruker Minispec, Billerica, MA, USA). At the end of the study, animals were fasted for four hours prior to euthanasia via CO2-induced narcosis and decapitation. Trunk blood was collected for serum analyses and livers were harvested and snap frozen in liquid nitrogen and stored at −80 °C until analysis.




2.2. Experiment 1


Six-week-old male Nfe2l2fl/fl (Wild Type, WT) or Nfe2l2fl/(Alb) (liver-specific NRF2 Knockout, KO) mice (n = 16–20 per genotype) were housed at 22–23 °C and given the Con diet for two weeks prior to being adapted to the Promethion indirect calorimetry (IDC) system (Sable Systems, Las Vegas, NV, USA) for three days. On day 3, half the mice of each genotype were randomized to receive the MR diet, while the remaining half continued to receive the Con diet. Mice remained in the calorimeter for an additional nine days to measure how energy expenditure (EE) changed over time after initial exposure to dietary MR.




2.3. Experiment 2


Six-week-old male WT or NRF2 KO mice (n = 16–20 per genotype) were housed at 22–23 °C and given the Con diet for two weeks prior to being randomized to receive Con or MR diet for the following eight weeks. Body weight, composition, and food intake measurements were made at weekly intervals as described above. Following eight weeks on their respective diets, animals were acclimated for one week to the Promethion IDC system, followed by five days of data collection for assessment of EE. Animals were then returned to their home cages for a two-week re-equilibration prior to euthanasia and tissue harvest.




2.4. Analysis of Energy Expenditure


VO2 is expressed as liters (L) of O2 consumed per h, while Respiratory Exchange Ratio (RER) is the ratio of VCO2 produced to VO2 consumed. EE was calculated as (VO2 × (3.815 + (1.232 × RER)) × 0.96 kCal/h) × 4.019 kJ/kCal, and expressed as kJ/h/mouse as described by the manufacturer (Promethion, Sable Systems, N Las Vegas, NV, USA). Group differences in 24 h EE (kJ/h/mouse) at study’s end were compared using Analysis of Covariance (ANCOVA) (JMP Software, Version 15; SAS Institute Inc., Cary, NC, USA) to calculate least squares means that accounted for variation in EE attributable to differences in lean mass, fat mass, and activity among the mice. To evaluate the time-dependent changes in EE at the beginning of Experiment 1, the initial diet-dependent change in EE was calculated by subtracting basal EE from the daily nighttime measures of EE during the nine days after initial exposure to the MR diet on day 0. The MR diet-induced changes in mean nighttime EE measurements were compared to the corresponding measures of nighttime EE in mice of each genotype on the Con diet using a repeated measures two-way ANOVA and the Bonferroni correction to account for multiple comparisons as before [13].




2.5. RNA Isolation and qPCR of Nfe2l2 and ER Stress Target Genes


Total RNA was isolated from livers of WT and NRF2 KO mice fed either Con or MR diets using RNeasy Mini kit (Qiagen, Valencia, CA, USA). RNA concentrations were measured using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA). Total RNA was analyzed using the Agilent Bioanalyzer RNA 1000 chip as a quality control step to confirm the integrity of the RNA. Samples were verified to have RIN values > 7, indicating high quality RNA. Two μg of total RNA was used for reverse transcription to produce cDNA. mRNA expression for previously identified Nfe2l2- and ER stress-target genes [25] was measured using 10 ng cDNA via quantitative PCR using SYBR Green (Bio-Rad, Valencia, CA, USA), and mRNA concentrations of each target gene were standardized to cyclophilin expression. Primer sequences are provided in Supplementary Table S1.




2.6. RNAseq Analysis


RNA samples were processed for library construction using the Lexogen Quant-Seq 3’ mRNA-Seq Library Prep Kit. Completed libraries were analyzed on the Agilent Bioanalyzer High Sensitivity DNA chip to verify correct library size. All libraries were pooled in equimolar amounts and sequenced on the Illumina NextSeq 500 at 75 bp forward read and 6 bp forward index read. Primary data analysis was performed using the Lexogen Quantseq pipeline 2.3.6 FWD on the Bluebee platform for quality control, mapping, and read count tables. The gene expression profiles were assessed from 6 replicates for each genotype of each dietary group. CLC Genomics Workbench was used to process data. The expression profiling data have been deposited in NCBI under GEO accession GSE162964.




2.7. Bioinformatics Analysis


Prior to differential gene expression analysis, scaled normalized count data for samples from the 4 treatment groups (WT Con, WT MR, NRF2 KO Con, and NRF2 KO MR) were analyzed via principal component analysis (PCA) (using prcomp package in R, http://www.R-project.org) to cluster samples based on gene expression similarities, and to identify potential outliers. After removal of two outlier samples (see Supplementary Figure S1), differential analysis of RNA read count data was performed using DESeq2 software [40], which models read counts as a negative binomial distribution and uses an empirical Bayes shrinkage-based method to estimate signal dispersion and fold changes. Gene expression signals were logarithmically transformed (to base 2) for all downstream analyses (the lowest expression value being set to 1 for this purpose). Genes with an absolute log fold change ≥ 1 and false discovery rate (FDR) of 5% were considered as differentially expressed.



Ingenuity Pathway analysis (IPA)—Pathway over-representation analysis was conducted using IPA (QIAGEN Inc., (Valencia, CA, USA, https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis)), considering 3179 differentially expressed genes from the WT MR to WT Con samples and 3405 differentially expressed genes from the NRF2 KO MR to NRF2 KO Con samples (absolute log fold change ≥ 1.3, FDR ≥ 0.3). Within IPA, the Upstream Regulator Analysis module was utilized to identify putative gene regulators responsible for the observed transcriptional patterns produced by the MR diet compared to the Con diet in the two genotypes. Several possible types of upstream regulators were considered but special emphasis was placed on identifying activation or inhibition of transcription factors, cytokine receptors, G protein-coupled receptors, and ligand-dependent nuclear receptors. Differential regulation of canonical pathways by the MR diet across genotype was also examined. Upstream regulators and canonical pathways with an activation z-score ≥2 or ≤2 were considered to be activated or inhibited, respectively. Heat maps were used to visualize upstream regulators and canonical pathways that were differentially affected by the MR diet in the two genotypes.



Pre-ranked GSEA analysis—Enrichment analysis of biological pathways (gene sets) was conducted via gene set enrichment analysis (GSEA) [41]. Specifically, the GSEA pre-ranked option was used [41] and enrichment was computed by first ranking all genes based on their log fold changes in the respective comparisons. Enrichment was computed either on user-defined custom pathways or pathways present in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [42] available from the Molecular Signatures Database repository (MSigDb, http://software.broadinstitute.org/gsea/msigdb [43]). Statistical significance for the observed enrichment was ascertained by permutation testing over size-matched gene sets. Gene sets with FDR ≤ 5% were considered as significantly enriched [44]. The individual contributions of pathway genes to the pathway enrichment signal were visualized via enrichment plots depicting the trajectory of a normalized pathway enrichment score against the rank of the pathway genes in the context of the full gene list.




2.8. Serum Metabolite Analyses


Fasting serum FGF21 (R&D Systems; Minneapolis, MN, USA) was determined via enzyme-linked immunosorbent assays (ELISA) according to the manufacturers’ protocol.




2.9. Data Analysis


Body weight, adiposity, food intake, water intake, serum FGF21, and expression of specific genes were analyzed using two-way ANOVA (GraphPad Prism; San Diego, CA, USA) with genotype and diet as main effects, and residual variance used as the error term to calculate standard errors for group comparisons. Group differences in EE (kJ/h/mouse) at the end of the study were compared using ANCOVA as described previously [14,45], while EE changes over time during the run-in period (e.g., Exp 1) were tested using repeated measures two-way ANOVA as previously described [13]. The least square means ± SEM for each genotype × diet × time interaction were compared using residual variance. Protection against type I errors for all comparisons was set at 5% (α = 0.05).





