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Disrupted liver oxidative metabolism in glycine
N-methyltransferase-deficient mice is mitigated
by dietary methionine restriction
Ferrol I. Rome, Curtis C. Hughey*
ABSTRACT

Objective: One-carbon metabolism is routinely dysregulated in nonalcoholic fatty liver disease. This includes decreased glycine N-methyl-
transferase (GNMT), a critical regulator of s-adenosylmethionine (SAM). Deletion of GNMT in mice increases SAM and promotes liver steatosis.
Lower liver oxidative metabolism, as indicated by a decline in gluconeogenesis, citric acid cycle flux, and oxidative phosphorylation contributes to
liver steatosis in GNMT-null mice; however, the extent to which higher SAM mediates this phenotype remains unclear. Here, we determined the
SAM-dependent impairment in liver oxidative metabolism by loss of GNMT.
Methods: GNMT knockout (KO) mice were fed a methionine-restricted diet to prevent increased SAM. 2H/13C metabolic flux analysis was
performed in conscious, unrestrained mice to quantify liver nutrient fluxes. Metabolomics and high-resolution respirometry were used to quantify
liver nutrient pool sizes and mitochondrial oxidative phosphorylation, respectively. Folic acid-supplemented and serine/glycine-deficient diets
were used independently to further define the metabolic implications of perturbed one-carbon donor availability.
Results: Dietary methionine restriction prevented a 75-fold increase in SAM and a 53% rise in triacylglycerides in livers of KO mice. Dietary
methionine restriction increased gluconeogenesis, independent of genotype, and restored cytochrome c oxidase respiratory function in KO mice.
Citric acid cycle fluxes remained lower in KO mice irrespective of diet. Restricting dietary methionine abrogated markers of increased lipogenesis
and folate cycle dysfunction in KO mice.
Conclusions: The impaired liver oxidative metabolism following loss of GNMT is both dependent and independent of greater SAM availability.
Lower in vivo citric acid cycle flux is independent of increased SAM. In contrast, gluconeogenesis and oxidative phosphorylation are negatively
regulated by excess SAM. Lipid accumulation in livers of mice lacking GNMT is also linked to higher SAM.

� 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), the most prevalent chronic
liver disease worldwide, includes nonalcoholic fatty liver (NAFL) and
nonalcoholic steatohepatitis (NASH) [1e3]. Both NAFL and NASH are
defined by liver steatosis; however, NASH is also characterized by
inflammation, fibrosis, and hepatocyte damage and death [4e6].
Moreover, NASH is considered the progressive form of NAFLD as it
increases the risk for developing advanced liver diseases such as
hepatocellular carcinoma (HCC) [4e6]. Extensive investigation has
shown that dysregulated oxidative metabolism contributes to the
pathophysiology of NAFLD and HCC [7]. Liver oxidative metabolism
refers to a cluster of processes including gluconeogenesis, b-oxida-
tion, ketogenesis, citric acid cycle flux, and oxidative phosphorylation.
These pathways are often increased early in a NAFL, prior to a pro-
gressive decline with advancing NASH and HCC [7e13]. Ultimately,
the capacity of oxidative metabolism is insufficient to meet the
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demands for nutrient catabolism. This contributes to an imbalance
between lipid disposal and accretion and thereby supports NAFLD
pathogenesis [14].
Mouse models of NAFLD-associated HCC routinely show decreased
expression of one-carbon metabolism enzymes such as glycine N-
methyltransferase (GNMT) [15e20]. Moreover, GNMT expression is
lower or absent in human NAFLD and HCC [15,17,21e26]. GNMT, the
most abundant liver methyltransferase, catalyzes the transfer of a
methyl group from s-adenosylmethionine (SAM) to glycine, forming
sarcosine and s-adenosylhomocysteine (SAH) [27]. This reaction is
critical for SAM homeostasis, as GNMT-null mice exhibit liver SAM
levels that are >35-fold higher than wild-type (WT) mice [28e31].
Previous studies support a causal role for the diminished GNMT in
NAFLD and HCC pathogenesis. Mice deficient in GNMT develop liver
steatosis that progresses to HCC [28,29,32e34]. These observations,
and the potential far-reaching actions of higher methyl donor avail-
ability, prompted our previous studies aimed at determining the impact
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of GNMT deletion on liver oxidative metabolism. We showed that the
increased liver SAM in GNMT-null mice was accompanied by
decreased liver gluconeogenesis, citric acid cycle flux, and oxidative
phosphorylation [28,29]. These metabolic impairments were observed
in the presence of liver steatosis in 12-week-old GNMT-null mice and
persisted to the development of HCC at 44 weeks of age [28,29]. Our
previous work suggests that loss of GNMT promotes lipid accumulation
in part via impaired liver oxidative metabolism.
Given that GNMT governs SAM homeostasis, we had previously hy-
pothesized that excess SAM availability was responsible for the
decreased glucose and mitochondrial nutrient fluxes in mice lacking
GNMT [28,29]. However, a recent study reported that GNMT physically
interacts with and increases the activity of succinate dehydrogenase
[17]. Thus, the loss of GNMT may inhibit citric acid cycle flux, inde-
pendent of the higher SAM. Here we test the SAM-dependent and
SAM-independent dysregulation of liver oxidative metabolism upon
loss of GNMT. GNMT-null mice and WT littermates were fed a control
or methionine-restricted diet to prevent elevated SAM. A combination
of static and dynamic phenotyping approaches including targeted
metabolomics, mitochondrial respirometry, and 2H/13C metabolic flux
analysis (MFA) were used to define in vivo nutrient metabolism across
multiple metabolic pathways.

2. MATERIAL AND METHODS

2.1. Mice
All procedures were approved by the Institutional Animal Care and Use
Committee at the University of Minnesota. Mice received Teklad Global
18% Protein Rodent Diet (2918, Madison, WI) upon weaning at 3
weeks of age until beginning dietary interventions at 6 weeks of age.
The first set of experiments studied mice with a whole-body knockout
(KO) of GNMT, and WT littermates [28e30] that were provided a
control diet (CON; L-AA Defined Diet with Dextrose and 0.86% DL-
Methionine, 510072, Dyets Inc., Bethlehem, PA) or methionine-
restricted diet (MR; L-AA Defined Diet with Dextrose and 0.172% DL-
Methionine, 510071). In separate experiments, WT and KO mice were
fed a control diet (CON; Rodent Diet with 10 kcal% Fat and 1.97 mg/kg
folic acid, D12450J, Research Diets Inc., New Brunswick, NJ) or a folic
acid-supplemented diet (FS, 19.03 mg/kg folic acid, D20110401). In a
third set of experiments, WT mice were provided a high-fat diet (HF;
60% kcal from fat, A19011107, Research Diets Inc.) or a HF diet
deficient in serine and glycine (HF-SG, A20042901). Mice had ad
libitum access to food and water and were housed with cellulose
bedding (Cellu-nest�, Shepherd Specialty Papers, Watertown, TN) in a
temperature- and humidity-controlled room on a 14/10-hour light/dark
cycle. Experiments were completed in male mice on a C57BL/6J
background at 12 weeks of age unless otherwise stated.

2.2. Body composition
Body composition was determined in 11-week-old mice using a
EchoMRI-100� Body Composition Analyzer (EchoMRI LLC, Houston,
TX).

2.3. Surgical procedures
Jugular vein and carotid artery catheterization surgeries were per-
formed as previously described [35] in 11-week-old mice for venous
infusion and arterial sampling protocols. Mice were individually housed
during a 7-day postoperative recovery period and were within 10% of
their pre-surgical weight prior to completing the stable isotope infusion
experiments.
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2.4. Stable isotope infusions
Stable isotope infusion experiments were completed over a 7-hour
period. Food and water were withdrawn during the first hour of the
light cycle (between 6 and 7 am). Two hours into the fast, the exte-
riorized ends of both vascular catheters were connected to infusion
syringes via a two-channel swivel. Mice were given a 1-hour accli-
mation period following connection to the swivel before obtaining 80 ml
arterial blood sample for determining natural isotopic enrichment of
plasma glucose. Venous infusions were performed, as previously
described, in conscious, unrestrained mice [28,29,36]. Briefly, a bolus
of 2H2O (99.9%)-saline solution was administered over a 25-minute
period to enrich body water at 4.5%. Mice received [6,6-2H2]glucose
(99%) as a primed (440 mmol/kg, solubilized in the 2H2O-saline bolus),
continuous (4.4 mmol/kg/minute) infusion. Two hours following the
2H2O bolus and [6,6-2H2]glucose prime, a primed (1.1 mmol/kg),
continuous (0.055 mmol/kg/minute) infusion of [13C3]propionate (99%,
sodium salt) was initiated. An arterial sample (100 ml) was obtained
every 10 minutes between the 90 and 120 minute mark after initiating
the [13C3]propionate bolus and stored at �80 �C for measuring
glucose enrichment, insulin, and non-esterified fatty acids (NEFAs).
Donor red blood cells were delivered to maintain hematocrit within
10% of baseline values. Mice were sacrificed via cervical dislocation,
and tissues were rapidly excised, freeze-clamped, and stored
at �80 �C.

2.5. 2H/13C metabolic flux analysis
2H/13C metabolic flux analysis was completed as previously outlined
[28,29,36,37] with minor modifications. Briefly, three derivatives of
plasma glucose (methyloxime pentapropionate, aldonitrile pentapro-
pionate, and di-O-isopropylidene propionate) were prepared. Gas
chromatography-mass spectrometry protocols were performed using a
Thermo Scientific ISQ 7000 GCeMS system coupled to a Thermo
Scientific TRACE 1310 gas chromatograph (Waltham, MA) with an HP-
5 ms capillary column (19091S-433, Agilent Technologies Inc., Santa
Clara, CA). Mass isotopomer distributions were obtained for fragment
ions: methyloxime, m/z 145e149; aldonitrile, m/z 173e178, 259e
266, 284e291,370e379; and di-O-isopropylidene, m/z 301e314.
Estimates of fluxes from each sample were repeated 50 times from
random starting values. Goodness-of-fit was determined using a chi-
square test (p ¼ 0.05) with 34 degrees of freedom. Quantified fluxes
for each mouse are the mean of values acquired from samples at 90,
100, and 110 minutes after initiating the [13C3]propionate bolus and
normalized to liver weight.

2.6. Blood and plasma analyses
Blood glucose was determined using Contour� blood glucose meters
(Ascensia Diabetes Care, Parsippany, NJ). Plasma NEFAs were
measured using the Wako HR series NEFA-HR(2) assay (FUJIFILM
Medical Systems USA, Lexington, MA). Plasma insulin was quantified
using the Mercodia Ultrasensitive Mouse Insulin ELISA (10-1249-01,
Winston Salem, NC).

2.7. Tissue metabolites
Seven-hour fasted, non-catheterized mice were sacrificed via cervical
dislocation, and liver tissue was collected for metabolites analysis.
Liver samples were sent to Human Metabolome Technologies America,
Inc. (Boston, MA) for targeted and untargeted metabolite quantification
as previously described [38e41]. Phospholipids, diacylglycerides, and
triacylglycerides were measured as previously outlined [42]. Glycogen
was determined as previously described [43].
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2.8. Immunoblotting
Liver tissue homogenates were prepared as previously detailed [28,36].
Gel electrophoresis was completed using a NuPAGE 4%e12% Bis-Tris
gel (Invitrogen, Carlsbad, CA) and proteins transferred to a PVDF
membrane. Primary antibodies used were as follows: mitochondrial
encoded cytochrome c oxidase I (MTeCO1, ab14705), NADH dehy-
drogenase (ubiquinone) iron-sulfur protein 4 (NDUFS4, ab139178),
and Total OXPHOS Rodent WB Antibody Cocktail (ab110413) from
Abcam (Cambridge, MA). Acetyl-CoA carboxylase (ACC, 3662S), albu-
min (4929S), cytochrome c oxidase subunit 4 (COVIX, 4850S),
DNA methyltransferase 1 (DNMT1, 5032S), phospho-glycogen synthase
Ser641 (p-GS, 3891S), fatty acid synthase (FASN, 3180S), 3-
hydroxymethylglutaryl-CoA synthase 2 (HMGCS2, 20940S), methyl-
enetetrahydrofolate reductase (MTHFR, 25164S), phosphoglycerate
dehydrogenase (PHGDH, 13428), stearoyl-CoA desaturase 1 (SCD1,
2794S), and succinate dehydrogenase subunit A (SDHA, 5839S) were
from Cell Signaling Technology (Danvers, MA). b-hydroxybutyrate de-
hydrogenase (BDH1, 15417-1-AP), Glucose-6-phosphatase (G6PC,
22169-1-AP), GNMT (18790-1-AP), glycogen phosphorylase (PYGL,
15851-1-AP), total glycogen synthase (GS, 22371-1-AP), medium-
chain acyl-CoA dehydrogenase (ACADM, 55210-1-AP), mitochondrial
encoded cytochrome c oxidase II (MTeCO2, 55070-1-AP), nicotin-
amide N-methyltransferase (NNMT, 15123-1-AP), protein arginine N-
methyltransferase 6 (PRMT6, 15395-1-AP), and phosphoserine
aminotransferase 1 (PSAT1, 10501-1-AP) were from Proteintech�
(Rosemont, IL). PVDF membranes were treated with SuperSignal�
West Pico PLUS chemiluminescent substrate (34577, Thermo Scienti-
fic) following secondary antibody incubation. A ChemiDoc� Imaging
system (Bio-Rad) was used to image PVDF membranes. Total protein
was evaluated using BLOT-FastStain (G-Bioscience, Geno Technology
Inc., St. Louis, MO) and was used as a loading control. ImageJ software
was used to determine densitometry measurements.

2.9. Alkaline phosphatase treatment
Liver tissue was homogenized in a buffer (pH 7.9) containing 100 mM
NaCl, 50 mM TriseHCl, 10 mM MgCl2, 1 mM dithiothreitol, and
HALT� Protease Inhibitor Cocktail EDTA-Free (87785, Thermo Sci-
entific). Liver homogenates were treated with or without alkaline
phosphatase (20 U per 30 mg of protein, 11097075001, Milli-
poreSigma, St. Louis, MO) and incubated at 37 �C for 60 minutes.
Immunoblotting protocols described above were followed to assess
phosphorylated and unphosphorylated MTHFR.