3. Results


Cre recombinase driven by the albumin promoter (Alb) excises exon 5 in the hepatic Nfe2l2 gene, resulting in a null allele. Primers were designed to detect mRNA transcribed from exon 5 including the excised portion and used to measure Nfe2l2 gene expression in the livers of WT (Nfe2l2fl/fl) and NRF2 KO (Nfe2l2fl/(Alb)) mice. Expression of Nfe2l2 mRNA in livers of NRF2 KO mice was decreased by 70–80% compared to the levels in WT mice (Figure 1A). The residual Nfe2l2 mRNA expression most likely originates from resident macrophages in the liver.



3.1. Experiment 1


Time-dependent changes in EE were compared in WT and NRF2 KO mice prior to and after initial introduction of the MR diet. During the initial two days when all mice were consuming the Con diet, the cycling of changes in daytime and nighttime EE were comparable between WT and NRF2 KO mice (Figure 1B,C). After introduction of the MR diet the daytime and nighttime EE continued to be similar among the groups for 2 more days, but between days 3 and 4, a larger increase in nighttime EE in both WT and NRF2 KO mice on the MR diet became evident (Figure 1B,C). During the subsequent 5 days (e.g., 5–9), both daytime and nighttime EE in WT and NRF2 KO mice on the MR diet were increased compared to mice of each genotype on the Con diet (Figure 1B,C). To assess the timing of diet-dependent changes in EE after introduction of dietary MR in more detail, the average nighttime EE during the 2 day run-in period was subtracted from the nighttime means of each group after MR was introduced and plotted as diet-dependent changes in nighttime EE from days 1 through 9. Figure 1D shows that nighttime EE in the WT and NRF2 KO mice on the Con diet was essentially unchanged over this period. Nighttime EE in the WT and NRF2 KO mice on the MR diet was also similar to mice on the Con diet from days 1 to 2, but on day 3, nighttime EE became significantly higher in WT and NRF2 KO mice on the MR diet compared to their respective controls (Figure 1D). From days 3 to 6, the nighttime means of EE in WT and NRF2 KO mice on the MR diet continued to increase, while EE in the corresponding control groups remained stable over this period (Figure 1D). Although not shown, daytime EE followed a similar pattern of change among the four groups over the 9 day period. EE was also measured after eight weeks of dietary MR and as shown in Figure 1E, the MR diet produced comparable increases in total EE in WT and NRF2 KO mice. EE of NRF2 KO mice on the Con diet was slightly higher than WT mice on the Con diet, but the MR diet produced a similar increment of increase in EE in both genotypes (Figure 1E). Collectively, the findings show that the time-dependent increases in EE produced after initial introduction of dietary MR or after eight weeks of dietary MR are mostly unaffected by the absence of liver Nfe2l2.




3.2. Experiment 2


The initial body weights and composition of WT and NRF2 KO mice were comparable, and both genotypes responded to dietary MR with a similar decrease in accumulation of body weight and adiposity over the following weeks (Figure 2A,B). The MR diet also produced comparable increases in energy (Figure 2C) and water intake (Figure 2D) in both genotypes. Serum FGF21 levels in mice on the Con diet did not differ between WT and NRF2 KO mice, and MR increased serum levels to ~15 ng/mL in both genotypes (Figure 2E). However, because basal levels were slightly lower in NRF2 KO compared to WT mice on the Con diet, the fold induction by MR was higher in the NRF2 KO compared to WT mice (Figure 2E). Given that the ability of dietary MR to affect parameters of energy balance are thought to be entirely FGF21-dependent [12], it is not surprising that the absence of Nfe2l2 did not compromise the ability of dietary MR to increase EE and energy intake, while reducing body weight and adiposity.




3.3. Real Time qPCR


Nfe2l2 is viewed as a master regulator of the transcriptional response to oxidative stress, and its activation induces a comprehensive program of redox target genes (reviewed in [46]). To establish whether Nfe2l2 plays an essential role in mediating hepatic transcriptional responses to MR, a combination of targeted and non-targeted transcriptomic analysis was employed. Previous bioinformatic analysis of the hepatic responses to MR identified a number of Nfe2l2 target genes and ER stress-response genes that were up- or down-regulated in a manner consistent with Nfe2l2 activation. qPCR analysis of a sampling of this gene set revealed complex, unanticipated effects of Nfe2l2 deletion on their expression (Table 1). For example, basal expression of four Nfe2l2 target genes (aldehyde oxidase 1 [Aox1], glutathione-disulfide reductase [Gsr], thioredoxin reductase [Txnrd]1, glutamate-cysteine ligase catalytic subunit [Gclc]) and three ER stress genes (tribbles homolog 3 [Trb3], spliced X-Box-binding protein 1 [Xbp1s], and Atf4) was suppressed in NRF2 KO mice on the Con diet, but the expression of these genes was unaffected by MR regardless of genotype (Table 1, highlighted in green). A second subset of genes also required Nfe2l2 to maintain basal expression in mice on the Con diet (e.g., epoxide hydrolase 1 [Ephx1], superoxide dismutase 2 [Sod2], and glutathione-S-transferase alpha 2 [Gsta2]), and the absence of Nfe2l2 prevented their induction or repression by dietary MR (Table 1, highlighted in red). In a third subset of genes (e.g., carbonyl reductase 1 [Cbr1], microsomal glutathione S transferase [Mgst3], and NADPH quinone dehydrogenase 1 [Nqo1]), basal expression was unaltered by the absence of Nfe2l2, but its absence did compromise the induction of these genes by MR in NRF2 KO mice (Table 1, highlighted in blue). Basal expression was also unaffected by the absence of Nfe2l2 in a fourth subset of ER stress genes (e.g., asparagine synthetase [Asns], cytochrome P450 family 4 subfamily a polypeptide 14 [Cyp4a14], Fgf21, phosphoserine aminotransferase 1 [Psat1], very low density lipoprotein receptor [Vldlr]), and their induction by dietary MR was fully intact (Table 1, highlighted in yellow). Together, these findings suggest that dietary MR does not act singularly through Nfe2l2 to mediate its transcriptional effects on genes collectively involved in the integrated stress response, and that a more complex regulatory model is needed to explain the transcriptional adaptation to reduced dietary methionine.




3.4. Differential Gene Expression in the Liver


To obtain a more in-depth and unbiased assessment of the respective responses of the two genotypes to dietary MR, we used RNAseq in conjunction with bioinformatic analysis to interrogate the transcriptional responses in livers from WT and NRF2 KO mice fed the Con and MR diets. A comparison of gene expression within genotype showed a statistically significant overlap of differentially expressed genes between the two genotypes. Using a pairwise comparison of 5286 genes with adjP ≤ 0.1 for log fold change of WT MR versus WT Con and NRF2 KO MR versus NRF2 KO Con, the correlation of the effect of MR in the two genotypes was highly significant (R2 = 0.64, p < 2.2 × 10−16, Supplementary Figure S2).