2.10. Mitochondrial isolation, high-resolution respirometry, and
enzyme activity
Liver mitochondria were isolated from ad libitum fed mice as previ-
ously described [44]. High-resolution respirometry was completed
using an Oroboros Oxygraph-2k (Oroboros Instruments, Innsbruck,
Austria). Experiments were performed at 37 �C in duplicate and 2 ml of
MiR05 (0.5 mM EGTA, 3 mM MgCl2e6H2O, 20 mM taurine, 10 mM
KH2PO4, 20 mM HEPES, 1 g/liter BSA, 60 mM potassium-lactobionate,
110 mM sucrose, pH 7.1, adjusted at 30 �C). State 2 oxygen flux was
tested with NADH-linked substrates, pyruvate (5 mM), glutamate
(10 mM), and malate (2 mM). State 3 oxygen consumption assessed by
a 5 mM ADP addition. Carbonyl cyanide 4-(trifluoromethoxy)phenyl-
hydrazone (FCCP) was titrated in 0.1 mM steps to quantify maximal
electron transport system-mediated oxygen flux (ETS). Rotenone
(0.5 mM) and antimycin A (2.5 mM) provided residual oxygen con-
sumption. Respiration supported by N,N,N0,N0-Tetramethyl-p-phenyl-
enediamine dihydrochloride (TMPD, 0.5 mM) and ascorbate (2 mM)
and corrected for autooxidation (1 mM KCN) tested cytochrome c
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oxidase function. Liver citrate synthase activity was determined at
25 �C as previously described [45]. Liver succinate dehydrogenase
activity was quantified using the Succinate Dehydrogenase Activity
Assay Kit from Abcam (ab228560).

2.11. Statistical analyses
Student’s t-test or two-way ANOVA were used to assess statistical
differences (p < 0.05), followed by Tukey’s post hoc tests using
GraphPad Prism software (GraphPad Software LLC., San Diego, CA).
Data are reported as mean � SEM.

3. RESULTS

3.1. Methionine restriction prevents hepatomegaly and liver
steatosis in KO mice
Both the loss of GNMT and dietary methionine restriction lowered body
weight (Figure 1A) compared to WT mice fed a control diet. Liver weights
of KO mice were higher compared to WT mice on both diets (Figure 1B).
Dietary methionine restriction reduced liver weight in both genotypes
compared to mice on the control diet (Figure 1B). Notably, liver weights
of KO mice fed a methionine-restricted diet were comparable to those of
WT mice on the control diet (Figure 1B). Similar results were observed
for the liver weight-to-body weight ratio (Figure 1C).
The changes in liver weight were not accompanied by differences in
albumin, a hepatocyte marker (Figure 1D). However, liver lipids were
altered (Figure 1EeK). Total phospholipids were increased in WT and
KO mice receiving the methionine-restricted diet (Figure 1E). Malo-
nylcarnitine wasw8-fold higher in KO mice compared to WT mice fed
the control diet (Figure 1G). This increase was completely abrogated by
the methionine-restricted diet (Figure 1G). The increased liver tri-
acylglycerides in KO mice on a control diet were prevented by dietary
methionine restriction (Figure 1I). The triacylglyceride 16:1/16:0 ratio
was higher in KO mice on the control diet (Figure 1J). The low
methionine diet decreased both the triacylglyceride 16:1/16:0 and
18:1/18:0 ratios in WT and KO mice (Figure 1J and K). In agreement,
the methionine-restricted diet reduced stearoyl-CoA desaturase 1
(SCD1) in both WT and KO mice (Figure 1L), eliminating the 4-fold
increase in SCD1 protein in KO mice (compared to WT mice) that
were maintained on the control diet. Restricting methionine also
modestly diminished acetyl-CoA carboxylase (ACC) and fatty acid
synthase (FASN) protein (Figure 1L). These results show that dietary
methionine restriction limits lipid accretion and lowers the expression
of enzymes involved in lipid synthesis.

3.2. Methionine restriction enhances gluconeogenesis in both WT
and KO mice
Our previous work suggested that liver steatosis in KO mice is driven
by citric acid cycle intermediates being diverted away from glucose
formation to lipogenesis [28]. Here we show that the suppression of
endogenous glucose production in KO mice on a control diet was
prevented by dietary methionine restriction (Figure 2A and B). Simi-
larly, the decline in glycogenolysis (Figure 2A and C) and total gluco-
neogenesis (Figure 2A and D) in KO mice receiving the control diet was
attenuated by dietary methionine restriction. The restoration of total
gluconeogenesis in KO mice was linked to increased flux from phos-
phoenolpyruvate (Figure 2A, E, and F). Interestingly, a methionine-
restricted diet increased gluconeogenesis from glycerol and phos-
phoenolpyruvate in WT mice compared to their control diet counter-
parts (Figure 2DeF). These data suggest that a methionine-restricted
diet not only prevents the decreased gluconeogenesis in KO mice but
enhances gluconeogenic flux independent of genotype.
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Figure 1: Dietary methionine restriction lowers liver pathology and triglyceride deposition in GNMT-null mice. (A) Body weight, (B) liver weight, and (C) liver-to-body
weight ratio in fasted mice (n ¼ 6e8 per group). (D) Liver albumin as determined by immunoblotting with a representative immunoblot (n ¼ 7e8 per group). (E) Phospho-
lipids (mg/mg liver), (F) acetyl-CoA (nmol/g liver), (G) malonylcarnitine (arbitrary units), (H) diacylglycerides (mg/mg liver) and (I) triacylglycerides (mg/mg liver), (J) triacylglyceride
16:1/16:0, and (K) triglyceride 18:1/18:0 in livers of fasted mice (n ¼ 7e8 per group). (L) Liver stearoyl-CoA desaturase 1 (SCD1), acetyl-CoA carboxylase (ACC), and fatty acid
synthase (FASN) as determined by immunoblotting with a representative immunoblot (n ¼ 6e8 per group). Data are presented as mean � SEM. *p < 0.05. **p < 0.01.
***p < 0.001. ****p < 0.0001. Main effect of diet, #p < 0.05.
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Metabolite concentrations and expression of molecular regulators of
glucose metabolism were assessed to support the interpretation of
glucose fluxes. The decline in blood glucose levels in KO mice fed a
control diet was attenuated in KO mice fed the methionine-restricted
diet (Figure 2G). Liver glucose-6-phosphatase (G6PC) was decreased
in KO mice on a methionine-restricted diet compared to KO mice on
the control diet (Figure 2H and I). Glucose-6-phosphate, an imme-
diate glucose precursor, was decreased in KO mice on both diets
(Figure 2J). The accumulation of glycogen in KO mice on a control
diet was abrogated by dietary methionine restriction (Figure 2K);
however, a decline in glucose-1-phosphate in KO mice did not
change in response to the dietary intervention (Figure 2L). PYGL
protein and the p-GS/GS ratio were comparable between groups
(Figure 2M�O). The methionine-restricted diet increased gluconeo-
genic precursors in the livers of KO mice (Figure 2PeT). In-
termediates of gluconeogenesis from phosphoenolpyruvate trended
higher in WT mice receiving a methionine-restricted diet compared to
WT mice fed the control diet (Figure 2ReT). Our findings that dietary
methionine restriction restored glycogen levels and increased glu-
coneogenic intermediates in KO mice are consistent with the
normalized glycogenolysis and higher gluconeogenesis in KO mice
fed a methionine-restricted diet.

3.3. Methionine restriction increases cataplerosis independent of
citric acid cycle fluxes
Given that gluconeogenesis is often influenced by mitochondrial
metabolism, citric acid cycle and related fluxes were quantified
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(Figure 3A). Flux of phosphoenolpyruvate to pyruvate (VPKþME) was
higher in WT but not in KO mice fed a low methionine diet (Figure 3B).
The flux of unlabeled lactate to pyruvate (VLDH) was lower in KO mice
compared to WT mice receiving a control diet (Figure 3C). Dietary
methionine restriction increased VLDH in both genotypes (Figure 3C).
Anaplerosis from propionyl-CoA to succinyl-CoA (VPCC) was diminished
in KO mice on a control diet (Figure 3D). Anaplerotic flux from pyruvate
to oxaloacetate (VPC) and VPCC were elevated in both genotypes fed a
methionine-restricted diet (Figure 3D and E). Similarly, cataplerotic flux
(VPCK, flux from oxaloacetate to phosphoenolpyruvate) increased in
mice fed a methionine-restricted diet (Figure 3F). Citric acid cycle
fluxes (VCS and VSDH) were reduced in KO mice compared to WT mice
on both diets (Figure 3G and H).
Citric acid cycle-related enzyme activity and metabolites were deter-
mined in conjunction with fluxes (Figure 3IeT). Maximal citrate syn-
thase activity was decreased by dietary methionine restriction in both
genotypes (Figure 3I). The impaired VCS and VSDH fluxes in control diet-
fed KO mice were accompanied by a buildup of citrate (Figure 3J) and
a-ketoglutarate (Figure 3K) as well as a trend toward decreased
fumarate (Figure 3M), fumarate-to-succinate ratio (Figure 3N), and
maximal succinate dehydrogenase activity (Figure 3O) that were
normalized by dietary methionine restriction. KO mice showed higher
levels of anaplerotic substrates on both diets (Figure 3QeT). Our
metabolomic, enzymatic, and nutrient flux results suggest that the
methionine-restricted diet promotes nutrient efflux from the citric acid
cycle towards glucose production; however, it does not completely
resolve citric acid cycle impairments in KO mice.
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Figure 2: Methionine restriction minimizes dysregulated glucose metabolism in glycine N-methyltransferase knockout mice. (A) A schematic representation of select
metabolites and metabolic fluxes from 2H/13C metabolic flux analysis in fasted glycine N-methyltransferase (GNMT)-null (KO) mice and wild-type (WT) littermates receiving a control
(CON) and methionine-restricted (MR) diet. Italicized metabolites (glycerol and glyceraldehyde-3-phosphate) were not determined. (B) Endogenous glucose production (EGP), (C)
glycogenolysis, (D) total gluconeogenesis (GNG), (E) GNG sourced from glycerol (hexose units), and (F) GNG flux sourced from phosphoenolpyruvate (PEP) (hexose units) expressed
per liver weight (mmol/g/min; n ¼ 5e10 per group). (G) A time course of blood glucose concentration before and during arterial sampling for 2H/13C metabolic flux analysis
(n ¼ 6e10 per group). (H) Liver glucose-6-phosphatase (G6PC) as determined by immunoblotting with a (I) representative immunoblot (n ¼ 7e8 per group). (J) Liver glucose-6-
phosphate (nmol/g), (K) glycogen (mg/g), and (L) glucose-1-phosphate (nmol/g) (n ¼ 7e8 per group). (M) Liver glycogen phosphorylase (PYGL) and (N) phospho-glycogen
synthase-to-total glycogen synthase ratio (p-GS/GS) as determined by immunoblotting with a (O) representative immunoblot (n ¼ 7e8 per group). (P) Liver glycerol-3-
phosphate, (Q) dihydroxyacetone phosphate (DHAP), (R) phosphoenolpyruvic acid, (S) 2-phosphoglyceric acid, and (T) 3-phosphoglyceric acid (nmol/g; n ¼ 4e8 per group).
Data are presented as mean � SEM. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001. Main effect of diet, #p < 0.05.
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Figure 3: Methionine restriction increases citric acid cycle anaplerotic and cataplerotic fluxes. (A) A schematic representation of select metabolites and metabolic fluxes
(highlighted in blue) from 2H/13C metabolic flux analysis associated with the citric acid cycle. Metabolic fluxes normalized to liver weight (mmol/g liver/min) were determined in wild-
type (WT) and glycine N-methyltransferase knockout (KO) mice receiving a control (CON) or methionine-restricted (MR) diet for (B) the contribution of pyruvate kinase and malic
enzyme to flux generating pyruvate (VPKþME), (C) flux of unlabeled lactate to pyruvate (VLDH), (D) anaplerotic flux from propionyl-CoA to succinyl-CoA (VPCC), (E) anaplerotic flux from
pyruvate to oxaloacetate (VPC), (F) cataplerotic flux of oxaloacetate to phosphoenolpyruvate (PEP) (VPCK), (G) flux from oxaloacetate and acetyl-CoA to citrate (VCS), and (H) flux from
succinyl-CoA to oxaloacetate (VSDH) (n ¼ 6e10 per group). (I) Liver citrate synthase activity (mmol/g liver/min; n ¼ 7e8 per group). (J) Liver citric acid (nmol/g), (K) a-ketoglutaric
acid (nmol/g), (L) succinic acid (nmol/g), (M) fumaric acid (nmol/g), (N) fumaric-to-succinic acid ratio (arbitrary units; n ¼ 7e8 per group). (O) Liver succinate dehydrogenase
activity (nmol/g liver/min; n ¼ 7e8 per group). (P) Liver malic acid, (Q) lactic acid, (R) pyruvic acid, (S) glutamate (nmol/g; n ¼ 7e8 per group), and (T) propionylcarnitine
(arbitrary units; n ¼ 7e8 per group). Data are presented as mean � SEM. ND ¼ not detected. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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3.4. Methionine restriction minimizes dysregulated
NADþ metabolism in livers of KO mice
Reactions within the citric acid cycle are dependent on NADþ avail-
ability and redox (NADþ/NADH) homeostasis (Figure 3R). Given this,
the relationship between the methionine cycle and NADþ metabolism
was evaluated. Loss of GNMT in mice receiving the control diet
increased liver methionine (Figure 4A and B), SAM (Figure 4C), and
SAH (Figure 4D) approximately 7-, 74-, and 5-fold, respectively. Di-
etary methionine restriction completely blocked the accumulation in
these metabolites (Figure 4BeD) and increased adenosine in KO mice
(Figure 4E). In KO mice fed a control diet, there was an increase in
other SAM-dependent methyltransferases (Figure 4F). Notably,
methionine restriction prevented the 4-fold increase in nicotinamide N-
methyltransferase (NNMT) in KO mice fed a control diet (Figure 4F).
NNMT connects the methionine cycle to redox homeostasis via its
actions in transferring a methyl group from SAM to nicotinamide
generating SAH and 1-methylnicotinamide, which depletes the sub-
strate for NADþ salvage (Figure 4A). In both genotypes, mice fed a
methionine-restricted diet showed higher nicotinamide (Figure 4G).
Despite normalized NNMT expression, 1-methylnicotinamide remained
elevated in KO mice (Figure 4H). N1-methyl-4-pyridone-5-carboxamide
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(4PY), a product of further 1-methylnicotinamide metabolism that is
directed away from NADþ synthesis, was higher in KO mice fed a
control diet (Figure 4I). The decline in nicotinamide mononucleotide
(NMN, a direct NADþ precursor) in control diet-fed KO mice was
mitigated by the low methionine diet (Figure 4J). Moreover, the
decreased NADþ in livers of KO mice was prevented by the dietary
intervention (Figure 4K). This was associated with the restoration of
NADH, the NADþ/NADH ratio, and NADPþ in livers of KO mice fed the
methionine-restricted diet (Figure 4LeN). These data indicate that
dietary methionine restriction restores NADþ salvage in KO mice in part
by lowering SAM and NNMT.