To further explore the systems biology of hepatic transcriptional responses to MR in the respective genotypes, Ingenuity Pathway Analysis (IPA) was used to screen differentially expressed genes against Ingenuity’s Knowledge Base annotated database to detect predicted activation or inhibition of canonical pathways and upstream regulators. This algorithm predicts changes in canonical pathways and transcription factor activity based on observed patterns of change in expression of genes known to be up- or down-regulated by specific transcription factors. Heat maps were constructed to illustrate the comparative effects of the MR diet in the two genotypes on the twenty most up- or down-regulated canonical pathways (Figure 3A) and transcription factors (Figure 3B). When canonical biological pathways were evaluated in terms of activation or inhibition, a similar conclusion was reached in terms of the relative effects of MR in the two genotypes (Figure 3A). For example, canonical pathways that were comparably activated across genotype include cholesterol biosynthesis, eIF2α signaling, Nfe2l2-mediated oxidative stress responses, xenobiotic metabolism, RhoGDI signaling, tRNA charging, and glutathione-mediated detoxification. Inhibited pathways, which were mostly immune related, were slightly more repressed in livers from WT mice (Figure 3A). Overall, the directionality of the effects of MR between genotypes was consistent across all canonical pathways, and the only differences noted were in the strength of activation or inhibition of some pathways (Figure 3A). Comparison of the top upstream regulators inhibited by MR in WT and NRF2 KO mice shows that the translational regulator LARP, an RNA-binding protein that regulates translation of target mRNA species downstream of the mTORC1 complex, and Rictor (mTORC1 component) are strongly downregulated by MR in both genotypes (Figure 3B). TNF, interferon gamma, and other genes associated with inflammatory signaling are also comparably inhibited by MR in both genotypes (Figure 3B). Transcription factors and upstream regulators that were strongly activated by MR in both genotypes included MYCN, MYC, the transcriptional repressor MLXIPL, the mitochondrial mRNA processing protein PNPT1, and the transcriptional co-activator TRIM24. Of particular note is that IPA detected a comparable activation of Nfe2l2 in WT and NRF2 KO mice (Figure 3B). This finding suggests that many of the predicted Nfe2l2 target genes receive multiple additional regulatory inputs in the context of the MR diet. When viewed collectively over a range of canonical pathways and upstream regulators, the responses to the MR diet in WT and NRF2 KO mice were convincingly comparable (Figure 3A,B).



To explore the impact of genotype and diet on the transcriptome more fully, we used GSEA to identify gene sets that are enriched across genotype and KEGG pathways that are activated or inhibited by MR in both genotypes. For example, the GSEA enrichment plots and associated heat maps for the KEGG Drug Metabolism Cytochrome P450 pathway presented in Figure 4A,B show that dietary MR produces a comprehensive activation of components of this pathway in both WT and NRF2 KO mice. An MR-dependent increase in xenobiotic metabolism was detected by IPA in both WT and NRF2 KO mice as well (Figure 3A). This is likely due to the substantial overlap between these pathways across platforms. On its surface these findings suggest that the absence of Nfe2l2 had little impact on activation of these pathways by MR. However, heat maps of the KEGG Drug Metabolism pathway show that the genes in this pathway are more highly expressed in WT versus NRF2 KO mice on both the MR diet (Figure 4C) and the Con diet (Figure 4D). Together, these findings suggest that Nfe2l2 may be important in maintaining basal expression of genes within this pathway but is not essential in mediating the MR-dependent increase in their expression. This is reminiscent of our findings for a subgroup of Nfe2l2-sensitive genes in Table 1, where the absence of Nfe2l2 impacted their basal expression but not their induction.



The KEGG Ribosome pathway is another example where GSEA detected a significant impact of the absence of Nfe2l2 in the response to MR, but in this case basal expression of genes within this pathway were unaffected in NRF2 KO mice compared to WT mice. Dietary MR produced a strong induction of the KEGG Ribosome pathway in WT mice (Figure 5A) whereas MR was relatively ineffective in NRF2 KO mice (Figure 5B). These findings point to a previously unappreciated role for Nfe2l2 in mediating the MR-dependent effects on the KEGG Ribosome pathway. The KEGG Pentose Glucuronate Interconversions pathway is another example where the absence of hepatic Nfe2l2 had little effect on expression of genes within this pathway in mice on the Con diet, but MR produced essentially no induction of pathway genes in NRF2 KO mice (Figure 5C). In contrast, MR produces a robust induction of the KEGG Pentose Glucuronate Interconversions pathway in WT mice (Figure 5C). Lastly, GSEA identified the KEGG SREBP2 pathway as being equivalently induced by MR in both genotypes (Supplementary Figure S3A,B), while genotype had no effect on expression of genes within this pathway. Given the role of SREBP2 in mediating expression of genes involved in cholesterol synthesis, these findings are fully consistent with Figure 3A showing robust induction of four different canonical pathways of cholesterol biosynthesis in both genotypes. Collectively, these findings make a compelling case that although Nfe2l2 plays a complex, multifunctional role as a mediator of diverse transcriptional responses to dietary MR in the liver, their absence in NRF2 KO mice did not compromise the transcriptional responses that link dietary MR to biological effects on energy balance and lipid metabolism. We conclude that Nfe2l2 is not an essential link between dietary MR and its metabolic phenotype.





4. Discussion


Within six hours of introducing a diet low in methionine (e.g., 0.17%) to mice, the diet produces a coordinated activation of transcriptional programs in the liver that function to compensate for the reduced intake of methionine. These short-term adaptive responses increase hepatic amino acid levels through immediate changes in RNA biology, increased tRNA aminoacylation, decreased ternary complex formation, and an overall decrease in protein translation [47]. In the days that follow, these initial compensatory responses limit the decrease in hepatic methionine and glutathione to 50% of control levels despite the five-fold decrease in dietary methionine concentration. The compensatory responses are also able to maintain redox homeostasis in the context of reduced hepatic glutathione. Another key target of the early transcriptional response to MR is hepatic FGF21, and the corresponding increase in circulating FGF21 can be detected within hours after introduction of the MR diet [7]. The elevated FGF21 produces a coordinated increase in energy intake and energy expenditure (EE) that limits fat deposition over time and produces a systematic improvement in biomarkers of metabolic health [12]. A key unresolved question in the field is how the sensing of methionine in the liver is translated into the transcriptional activation of hepatic FGF21.



Significant effort has been directed towards identifying the nutrient-sensing molecules and transcription factors that link dietary MR to the components of its metabolic phenotype, but the anatomical organization and molecular identity of these translational mechanisms are poorly understood. A prime candidate is hepatic ATF4. Atf4 mRNA is preferentially translated after essential amino acid restriction, and the encoded protein (e.g., ATF4) is a master regulator of the ISR [48,49,50]. ATF4 can also heterodimerize with additional transcription factors to target the promoters of an expanded group of genes that provide protection against endogenous oxidants and electrophiles in the liver. This group includes enzymes such as cytochrome P450, glutathione S-transferases and UDP-glucuronosyl transferases that conjugate the products of cytochrome P450s with hydrophilic groups to facilitate their excretion, antioxidant enzymes like superoxide dismutases, glutathione peroxidase, catalase, and thiol containing molecules such as glutathione and thioredoxin that maintain reducing conditions within the cell and inactivate electrophilic compounds [51]. Many of these enzymes are encoded by genes containing antioxidant response elements (AREs) in their promoters. AREs are cis-acting enhancers that transcriptionally activate genes in response to changes in cellular redox status. Previous work has shown that dietary MR is also an effective activator of genes with AREs in their promoters [25]. The ability of Nfe2l2 to heterodimerize with ATF4 expands the ISR transcriptional program to include additional redox genes [28,29], raising the interesting possibility that hepatic Nfe2l2 could be an important contributor to the transcriptional responses to dietary MR.