3.5. Methionine restriction prevents cytochrome c oxidase
dysfunction in livers of KO mice
Mitochondrial oxidative phosphorylation was assessed to further test
the impact of GNMT deletion and dietary methionine restriction on liver
oxidative metabolism (Figure 5). The low methionine diet increased
liver NDUFS4 protein in WT and KO mice (Figure 5A). Loss of GNMT
reduced cytochrome c oxidase subunit protein (COXIV) compared to WT
mice on a control diet (Figure 5A). Restricting dietary methionine led to
higher cytochrome c oxidase subunit protein (COXIV, MTeCO1, and
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Figure 4: Methionine restriction lessens disruptions in NADD homeostasis in livers of glycine N-methyltransferase knockout mice. (A) A schematic representation of
select metabolites and enzymes integrating the methionine cycle with NADþ metabolism. The blue dash line indicates loss of glycine N-methyltransferase (GNMT). The thick red
line indicates increased nicotinamide N-methyltransferase (NNMT) action. Italicized metabolites (Hcy, homocysteine) were not determined. (B) Liver methionine, (C) s-adeno-
sylmethionine (SAM), (D) s-adenosylhomocysteine (SAH), and (E) adenosine in GNMT knockout (KO) and wild-type (WT) mice receiving a control (CON) and methionine-restricted
(MR) diet (nmol/g; n ¼ 7e8 per group). (F) Liver GNMT, protein arginine N-methyltransferase 6 (PRMT6), DNA methyltransferase 1 (DNMT1), and NNMT as determined by
immunoblotting with a representative immunoblot (arbitrary units; n ¼ 6e8 per group). (G) Liver nicotinamide, (H) 1-methylnicotinamide, (I) N1-methyl-4-pyridone-5-carboxamide
(4PY), (J) nicotinamide mononucleotide (NMN), (K) NADþ, (L) NADH, (M) NADþ-to-NADH ratio, and (N) NADPþ (nmol/g or arbitrary units; n ¼ 7e8 per group). Data are presented
as mean � SEM. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
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Figure 5: Dietary methionine restriction restores cytochrome c oxidase function. (A) Liver mitochondrial proteins (NDUFS4, SDHA, UQCRC2, COXIV, ATP5A, MTeCO1, and
MTeCO2) in wild-type (WT) and glycine N-methyltransferase knockout (KO) mice fed a control (CON) or methionine-restricted (MR) diet as determined by immunoblotting with a
representative immunoblot (arbitrary units; n ¼ 7e8 per group). (B) Isolated liver mitochondria oxygen consumption rates normalized to mitochondrial protein (n ¼ 5e6 per group;
pmol O2/s/mg). (C) Respiratory control ratio (RCR) and (D) ETS/State3 (n ¼ 5e6 per group). (E) Cytochrome c oxidase (CIV) oxygen flux normalized to mitochondrial protein
(n ¼ 5e6 per group; pmol O2/s/mg). (F) Mitochondrial protein per liver weight (mg/g). (G) Liver energy charge (energy charge ¼ ([ATP] þ 0.5*[ADP])/([ATP]þ[ADP]þ[AMP]) and
(H) b-hydroxybutyric acid (arbitrary units; n ¼ 8 per group). (I) Liver ACADM, HMGCS2, and BDH1 as determined by immunoblotting with a representative immunoblot (arbitrary
units; n ¼ 7e8 per group). Data are presented as mean � SEM. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001. Main effect of diet, #p < 0.05, ##p < 0.01.
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MTeCO2) in both genotypes (Figure 5A). State 2 and state 3 respi-
ration rates supported by NADH-linked substrates were comparable
between groups (Figure 5B). Maximal electron transport (ETS) with
NADH-linked substrates was lower in KO mice compared to WT mice
on a control diet (Figure 5B). The respiratory control ratio was com-
parable between groups (Figure 5C), however, ETS reserve capacity
(ETS/State 3) was decreased in KO mice compared to WT mice on a
control diet (Figure 5D). Cytochrome c oxidase respiratory function was
decreased 2-fold in KO mice fed a control diet (Figure 5E). Dietary
methionine restriction abrogated the decline in cytochrome c oxidase-
mediated respiration (Figure 5E). Mitochondrial protein yield during the
isolation protocols was higher from livers of mice fed the methionine-
restricted diet (Figure 5F). Liver energy charge was reduced in
response to dietary methionine restriction (Figure 5G). Liver b-
hydroxybutyrate was higher in livers of KO mice receiving the
methionine-restricted diet (Figure 5H). Liver medium chain acyl-CoA
dehydrogenase (ACADM) protein was elevated in response to dietary
methionine restriction. Mitochondrial 3-hydroxymethylglutaryl-CoA
synthase (HMGCS2) protein was elevated in KO mice fed the
methionine-restricted diet compared to KO mice fed the control diet
(Figure 5I). These results indicate that loss of GNMT and methionine
restriction have a pronounced impact on oxidative phosphorylation
homeostasis.

3.6. Methionine restriction alleviates interruptions across one-
carbon metabolism in KO mice
Previous work identified that GNMT deletion decreases tissue folate
retention and impairs folate cycle function as indicated by lower
nucleotide synthesis [46,47]. In agreement, our results showed
markedly lower 5-methyltetrahydrofolate (5-MeTHF; Figure 6A and B),
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a prominent form of folate that functionally connects the methionine
and folate cycles by donating a one-carbon group to homocysteine to
form methionine and tetrahydrofolate [48]. Dietary methionine re-
striction increased 5-MeTHF tissue content in livers of both control and
KO mice, restoring its levels in livers of KO mice to levels observed in
livers of WT mice fed a control diet (Figure 6B). In addition, the decline
in adenine nucleotide levels in KO mice on a control diet was prevented
by a methionine-restricted diet (Figure 6C). Methylenetetrahydrofolate
reductase (MTHFR), the enzyme that generates 5-MeTHF [49], was
w3-fold higher in livers of control diet-fed KO mice, and this increase
was attenuated in KO mice receiving the methionine-restricted diet
(Figure 6D). Notably, a large fraction of the MTHFR pool was phos-
phorylated (Figure 6E). SAM inhibits MTHFR activity through both
allosteric and covalent modification (phosphorylation) mechanisms
[50,51]. Thus, the increased MTHFR in KO mice proves insufficient to
rescue 5-MeTHF synthesis or dysregulated folate and methionine cycle
connectivity.
Folate cycle function is dependent on multiple one-carbon donors
including serine, glycine, and sarcosine. The low methionine diet
increased liver phosphoglycerate dehydrogenase (PHGDH) and phos-
phoserine aminotransferase 1 (PSAT1) in both WT and KO mice
(Figure 6F). This was associated with a 56% and a 37% rise in con-
centrations of one-carbon donors serine and glycine, respectively, in
WT mice (Figure 6G and H). KO mice fed the methionine-restricted diet
showed higher glycine (Figure 6H). The one-carbon donor choline was
comparable between groups (Figure 6I); however, its product, betaine,
was elevated 15-fold in KO mice fed a control diet (Figure 6J). This
magnitude increase was lowered to 5-fold on a methionine-restricted
diet (Figure 6J). Dimethylglycine and sarcosine were increased in KO
mice on the methionine-restricted diet (Figure 6K and L). Thus, dietary
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Figure 6: Dietary methionine restriction restores connectivity between folate and methionine cycles and increases one-carbon donor availability. (A) A schematic
representation of select metabolites and reactions related to one-carbon metabolism. The blue dash line indicates loss of glycine N-methyltransferase (GNMT). Italicized metabolites
(Hcy, homocysteine; N-formylmethionine; THF, tetrahydrofolate) were not measured. (B) Liver 5-methyltetrahydrofolate (5-MeTHF) and (C) total adenine nucleotides (nmol/g; n ¼ 7e8
per group). (D) Liver methylenetetrahydrofolate reductase (MTHFR) as determined by immunoblotting with a representative immunoblot in GNMT knockout (KO) and wild-type (WT)
littermates on a control (CON) and methionine-restricted (MR) diet (arbitrary units; n ¼ 6e8 per group). (E) Representative image of phospho-MTHFR and unphosphorylated MTHFR as
determined by immunoblotting. (F) Liver phosphoglycerate dehydrogenase (PHGDH) and phosphoserine aminotransferase 1 (PSAT1) as determined by immunoblotting with a
representative immunoblot (arbitrary units; n ¼ 7e8 per group). (G) Liver serine and (H) glycine (nmol/g; n ¼ 7e8 per group). (I) Liver choline, (J) betaine, (K) dimethylglycine, and
(L) sarcosine (nmol/g; n ¼ 6e8 per group). Data are presented as mean � SEM. ND ¼ not detected. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
methionine restriction lowers SAM but promotes synthesis and/or
availability of multiple other one-carbon donors. This may aid in
restoring folate cycle function and/or connectivity with the methionine
cycle.

3.7. Folate and one-carbon donor availability governs liver
mitochondrial and lipid homeostasis
The folate cycle has nuclear-, cytosolic-, and mitochondrial-localized
reactions that transfer one-carbon units for nucleotide and/or N-for-
mylmethionine synthesis [52]. Thus, altered folate cycle function and
one-carbon donor availability may impact mitochondrial DNA
MOLECULAR METABOLISM 58 (2022) 101452 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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synthesis/integrity, gene transcription, and/or protein translation. To
test the role of dysregulated folate cycle function on mitochondrial
homeostasis, WT and KO mice were provided with a control or folic
acid-supplemented diet. Liver MTHFR remained elevated in KO mice
receiving the folate-supplemented diet (Figure 7A); however, the
additional dietary folic acid prevented the decline in liver mitochondrial
encoded cytochrome c oxidase II (MTeCO2) protein (Figure 7B). These
results indicate that perturbed folate cycle function may contribute to
the impaired cytochrome c oxidase function in KO mice.
To assess the impact of one-carbon donor availability on mitochondrial
and lipid metabolism, WT mice were fed a high-fat (HF) or HF diet
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Figure 7: Folic acid and one-carbon donor availability regulate liver mitochondrial and lipid homeostasis. (A) Methylenetetrahydrofolate reductase (MTHFR) and (B)
mitochondrially encoded cytochrome c oxidase II (MTeCO2) in livers of glycine N-methyltransferase (GNMT) knockout (KO) and wild-type (WT) mice fed a control (CON) or folate-
supplemented (FS) as determined by immunoblotting with a (C) representative immunoblot (arbitrary units; n ¼ 6e8 per group). (D) Liver succinate dehydrogenase subunit A
(SDHA), (E) cytochrome c oxidase subunit 4 (COXIV), and (F) MTeCO2 in livers of WT mice receiving a high-fat diet (HF) and or a serine/glycine-deficient HF diet (-SG) as
determined by immunoblotting with a (G) representative immunoblot (arbitrary units; n ¼ 7e8 per group). (H) Liver phospholipids, (I) diacylglycerides, and (J) triacylglycerides
(mg/mg; n ¼ 7e8 per group). Data are presented as mean � SEM. *p < 0.05. **p < 0.01. ***p < 0.001.
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deficient in serine and glycine (HF-SG). Mice receiving the HF-SG diet
showed decreased liver succinate dehydrogenase subunit A (SDHA)
and COXIV (Figure 7D and E). Further, liver diacylglycerides and tri-
acylglycerides were increased in mice fed the diet lacking serine and
glycine (Figure 7I and J). These data suggest the increased one-carbon
donor availability contributes to the mitochondrial and lipid phenotype
observed in mice on the methionine-restricted diet.

3.8. Assessment of extrahepatic factors underlying liver lipid
homeostasis
Like in fasted conditions, ad libitum fed KO mice receiving the control
diet had lower body weights compared to WT mice (Figure 8A). A
methionine-restricted diet decreased body weight in both genotypes
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compared to WT receiving a control diet (Figure 8A). Relative adiposity
and lean mass were comparable between groups (Figure 8B and C),
and plasma NEFAs were similar between groups (Figure 8D). Circu-
lating insulin was decreased in KO mice on both diets and WT mice fed
a methionine-restricted diet in relation to WT mice on the control diet
(Figure 8E). These results suggest that the liver-specific actions of
dietary methionine restriction are important in preventing liver stea-
tosis in KO mice.