Under normal conditions, the protein encoded by Nfe2l2 (e.g., NRF2) is mainly localized in the cytoplasm through an interaction with Kelch-like ECH-associated protein 1 (KEAP1) and the actin cytoskeleton. Although Nfe2l2 mRNA is constitutively expressed, KEAP1 targets NRF2 for polyubiquitination and degradation, effectively limiting the half-life of the protein. During exposure to electrophiles or oxidative stress, KEAP1 becomes oxidized at critical cysteine residues, releasing NRF2 to translocate to the nucleus and promote the expression of ARE-containing genes [49,52]. In the case of dietary MR, previous work has shown that the restriction of dietary methionine limits the formation of hepatic GSH and activates PERK through a mechanism independent of ER stress [25]. PERK is not typically activated by EAA depletion [30] so it seems likely that the ability of MR to activate PERK and initiate components of the ISR derives from its unique effects on hepatic GSH. Although NRF2 can be activated by PERK [31], NRF2 transcriptional activity also responds to low GSH [37]. Based on these findings, it seems logical that the ISR and the antioxidant stress response share genes whose primary function is to increase production of GSH [53]. Given the inferred role for hepatic NRF2 as a mediator of a significant number of MR-dependent transcriptional components of the ISR [25], the present work employed a loss of function approach to assess whether hepatic NRF2 is an essential link between those previously established transcriptional targets of dietary MR and the short-term metabolic responses to dietary MR. Based on our comprehensive phenotyping of the behavioral, physiological, endocrine, biochemical, and transcriptional endpoints herein, the answer to the larger question is that NRF2 is not an essential mediator of the near-term metabolic effects of dietary MR.



The findings of the present work documented many transcriptional programs that were mostly unaltered by the absence of hepatic Nfe2l2, but in Figure 4 and Figure 5, GSEA documented three different pathways that were altered by genotype irrespective of diet (Figure 4) or differed between genotypes in their response to dietary MR (Figure 5). For example, the absence of Nfe2l2 produced a coordinated downregulation of genes in the KEGG Drug Metabolism Cytochrome P450 family in mice on the Con diet, but its absence also blunted the induction of genes in this pathway by MR in the NRF2 KO mice relative to WT mice (Figure 4C). In contrast, genes within the KEGG Ribosome pathway were comparably expressed between WT and NRF2 KO mice on the Con diet, but were much less robustly induced by MR in the NRF2 KO group (Figure 5A,B). Additionally, in the KEGG Pentose Glucuronate Interconversions pathway, which provides glucuronides for conjugation to enhance excretion of toxic compounds, MR was much less effective in inducing genes of this pathway in the NRF2 KO group (Figure 5C). Given the protective role of each pathway, an important question is whether the absence of Nfe2l2 in the liver would compromise the longer-term responses to dietary MR. The initial work on dietary MR in rats showed that the diet increased longevity [1,2], while also producing chronic improvements in glucose homeostasis and reductions in adiposity [4]. Subsequent work showed that MR also produced long term reductions in markers of inflammation in both adipose tissue and the liver [10]. The study by Wanders et al. [10] provided a direct, age-matched comparison of the relative efficacy of MR versus calorie restriction, and MR was significantly more effective in reducing expression of inflammatory markers in both sites. The relevance of this point comes into focus from a recent assessment of the ability of 30% calorie restriction to increase longevity in mice with a global deletion of Nfe2l2 [54]. The authors found that global NRF2 KO mice fed ad libitum were shorter lived than wild type mice, but surprisingly, calorie restriction produced a comparable increase in longevity between wild type and NRF2 KO mice [54]. Based on the current findings showing that the absence of hepatic Nfe2l2 compromised the MR-dependent induction of drug metabolism/detox pathways in the liver, it remains an open question of whether liver-specific deletion of Nfe2l2 would limit the life extending effects of dietary MR. Based on the compromised responses to MR identified here, the outcome might depend on whether the liver-specific NRF2 KO animals were exposed to significant dietary or environmental stressors. At least in outbred mice and other longevity models, the absence of Nfe2l2 compromises stress resistance and lifespan [55,56,57], although in mice, the life-shortening pathology originated in non-hepatic tissues. It will be interesting in future studies to examine how the absence of hepatic Nfe2l2 impacts the longer-term effects of dietary MR.




5. Conclusions


The present work establishes that Nfe2l2 is not an indispensable mediator of the short-term, metabolic effects of dietary MR.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/nu13061788/s1, Figure S1: Scaled normalized count data for samples from the four treatment groups (WT Con, WT MR, NRF2 KO Con, and NRF2 KO MR) were analyzed via principal component analysis (PCA) (using prcomp package in R, http://www.R-project.org/) to cluster samples based on gene expression similarities, and to identify potential outliers. After removal of two outlier samples (see circled WT Con and WT MR samples), differential analysis of RNA read count data was performed using DESeq2 software. Gene expression signals were logarithmically transformed (to base 2) for all downstream analyses, and genes with an absolute log fold change ≥ 1 and false discovery rate (FDR) of 5% were considered as differentially expressed. Figure S2: Comparison of differentially expressed genes in WT MR versus WT Con and NRF2 KO MR versus NRF2 KO Con samples using a pairwise comparison of 5286 genes with adjP ≤ 0.1 for log fold change of WT MR versus WT Con and NRF2 KO MR versus NRF2 KO Con. The correlation of the effect of MR in the two genotypes was highly significant (R2 = 0.64, p < 2.2 × 10−16). Figure S3: Gene set enrichment analysis (GSEA) of hepatic gene expression in WT and NRF2 KO mice showing the differential effect of genotype and diet on the top-scoring KEGG SREBP2 DSIL gene set. Enrichment was computed as described in Material and Methods and the individual contributions of pathway genes to the pathway enrichment signal were visualized via enrichment plots depicting the trajectory of a normalized pathway enrichment score against the rank of the pathway genes in the context of the full gene list. Accompanying heat maps present the normalized enrichment scores for individual genes within the gene set [blue = downregulation, red = upregulation, gray = not significant (FDR > 0.1)]. Panel S3A shows the enrichment set for the WT MR to WT Con comparison, and panel S3B shows the enrichment set for the NRF2 KO MR to NRF2 KO Con comparison. Table S1: Primer sequences used for real time qPCR.





Author Contributions


H.F., K.P.S., S.G., L.A.F. and T.W.G. contributed to the writing and editing of the manuscript; H.F., L.A.F., K.P.S., L.V., and L.C.S. conducted experiments and associated mRNA measurements; and K.P.S., H.F., S.G., and T.W.G. analyzed the data and produced the illustrations. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by NIH DK-096311 (TWG). This work also made use of the Genomics Core Facility supported by NIH P20-GM103528 (TWG) and NIH 2P30 DK072476. This research project used the Transgenic and Animal Phenotyping core facilities that are supported in part by the NORC (NIH 2P30 DK072476) and by an equipment grant (S10OD023703) from the NIH. SG was partially supported by NIH P20-GM103528, NIGMS Grant 2-U54-GM-104940, and by funding from the National Medical Research Council, Ministry of Health Singapore (WBS R913200076263).




Institutional Review Board Statement


All experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Pennington Biomedical Research Center using the guidelines established by the National Research Council, Animal Welfare Act, and Public Health Service Policy on the humane care and use of animals. The animal experiments were conducted under IACUC Protocol #1020—“Investigating the role of dietary methionine restriction in the Nrf2-mediated pathway”.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study will be available from the lead contact upon request.




Acknowledgments


The authors acknowledge the clerical support of Cindi Tramonte and the technical support of Gabby Walker.




Conflicts of Interest


The authors have no conflict of interest to disclose. The funders had no role in the design of the study, in the collection, analyses, or interpretation of data, in the writing of the manuscript, or in the decision to publish the results.