4. DISCUSSION

Studies in humans [15,17,21e26] and experimental models [15e20]
have identified that decreased GNMT expression is common in NAFLD
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 8: Dietary methionine restriction and extrahepatic metabolism. (A) Body weight, (B) fat mass as a percentage of body weight, and (C) lean mass as a percentage of
body weight in ad libitum fed glycine N-methyltransferase (GNMT)-null (KO) mice and wild-type (WT) littermates receiving a control (CON) and methionine-restricted (MR) diet
(n ¼ 10e13 per group). (D) Fasting arterial non-esterified fatty acids (n ¼ 7e10 per group). (E) Fasting arterial insulin (pmol/L; n ¼ 7e10 per group). Data are presented as
mean � SEM. *p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.
and NAFLD-associated HCC. A causal role for the loss of GNMT in
NAFLD pathophysiology is supported by findings that GNMT-null mice
develop liver steatosis that progresses to HCC [28,29,32e34]. The
accumulation of liver lipids in GNMT-null mice is mediated in part by an
imbalance between lipid accretion and disposal [28,29,53]. Prior
research provides evidence that the increased SAM resulting from
GNMT deletion underlies the metabolic remodeling [28,29,53]. How-
ever, recent experiments suggest that loss of GNMT may impair citric
acid cycle enzyme activity independent of higher SAM [17]. The
objective of this study was to define the SAM-dependent regulation of
liver oxidative metabolism in GNMT KO mice.

4.1. Dietary methionine restriction and liver lipid homeostasis in KO
mice
Consistent with prior work [21,28,32,53,54], KO mice displayed
increased liver lipids. Martinez-Una et al. [53] found that the compen-
satory increase in phosphatidylethanolamine N-methyltransferase ac-
tivity in GNMT-null mice contributes to liver steatosis. Specifically, the
increased phosphatidylcholine generated from PEMT-mediated phos-
phatidylethanolamine methylation is diverted to triacylglyceride synthe-
sis [53]. We previously identified that the elevated liver triacylglycerides
in KO mice are associated with markers of increased de novo lipo-
genesis [28]. In this study, liver SCD1 and triacylglyceride desaturation
were elevated in KO mice. SCD1 action generates long-chain mono-
unsaturated fatty acids, which are preferentially committed to lipid
deposition rather than oxidation [55,56]. To further define the mecha-
nisms through which loss of GNMT promotes liver steatosis, mice were
fed a methionine-restricted diet. Dietary methionine restriction prevented
the accumulation of liver SAM in KO mice. This was accompanied by a
MOLECULAR METABOLISM 58 (2022) 101452 � 2022 The Authors. Published by Elsevier GmbH. This is an open a
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pronounced reduction in SCD1 expression, triacylglyceride desaturation,
and total triacylglycerides. Liver FASN and ACC, regulators of lipogen-
esis, were modestly lower in mice fed the methionine-restricted diet.
These results suggest that the dietary methionine restriction reduces
liver lipogenesis in KO mice. Future work that includes flux quantification
is required to confirm lipogenesis is decreased.

4.2. Glucose formation in the livers of WT and KO mice fed a
methionine-restricted diet
Fasting blood glucose was lower in KO mice fed a control diet. This
was a consequence of decreased endogenous glucose production
(EGP). Moreover, the decline in EGP is in part due to diminished
glycogenolysis in KO mice. Liver glycogen was elevated in KO mice,
which is consistent with impaired glycogenolysis. Novel findings in this
study identified that dietary methionine restriction increased glyco-
genolysis and decreased liver glycogen in KO mice. This was asso-
ciated with the restoration of EGP and circulating glucose levels. Few
studies have investigated the mechanisms through which SAM and/or
methionine cycle homeostasis regulate glycogen metabolism. We
show that the key glycogen regulators glycogen phosphorylase and
glycogen synthase were not influenced by loss of GNMT. Previous work
reported that livers of GNMT-null mice exhibit a SAM-dependent
impairment in the fusion of autophagic vacuoles with lysosomes
[57]. In addition, GNMT-null mice have reduced expression of acid a-
glucosidase, a lysosomal enzyme that hydrolyzes glycogen [31,58].
Thus, SAM-mediated attenuation of glycophagy may underly lower
glycogenolysis in KO mice.
The impaired EGP in KO mice was also due to decreased gluconeo-
genesis from phosphoenolpyruvate. Our results indicate that the lower
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gluconeogenesis was a consequence of dysregulated SAM homeo-
stasis, as dietary methionine restriction increased gluconeogenic
intermediates and restored gluconeogenic fluxes in KO mice. Inter-
estingly, gluconeogenesis in WT mice receiving the methionine-
restricted diet was higher compared to WT mice fed the control
diet. This was surprising given that the dietary methionine restriction
did not alter liver methionine and SAM levels in WT mice. Circulating
insulin was lower in WT mice fed the low methionine diet compared to
WT mice on the control diet. However, insulin action does not appear
to be the sole factor for increased gluconeogenesis, as KO mice fed
the methionine-restricted diet exhibited higher gluconeogenic flux
compared to KO mice on the control diet despite comparable insulin
levels. This suggests that glucoregulation by dietary methionine re-
striction is mediated partly by dynamic homeostasis of liver methio-
nine cycle intermediates.

4.3. Citric acid cycle and related fluxes in WT and KO mice fed a
methionine-restricted diet
The citric acid cycle is critical for terminal oxidation of nutrients. KO
mice fed a control diet exhibited diminished anaplerosis (VPCC) and
provision of anaplerotic nutrients (VLDH). Citric acid cycle fluxes (VCS
and VSDH), the fumarate-to-succinate ratio, and SDH activity were all
lower in KO mice fed a control diet. This was associated with the build-
up of citric acid cycle and anaplerotic metabolites. These data showing
disrupted citric acid cycle function in KO mice receiving a control diet
are consistent with our prior work [28,29]. Our results also align with
recent studies identifying that loss of GNMT reduces SDH activity [17].
Furthermore, the experiments presented here show that a methionine-
restricted diet did not resolve the decreased in vivo citric acid cycle
fluxes in KO mice. Conversely, the diminished fumarate-to-succinate
ratio and SDH activity were rescued by dietary methionine restric-
tion. It is currently unclear as to why the low methionine diet
normalized tissue indices of SDH action but did not increase in vivo
citric acid cycle fluxes. Our findings do suggest, however, that inhi-
bition of in vivo citric acid cycle flux in KO mice is independent of the
increased SAM.
Liver redox state was assessed to gain further insight into the dys-
regulated liver citric acid cycle flux in KO mice. Liver NADþ and the
NADþ-to-NADH ratio were lower in KO mice fed the control diet. The
dysregulated redox state was accompanied by w4-fold increase in
NNMT. NNMT transfers a methyl group from SAM to nicotinamide
forming 1-methylnicotinamide and SAH [59]. Both products were
higher in KO mice, suggesting that NNMT action was increased. Given
that nicotinamide is used in NADþ salvage, we previously speculated
that the increased NNMT is a compensatory response to lower SAM
that impedes NADþ salvage, decreases the NADþ-to-NADH ratio, and
thereby impairs citric acid cycle flux [29]. We found that dietary
methionine restriction reduced NNMT and increased both NADþ and
the NADþ-to-NADH ratio in KO mice. These findings suggest that loss
of GNMT impedes citric acid cycle flux via mechanisms that are in-
dependent of redox state. However, it should be noted that metabolite
measurements were completed in whole liver tissue which may not
fully reflect mitochondrial redox state.
Another conclusion arising from our data is that decreased citric acid
cycle flux alone does not induce liver steatosis in KO mice. Dietary
methionine restriction increased cataplerosis linked to gluconeogen-
esis (VPCK) in WT and KO mice. Cytosolic phosphoenolpyruvate car-
boxykinase (PEPCK) is a key regulator of cataplerosis as evidenced by
mice lacking liver PEPCK being characterized by impaired gluconeo-
genesis, cataplerosis, and citric acid cycle flux [60e62]. Moreover,
chronic suppression of PEPCK activity promotes liver steatosis and HCC
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in experimental models [62e67]. Dietary methionine restriction may
reduce steatosis in KO mice via the enhanced cataplerosis linked to
gluconeogenesis. Under these conditions, cataplerosis could function
as an outlet for excess nutrients and/or generate 3-phosphoglycerate
for de novo serine synthesis (discussed in Section 4.4). Importantly,
cataplerosis and gluconeogenesis are energetically costly as evi-
denced by the decline in liver energy state of mice fed the methionine-
restricted diet. We also showed that dietary methionine restriction
increased markers of b-oxidation and ketogenesis (ACADM, HMGCS2,
b-hydroxybutyrate) in WT and/or KO mice. Independent work using
14C-palmitate in liver homogenates has tested lipid oxidation in
response to dietary methionine restriction [68,69]. Hasek et al. found
that liver 14CO2þ 14C-labeled acid soluble metabolites were increased
in rats fed a methionine-restricted diet [68]. Malloy et al. did not
observe higher 14CO2 in rats receiving the low methionine diet, but liver
b-hydroxybutyrate was elevated [69]. Together, these prior studies
suggest b-oxidation and potentially ketogenesis are increased in
response to dietary methionine restriction. In addition, the absence of
changes in 14CO2 alone is consistent with our findings that terminal
oxidation in the citric acid cycle is not impacted by a low methionine
diet. Thus, elevated b-oxidation contributes to both lipid catabolism
and the energy demands of increased cataplerosis and gluconeo-
genesis in mice fed a methionine-restricted diet.