References


	



Orentreich, N.; Matias, J.R.; DeFelice, A.; Zimmerman, J.A. Low methionine ingestion by rats extends life span. J. Nutr. 1993, 123, 269–274. [Google Scholar] [PubMed]

	



Richie, J.P., Jr.; Leutzinger, Y.; Parthasarathy, S.; Malloy, V.; Orentreich, N.; Zimmerman, J.A. Methionine restriction increases blood glutathione and longevity in F344 rats. FASEB J. 1994, 8, 1302–1307. [Google Scholar] [CrossRef] [PubMed]

	



Miller, R.A.; Buehner, G.; Chang, Y.; Harper, J.M.; Sigler, R.; Smith-Wheelock, M. Methionine-deficient diet extends mouse lifespan, slows immune and lens aging, alters glucose, T4, IGF-I and insulin levels, and increases hepatocyte MIF levels and stress resistance. Aging Cell 2005, 4, 119–125. [Google Scholar] [CrossRef] [PubMed]

	



Malloy, V.L.; Krajcik, R.A.; Bailey, S.J.; Hristopoulos, G.; Plummer, J.D.; Orentreich, N. Methionine restriction decreases visceral fat mass and preserves insulin action in aging male Fischer 344 rats independent of energy restriction. Aging Cell 2006, 5, 305–314. [Google Scholar] [CrossRef] [PubMed]

	



Hasek, B.E.; Stewart, L.K.; Henagan, T.M.; Boudreau, A.; Lenard, N.R.; Black, C.; Shin, J.; Huypens, P.; Malloy, V.L.; Plaisance, E.P.; et al. Dietary methionine restriction enhances metabolic flexibility and increases uncoupled respiration in both fed and fasted states. Am. J. Physiol. Integr. Comp. Physiol. 2010, 299, R728–R739. [Google Scholar] [CrossRef]

	



Perrone, C.E.; Malloy, V.L.; Orentreich, D.S.; Orentreich, N. Metabolic adaptations to methionine restriction that benefit health and lifespan in rodents. Exp. Gerontol. 2013, 48, 654–660. [Google Scholar] [CrossRef]

	



Stone, K.P.; Wanders, D.; Orgeron, M.; Cortez, C.C.; Gettys, T.W. Mechanisms of Increased In Vivo Insulin Sensitivity by Dietary Methionine Restriction in Mice. Diabetes 2014, 63, 3721–3733. [Google Scholar] [CrossRef]

	



Plaisance, E.P.; Henagan, T.M.; Echlin, H.; Boudreau, A.; Hill, K.L.; Lenard, N.R.; Hasek, B.E.; Orentreich, N.; Gettys, T.W. Role of ß-adrenergic receptors in the hyperphagic and hypermetabolic responses to dietary methionine restriction. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 299, R740–R750. [Google Scholar] [CrossRef]

	



Orgeron, M.; Stone, K.P.; Wanders, D.; Cortez, C.C.; Van, N.T.; Gettys, T.W. The Impact of Dietary Methionine Restriction on Biomarkers of Metabolic Health. Prog. Mol. Biol. Transl. Sci. 2014, 121, 351–376. [Google Scholar]

	



Wanders, D.; Ghosh, S.; Stone, K.P.; Van, N.T.; Gettys, T.W. Transcriptional impact of dietary methionine restriction on systemic inflammation: Relevance to biomarkers of metabolic disease during aging. BioFactors 2014, 40, 13–26. [Google Scholar] [CrossRef]

	



Perrone, C.E.; Mattocks, D.A.; Plummer, J.D.; Chittur, S.V.; Mohney, R.; Vignola, K.; Orentreich, D.S.; Orentreich, N. Genomic and metabolic responses to methionine-restricted and methionine-restricted, cysteine-supplemented diets in Fischer 344 rat inguinal adipose tissue, liver and quadriceps muscle. J. Nutr. Nutr. 2012, 5, 132–157. [Google Scholar] [CrossRef]

	



Wanders, D.; Forney, L.A.; Stone, K.P.; Burk, D.H.; Pierse, A.; Gettys, T.W. FGF21 Mediates the Thermogenic and Insulin-Sensitizing Effects of Dietary Methionine Restriction but Not Its Effects on Hepatic Lipid Metabolism. Diabetes 2017, 66, 858–867. [Google Scholar] [CrossRef] [PubMed]

	



Forney, L.A.; Fang, H.; Sims, L.C.; Stone, K.P.; Vincik, L.Y.; Vick, A.M.; Gibson, A.N.; Burk, D.H.; Gettys, T.W. Dietary Methionine Restriction Signals to the Brain Through Fibroblast Growth Factor 21 to Regulate Energy Balance and Remodeling of Adipose Tissue. Obesity 2020, 28, 1912–1921. [Google Scholar] [CrossRef] [PubMed]

	



Wanders, D.; Burk, D.H.; Cortez, C.C.; Van, N.T.; Stone, K.P.; Baker, M.; Mendoza, T.; Mynatt, R.L.; Gettys, T.W. UCP1 is an essential mediator of the effects of methionine restriction on energy balance but not insulin sensitivity. FASEB J. 2015, 29, 2603–2615. [Google Scholar] [CrossRef] [PubMed]

	



Laeger, T.; Henagan, T.M.; Albarado, D.C.; Redman, L.M.; Bray, G.A.; Noland, R.C.; Münzberg, H.; Hutson, S.M.; Gettys, T.W.; Schwartz, M.W.; et al. FGF21 is an endocrine signal of protein restriction. J. Clin. Investig. 2014, 124, 3913–3922. [Google Scholar] [CrossRef] [PubMed]

	



Deval, C.; Chaveroux, C.; Maurin, A.-C.; Cherasse, Y.; Parry, L.; Carraro, V.; Milenkovic, D.; Ferrara, M.; Bruhat, A.; Jousse, C.; et al. Amino acid limitation regulates the expression of genes involved in several specific biological processes through GCN2-dependent and GCN2-independent pathways. FEBS J. 2009, 276, 707–718. [Google Scholar] [CrossRef]

	



Shan, J.X.; Ord, D.; Ord, T.; Kilberg, M.S. Elevated ATF4 Expression, in the Absence of Other Signals, Is Sufficient for Transcriptional Induction via CCAAT Enhancer-binding Protein-activating Transcription Factor Response Elements. J. Biol. Chem. 2009, 284, 21241–21248. [Google Scholar] [CrossRef] [PubMed]

	



Palii, S.S.; Kays, C.E.; Deval, C.; Bruhat, A.; Fafournoux, P.; Kilberg, M.S. Specificity of amino acid regulated gene expression: Analysis of genes subjected to either complete or single amino acid deprivation. Amino Acids 2009, 37, 79–88. [Google Scholar] [CrossRef]

	



Palam, L.R.; Baird, T.D.; Wek, R.C. Phosphorylation of eIF2 facilitates ribosomal bypass of an inhibitory upstream ORF to enhance CHOP translation. J. Biol. Chem. 2011, 286, 10939–10949. [Google Scholar] [CrossRef]

	



Maruyama, R.; Shimizu, M.; Li, J.; Inoue, J.; Sato, R. Fibroblast growth factor 21 induction by activating transcription factor 4 is regulated through three amino acid response elements in its promoter region. Biosci. Biotechnol. Biochem. 2016, 80, 929–934. [Google Scholar] [CrossRef]

	



De Sousa-Coelho, A.L.; Marrero, P.F.; Haro, D. Activating transcription factor 4-dependent induction of FGF21 during amino acid deprivation. Biochem. J. 2012, 443, 165–171. [Google Scholar] [CrossRef] [PubMed]

	



Bunpo, P.; Cundiff, J.K.; Reinert, R.B.; Wek, R.C.; Aldrich, C.J.; Anthony, T.G. The eIF2 Kinase GCN2 Is Essential for the Murine Immune System to Adapt to Amino Acid Deprivation by Asparaginase. J. Nutr. 2010, 140, 2020–2027. [Google Scholar] [CrossRef] [PubMed]

	



Wilson, G.J.; Lennox, B.A.; She, P.X.; Mirek, E.T.; Al Baghdadi, R.J.T.; Fusakio, M.E.; Dixon, J.L.; Henderson, G.C.; Wek, R.C.; Anthony, T.G. GCN2 is required to increase fibroblast growth factor 21 and maintain hepatic triglyceride homeostasis during asparaginase treatment. Am. J. Physiol. Endocrinol. Metab. 2015, 308, E283–E293. [Google Scholar] [CrossRef] [PubMed]

	



Wan, X.S.; Lu, X.H.; Xiao, Y.C.; Lin, Y.; Zhu, H.; Ding, T.; Yang, Y.; Huang, Y.; Zhang, Y.; Liu, Y.L.; et al. ATF4-and CHOP-Dependent Induction of FGF21 through Endoplasmic Reticulum Stress. BioMed Res. Int. 2014, 2014, 807874. [Google Scholar] [CrossRef] [PubMed]

	



Wanders, D.; Stone, K.P.; Forney, L.A.; Cortez, C.C.; Dille, K.N.; Simon, J.; Xu, M.; Hotard, E.C.; Nikonorova, I.A.; Pettit, A.P.; et al. Role of GCN2-independent signaling through a non-canonical PERK/NRF2 pathway in the physiological responses to dietary methionine restriction. Diabetes 2016, 65, 1499–1510. [Google Scholar] [CrossRef] [PubMed]

	



Pettit, A.P.; Jonsson, W.O.; Bargoud, A.R.; Mirek, E.T.; Peelor, F.F., III; Wang, Y.; Gettys, T.W.; Kimball, S.R.; Miller, B.F.; Hamilton, K.L.; et al. Dietary Methionine Restriction Regulates Liver Protein Synthesis and Gene Expression Independently of Eukaryotic Initiation Factor 2 Phosphorylation in Mice. J. Nutr. 2017, 147, 1031–1040. [Google Scholar] [CrossRef] [PubMed]

	



Jonsson, W.O.; Margolies, N.S.; Mirek, E.T.; Zhang, Q.; Linden, M.; Hill, C.; Link, C.; Bithi, N.; Zalma, B.; Levy, J.; et al. Physiological responses to dietary sulfur amino acid restriction are influenced by Atf4 status and biological sex. J. Nutr. 2021, 151, 785–799. [Google Scholar] [CrossRef]

	



He, C.H.; Gong, P.F.; Hu, B.; Stewart, D.; Choi, M.E.; Choi, A.M.K.; Alam, J. Identification of activating transcription factor 4 (ATF4) as an Nrf2-interacting protein—Implication for heme oxygenase-1 gene regulation. J. Biol. Chem. 2001, 276, 20858–20865. [Google Scholar] [CrossRef] [PubMed]

	



Mimura, J.; Inose-Maruyama, A.; Taniuchi, S.; Kosaka, K.; Yoshida, H.; Yamazaki, H.; Kasai, S.; Harada, N.; Kaufman, R.J.; Oyadomari, S.; et al. Concomitant Nrf2- and ATF4-activation by Carnosic Acid Cooperatively Induces Expression of Cytoprotective Genes. Int. J. Mol. Sci. 2019, 20, 1706. [Google Scholar] [CrossRef]

	



Cullinan, S.B.; Diehl, J.A. PERK-dependent activation of Nrf2 contributes to redox homeostasis and cell survival following endoplasmic reticulum stress. J. Biol. Chem. 2004, 279, 20108–20117. [Google Scholar] [CrossRef]

	



Cullinan, S.B.; Zhang, D.; Hannink, M.; Arvisais, E.; Kaufman, R.J.; Diehl, J.A. Nrf2 is a direct PERK substrate and effector of PERK-dependent cell survival. Mol. Cell. Biol. 2003, 23, 7198–7209. [Google Scholar] [CrossRef]

	



Chanas, S.A.; Jiang, Q.; McMahon, M.; McWalter, G.K.; McLellan, L.I.; Elcombe, C.R.; Henderson, C.J.; Wolf, C.R.; Moffat, G.J.; Itoh, K.; et al. Loss of the Nrf2 transcription factor causes a marked reduction in constitutive and inducible expression of the glutathione S-transferase Gsta1, Gsta2, Gstm1, Gstm2, Gstm3 and Gstm4 genes in the livers of male and female mice. Biochem. J. 2002, 365, 405–416. [Google Scholar] [CrossRef]

	



Baird, L.; Yamamoto, M. The molecular mechanisms regulating the KEAP1-NRF2 pathway. Mol. Cell. Biol. 2020, 40, e00099-20. [Google Scholar] [CrossRef] [PubMed]

	



Elshorbagy, A.K.; Valdivia-Garcia, M.; Refsum, H.; Smith, A.D.; Mattocks, D.A.; Perrone, C.E. Sulfur amino acids in methionine-restricted rats: Hyperhomocysteinemia. Nutrition 2010, 26, 1201–1204. [Google Scholar] [CrossRef]

	



Elshorbagy, A.K.; Valdivia-Garcia, M.; Mattocks, D.A.L.; Plummer, J.D.; Smith, A.D.; Drevon, C.A.; Refsum, H.; Perrone, C.E. Cysteine supplementation reverses methionine restriction effects on rat adiposity: Significance of stearoyl-coenzyme A desaturase. J. Lipid Res. 2011, 52, 104–112. [Google Scholar] [CrossRef] [PubMed]

	



Ghosh, S.; Forney, L.A.; Wanders, D.; Stone, K.P.; Gettys, T.W. An integrative analysis of tissue-specific transcriptomic and metabolomic responses to short-term dietary methionine restriction in mice. PLoS ONE 2017, 12, e0177513. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, T.; Nioi, P.; Pickett, C.B. The Nrf2-antioxidant response element signaling pathway and its activation by oxidative stress. J. Biol. Chem. 2009, 284, 13291–13295. [Google Scholar] [CrossRef] [PubMed]

	



Lee, H.R.; Cho, J.M.; Shin, D.H.; Yong, C.S.; Choi, H.G.; Wakabayashi, N.; Kwak, M.K. Adaptive response to GSH depletion and resistance to L-buthionine-(S,R)-sulfoximine: Involvement of Nrf2 activation. Mol. Cell. Biochem. 2008, 318, 23–31. [Google Scholar] [CrossRef] [PubMed]

	



Cvetko, F.; Caldwell, S.T.; Higgins, M.; Suzuki, T.; Yamamoto, M.; Prag, H.A.; Hartley, R.C.; Dinkova-Kostova, A.T.; Murphy, M.P. Nrf2 is activated by disruption of mitochondrial thiol homeostasis but not by enhanced mitochondrial superoxide production. J. Biol. Chem. 2020, 296, 100169. [Google Scholar] [CrossRef]

	



Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 2014, 15, 550. [Google Scholar] [CrossRef]

	



Subramanian, A.; Tamayo, P.; Mootha, V.K.; Mukherjee, S.; Ebert, B.L.; Gillette, M.A.; Paulovich, A.; Pomeroy, S.L.; Golub, T.R.; Lander, E.S.; et al. Gene set enrichment analysis: A knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. USA 2005, 102, 15545–15550. [Google Scholar] [CrossRef] [PubMed]

	



Ogata, H.; Goto, S.; Sato, K.; Fujibuchi, W.; Bono, H.; Kanehisa, M. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res. 1999, 27, 29–34. [Google Scholar] [CrossRef]

	



Liberzon, A.; Birger, C.; Thorvaldsdottir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures Database (MSigDB) hallmark gene set collection. Cell Syst. 2015, 1, 417–425. [Google Scholar] [CrossRef] [PubMed]

	



Reiner, A.; Yekutieli, D.; Benjamini, Y. Identifying differentially expressed genes using false discovery rate controlling procedures. Bioinformatics 2003, 19, 368–375. [Google Scholar] [CrossRef] [PubMed]

	