4.4. Dietary methionine restriction and oxidative phosphorylation in
WT and KO mice
We previously showed that isolated hepatocyte routine respiration was
lower in GNMT-null mice [28]. In this study we aimed to define site-
specific impairments in respiratory chain function. Cytochrome c oxi-
dase subunit protein was reduced in livers of KO mice, and cytochrome
c oxidase function as assessed by oxygen flux wasw60% lower in KO
mice. Both maximal electron transport (ETS) and reserve electron
transport capacity (ETS/State 3) supported by NADH-linked substrates
also decreased in KO mice. Together with our findings that SDH flux
and activity are reduced, these results indicate multiple sites involved
in oxidative phosphorylation are compromised by the loss of GNMT.
NADH:ubiquinone oxidoreductase and cytochrome c oxidase subunit
proteins were higher in WT and KO mice fed a methionine-restricted
diet. The dietary methionine restriction rescued cytochrome c oxi-
dase dysfunction in KO mice but did not significantly influence respi-
ratory flux in WT mice. In agreement, most [70e73] but not [74] all
studies evaluating the impact of dietary methionine restriction on liver
mitochondrial respiration report no change in WT mice. A methionine-
restricted diet has been shown to reduce hepatic cytosolic and nuclear
protein synthesis [75,76]. However, mitochondrial protein synthesis
was not affected, leading the authors to conclude that hepatic mito-
chondrial protein integrity is prioritized during methionine restriction
[75,76]. This selective maintenance of mitochondrial protein may
explain the higher mitochondrial protein normalized to total tissue
protein observed in our immunoblots, but comparable respiratory chain
function normalized to mitochondrial protein. Furthermore, the
compartmentation-specific impact of dietary methionine restriction on
protein synthesis may contribute to greater liver lipid oxidation.
GNMT is part of a larger metabolic network termed one-carbon
metabolism wherein one-carbon units are transferred within and be-
tween the methionine and folate cycles for biosynthetic purposes. Prior
work has shown that total folate retention and folate cycle function are
compromised by loss of GNMT [46,47]. Given that GNMT binds to 5-
MeTHF [77], it was hypothesized that the lower folate in GNMT-null
mice was due to reduced 5-MeTHF and that GNMT acts as a folate
reservoir [46]. Here we demonstrate that 5-MeTHF is indeed depleted
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in livers of KO mice; however, our data suggest that the excess SAM is
at least partly responsible for the folate depletion, as dietary methio-
nine restriction restored 5-MeTHF levels in KO mice. Our findings align
with experiments showing SAM inhibits MTHFR activity [50,51]. To test
the metabolic implications of lower folates and/or folate cycle dysre-
gulation in livers lacking GNMT, mice were provided a folic acid-
supplemented diet. Increasing dietary folic acid prevented the
decline in MTeCO2 protein. Consistent with our findings, dietary folate
deficiency decreases liver cytochrome c oxidase activity in rats [78]. In
addition, dietary folate supplementation reduces liver steatosis in
experimental models [79e81].
Serine and glycine are prominent one-carbon donors for folate cycle
actions. Dietary methionine restriction increased liver serine and
glycine in WT and KO mice. Independent of genotype, we show liver
PHGDH and PSAT1 were higher in mice fed a methionine-restricted
diet. These results provide evidence that restricting dietary methio-
nine enhances de novo serine synthesis and one-carbon donor
availability. The increased PHGDH and PSAT1 are among the most
reproducible observations associated with dietary methionine restric-
tion, making the expression of these enzymes a commonly used
biomarker for a successful dietary intervention [82e90]. However,
serine and glycine provision appear to have a more impactful role in
NAFLD given that serine or glycine supplementation attenuates liver
steatosis in rodents [91e94]. Here we demonstrate that dietary serine
and glycine deficiency promote liver steatosis and decreases mito-
chondrial protein. Future research should test whether serine and
glycine synthesis and/or availability mediate the mitochondrial adap-
tations to dietary methionine restriction.
In addition to testing the underlying actions of the methionine-
restricted diet, further work is needed to define the mechanisms by
which the higher SAM in KO mice impairs liver oxidative metabolism.
Previous work has identified that loss of GNMT and/or increased SAM
inhibit lipid degradation by autophagy [57], attenuate the activation of
AMP-activated protein kinase (AMPK) [95,96], alter phospholipid ho-
meostasis [53], and perturb liver DNA methylation [32,33]. It remains
to be determined whether these mechanisms, or others not yet
defined, connect the elevated SAM to impaired oxidative metabolism in
GNMT-null mice.

5. CONCLUSION

Loss of GNMT impairs oxidative metabolism to promote liver steatosis
via both SAM-dependent and SAM-independent actions. The
decreased in vivo citric acid cycle flux occurs through mechanisms that
are independent of the excess SAM. In contrast, gluconeogenesis and
respiratory chain function are impaired by higher SAM. The SAM-
dependent decline in oxidative metabolism is linked to dysregulated
folate cycle and one-carbon donor metabolism.
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