Wanders, D.; Forney, L.A.; Stone, K.P.; Hasek, B.E.; Johnson, W.D.; Gettys, T.W. The Components of Age-Dependent Effects of Dietary Methionine Restriction on Energy Balance in Rats. Obesity 2018, 26, 740–746. [Google Scholar] [CrossRef] [PubMed]

	



He, F.; Ru, X.; Wen, T. NRF2, a Transcription Factor for Stress Response and Beyond. Int. J. Mol. Sci. 2020, 21, 4777. [Google Scholar] [CrossRef]

	



Stone, K.P.; Ghosh, S.; Kovalik, J.P.; Orgeron, M.; Wanders, D.; Sims, L.C.; Gettys, T.W. The acute transcriptional responses to dietary methionine restriction are triggered by inhibition of ternary complex formation and linked to Erk1/2, mTOR, and ATF4. Sci. Rep. 2021, 11, 3765. [Google Scholar] [CrossRef]

	



Harding, H.P.; Novoa, I.; Zhang, Y.; Zeng, H.; Wek, R.; Schapira, M.; Ron, D. Regulated translation initiation controls stress-induced gene expression in mammalian cells. Mol. Cell 2000, 6, 1099–1108. [Google Scholar] [CrossRef]

	



Nguyen, T.; Sherratt, P.J.; Huang, H.C.; Yang, C.S.; Pickett, C.B. Increased protein stability as a mechanism that enhances Nrf2-mediated transcriptional activation of the antioxidant response element—Degradation of Nrf2 by the 26 S proteasome. J. Biol. Chem. 2003, 278, 4536–4541. [Google Scholar] [CrossRef]

	



Pakos-Zebrucka, K.; Koryga, I.; Mnich, K.; Ljujic, M.; Samali, A.; Gorman, A.M. The integrated stress response. EMBO Rep. 2016, 17, 1374–1395. [Google Scholar] [CrossRef]

	



Levonen, A.L.; Hill, B.G.; Kansanen, E.; Zhang, J.; Darley-Usmar, V.M. Redox regulation of antioxidants, autophagy, and the response to stress: Implications for electrophile therapeutics. Free Radic. Biol. Med. 2014, 71, 196–207. [Google Scholar] [CrossRef] [PubMed]

	



Bryan, H.K.; Olayanju, A.; Goldring, C.E.; Park, B.K. The Nrf2 cell defence pathway: Keap1-dependent and -independent mechanisms of regulation. Biochem. Pharmacol. 2013, 85, 705–717. [Google Scholar] [CrossRef]

	



Donnelly, N.; Gorman, A.M.; Gupta, S.; Samali, A. The eIF2alpha kinases: Their structures and functions. Cell. Mol. Life Sci. 2013, 70, 3493–3511. [Google Scholar] [CrossRef] [PubMed]

	



Pomatto, L.C.D.; Dill, T.; Carboneau, B.; Levan, S.; Kato, J.; Mercken, E.M.; Pearson, K.J.; Bernier, M.; de Cabo, R. Deletion of Nrf2 shortens lifespan in C57BL6/J male mice but does not alter the health and survival benefits of caloric restriction. Free Radic. Biol. Med. 2020, 152, 650–658. [Google Scholar] [CrossRef]

	



Yoh, K.; Itoh, K.; Enomoto, A.; Hirayama, A.; Yamaguchi, N.; Kobayashi, M.; Morito, N.; Koyama, A.; Yamamoto, M.; Takahashi, S. Nrf2-deficient female mice develop lupus-like autoimmune nephritis. Kidney Int. 2001, 60, 1343–1353. [Google Scholar] [CrossRef]

	



Tullet, J.M.A.; Green, J.W.; Au, C.; Benedetto, A.; Thompson, M.A.; Clark, E.; Gilliat, A.F.; Young, A.; Schmeisser, K.; Gems, D. The SKN-1/Nrf2 transcription factor can protect against oxidative stress and increase lifespan in C. elegans by distinct mechanisms. Aging Cell 2017, 16, 1191–1194. [Google Scholar] [CrossRef] [PubMed]

	



Bhide, S.; Trujillo, A.S.; O’Connor, M.T.; Young, G.H.; Cryderman, D.E.; Chandran, S.; Nikravesh, M.; Wallrath, L.L.; Melkani, G.C. Increasing autophagy and blocking Nrf2 suppress laminopathy-induced age-dependent cardiac dysfunction and shortened lifespan. Aging Cell 2018, 17, e12747. [Google Scholar] [CrossRef]








[image: Nutrients 13 01788 g001 550] 





Figure 1. Hepatic Nfe2l2 mRNA (A), initial changes in energy expenditure (EE) after introduction of dietary MR (B–D), and change in 24 h EE at the end of the experiment (E) in Nfe2l2fl/fl (WT) and Nfe2l2fl/(Alb) (NRF2 KO) mice fed Con or MR diets. Primers designed to detect excised sequences in exon 5 of the Nfe2l2 gene were used to detect Nfe2l2 mRNA in livers from mice of the two genotypes by real time qPCR (A). EE was measured and analyzed during the run-in period and at the end of the experiment by ANCOVA as described in the Materials and Methods (B–E). In (D), the initial diet-dependent change in nighttime EE was calculated by subtracting the nighttime EE of each group prior to introduction of MR from the nighttime measures of EE during the 9 days after initial exposure to the MR diet on day 0. Means are representative of data from 7 or 8 mice per group and compared by two-way ANOVA as described in the Materials and Methods. Means annotated with a different letter differ at p < 0.05. 
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Figure 2. Assessment of impact of dietary MR on body weight (A), adiposity (B), average food intake (C), average water intake (D), and serum FGF21 (E) in Nfe2l2fl/fl (WT) and Nfe2l2fl/(Alb) (NRF2 KO) mice fed Con or MR diets for 8 weeks beginning at 8 weeks of age. Body weight, adiposity, food intake, and water intake were measured weekly for the entire study. The means of food intake and water intake were averaged over the entire study, while serum collected at the end of the study was used for measurement of FGF21. The change in body weight and adiposity over time were analyzed using a repeated measures two-way ANOVA as described in the Materials and Methods, and the Con means annotated with an ‘a’ differ between Nfe2l2fl/fl mice fed Con or MR diets, and Con means annotated with a ‘b’ differ between Nfe2l2fl/(Alb) mice fed Con or MR diets. Food intake, water intake, and serum FG21 were analyzed by two-way ANOVA and means annotated with different letters differ at p < 0.05. Data in each figure panel are presented as the mean ± SEM, n = 7–8. 






Figure 2. Assessment of impact of dietary MR on body weight (A), adiposity (B), average food intake (C), average water intake (D), and serum FGF21 (E) in Nfe2l2fl/fl (WT) and Nfe2l2fl/(Alb) (NRF2 KO) mice fed Con or MR diets for 8 weeks beginning at 8 weeks of age. Body weight, adiposity, food intake, and water intake were measured weekly for the entire study. The means of food intake and water intake were averaged over the entire study, while serum collected at the end of the study was used for measurement of FGF21. The change in body weight and adiposity over time were analyzed using a repeated measures two-way ANOVA as described in the Materials and Methods, and the Con means annotated with an ‘a’ differ between Nfe2l2fl/fl mice fed Con or MR diets, and Con means annotated with a ‘b’ differ between Nfe2l2fl/(Alb) mice fed Con or MR diets. Food intake, water intake, and serum FG21 were analyzed by two-way ANOVA and means annotated with different letters differ at p < 0.05. Data in each figure panel are presented as the mean ± SEM, n = 7–8.
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Figure 3. Bioinformatics analysis of hepatic gene expression in Nfe2l2fl/fl (WT) and Nfe2l2fl/(Alb) (NRF2 KO) mice fed Con or MR diets for 8 weeks. Canonical pathway analysis (A) and upstream regulator analysis (B) were conducted using Ingenuity Pathway Analysis as described in the Materials and Methods. Pathway analysis was conducted using livers from 5 to 6 mice of each genotype × diet combination and utilized to identify putative gene regulators responsible for the observed transcriptional patterns produced by the MR diet compared to the Con diet in the two genotypes. Upstream regulators and canonical pathways with an activation z-score ≥2 or ≤2 were considered to be activated (red) or inhibited (blue), respectively. Heat maps were used to visualize the top 20 canonical pathways and upstream regulators that were differentially affected by the MR diet in the two genotypes. 
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Figure 4. Gene set enrichment analysis (GSEA) of hepatic gene expression in Nfe2l2fl/fl (WT) and Nfe2l2fl/(Alb) (NRF2 KO) mice showing the differential effect of genotype and diet on the top-scoring KEGG Drug Metabolism Cytochrome P450 gene set. Enrichment was computed as described in the Material and Methods and the individual contributions of pathway genes to the pathway enrichment signal were visualized via enrichment plots depicting the trajectory of a normalized pathway enrichment score against the rank of the pathway genes in the context of the full gene list. Accompanying heat maps present the normalized enrichment scores for individual genes within the gene set [blue = downregulation, red = upregulation, gray = not significant (FDR > 0.1)]. Panel (A) shows the enrichment set for the WT MR to WT Con comparison, panel (B) shows the enrichment set for the NRF2 KO MR to NRF2 KO Con comparison, panel (C) shows the enrichment set for the WT MR to NRF2 KO MR comparison, and panel (D) shows the enrichment set for the WT Con to NRF2 KO Con comparison. 
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Figure 5. Gene set enrichment analysis (GSEA) of hepatic gene expression in Nfe2l2fl/fl (WT) and Nfe2l2fl/(Alb) (NRF2 KO) mice showing the differential effect of genotype and diet on the top-scoring KEGG Ribosome Drug gene set (A,B) and KEGG Pentose and Glucuronate Interconversions gene set (C). Enrichment was computed as described in the Material and Methods and the individual contributions of pathway genes to the pathway enrichment signal were visualized via enrichment plots depicting the trajectory of a normalized pathway enrichment score against the rank of the pathway genes in the context of the full gene list. Accompanying heat maps present the normalized enrichment scores for individual genes within the gene set [blue = downregulation, red = upregulation, and gray = not significant (FDR > 0.1)]. Panel (A) shows the enrichment set for Ribosome pathway for the WT MR to WT Con comparison, panel (B) shows the enrichment set for the Ribosome pathway for the WT MR to NRF2 KO MR comparison, while panel (C) shows the Pentose and Glucuronate Interconversions enrichment set for the WT MR to NRF2 KO MR comparison. 
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Table 1. Genetic markers of NRF2 transcriptional program and ER stress response in livers of Nfe2l2fl/fl and Nfe2l2fl/(Alb) mice fed Control or Methionine-restricted (MR) diets for 8 weeks.
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Gene

	
Signaling

	
Nfe2l2fl/fl

	
Nfe2l2fl/(Alb)




	
Symbol 1

	
Pathway

	
Control

	
MR

	
Control

	
MR






	
Aox1

	
Nfe2l2

	
1 ± 0.25 a

	
1.28 ± 0.20 a

	
0.35 ± 0.16 b

	
0.40 ± 0.09 b




	
Gclc

	
Nfe2l2

	
1 ± 0.13 a

	
0.90 ± 0.07 a

	
0.45 ± 0.04 b

	
0.38 ± 0.03 b




	
Gsr

	
Nfe2l2

	
1 ± 0.08 a,b

	
1.20 ± 0.11 a

	
0.73 ± 0.05 b

	
0.86 ± 0.12 b




	
Txnrd1

	
Nfe2l2

	
1 ± 0.04 a

	
1.20 ± 0.18 a

	
0.68 ± 0.05 b

	
0.80 ± 0.05 a,b




	
Trb3

	
ER stress

	
1 ± 0.22 a

	
1.24 ± 0.13 a

	
0.37 ± 0.05 b

	
0.71 ± 0.08 a,b




	
Atf4

	
ER Stress

	
1 ± 0.05 a,b

	
1.11 ± 0.08 b

	
0.68 ± 0.04 c

	
0.86 ± 0.04 a,c




	
Xbp1s

	
ER Stress

	
1 ± 0.19 a

	
0.66 ± 0.13 a,b

	
0.45 ± 0.06 b,c

	
0.44 ± 0.07 b,c




	
Ephx1

	
Nfe2l2

	
1 ± 0.17 a

	
1.42 ± 0.07 b

	
0.35 ± 0.11 c

	
0.43 ± 0.05 c




	
Sod2

	
Nfe2l2

	
1 ± 0.18 a

	
0.60 ± 0.08 b

	
0.54 ± 0.04 b

	
0.62 ± 0.07 b




	
Gsta2

	
Nfe2l2

	
1 ± 0.32 a

	
4.86 ± 0.63 b

	
0.15 ± 0.09 c

	
0.66 ± 0.20 a,c




	
Cbr1

	
Nfe2l2

	
1 ± 0.20 a

	
3.45 ± 0.52 b

	
0.93 ± 0.14 a

	
1.10 ± 0.17 a




	
Mgst3

	
Nfe2l2

	
1 ± 0.13 a

	
1.97 ± 0.16 b

	
0.92 ± 0.18 a

	
1.34 ± 0.18 a




	
Nqo1

	
Nfe2l2

	
1 ± 0.15 a

	
2.28 ± 0.16 b

	
0.39 ± 0.09 a

	
0.71 ± 0.13 a




	
Asns

	
ER stress

	
1 ± 0.32 a

	
12.23 ± 1.49 b

	
0.74 ± 0.16 a

	
10.59 ± 1.59 b




	
Cyp4a14

	
ER stress

	
1 ± 0.21 a

	
1.74 ± 0.23 b

	
0.97 ± 0.25 a

	
2.13 ± 0.19 b




	
Fgf21

	
ER stress

	
1 ± 0.36 a

	
2.77 ± 0.60 b

	
1.04 ± 0.20 a

	
2.90 ± 0.76 b




	
Psat1

	
ER stress

	
1 ± 0.33 a

	
7.54 ± 0.96 b

	
0.48 ± 0.12 a

	
3.27 ± 0.54 c




	
Vldlr

	
ER stress

	
1 ± 0.21 a

	
3.25 ± 0.76 b

	
1.02 ± 0.10 a

	
3.79 ± 0.59 b








1 Messenger RNA expression of hepatic markers of Nef2l2 transcriptional program (Aox1, Cbr1, Ephx1, Gclc, Gsr, Gsta2, Mgst3, Nqo1, Sod2, Trib3, Txnrd1) and ER stress (Atf4, Xbp1s, Asns, Cyp4a14, Fgf21, Psat1, Vldlr) in livers of Nfe2l2fl/fl and Nfe2l2fl/(Alb) mice (n = 8 per group) were determined by RT-PCR, expressed relative to cyclophilin, adjusted to fold induction from Nfe2l2fl/fl Control, and compared by two-way ANOVA to test for effects of genotype, diet, and genotype × diet interaction. Residual variance was used as the error term for post hoc testing of genotype × diet means for each gene using the Bonferroni correction. Within each gene, means annotated with different letters differ at p < 0.05. Gene symbols highlighted in green are those whose basal expression was reduced by deletion of Nfe2l2. Gene symbols highlighted in red were those that Nfe2l2 deletion lowered basal expression and blocked MR-dependent induction. Basal expression of genes highlighted in blue were unaffected by Nfe2l2 deletion but their MR-dependent induction was blocked, while expression of genes highlighted with yellow were unaffected by deletion of Nfe2l2.
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