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Abstract

In humans and experimental animals, high fat diets (HFD) are associated with risk factors for
metabolic diseases, such as excessive weight gain and adiposity, insulin resistance and fatty liver.
Mice lacking the glutamate-cysteine ligase modifier subunit gene (Gclm(—/-)) and deficient in
glutathione (GSH), are resistant to HFD-mediated weight gain. Herein, we evaluated Gclm-
associated regulation of energy metabolism, oxidative stress, and glucose and lipid homeostasis.
C57BL/6J Gelm(—/-) mice and littermate wild-type (WT) controls received a normal diet or a
HFD for 11 weeks. HFD-fed Gelm(—/-) mice did not display a decreased respiratory quotient,
suggesting that they are unable to process lipid for metabolism. Although dietary energy
consumption and intestinal lipid absorption were unchanged in Gelm(—/-) mice, feeding these
mice a HFD did not produce excess body weight nor fat storage. Gelm(—/-) mice displayed higher
basal metabolic rates resulting from higher activities of liver mitochondrial NADH-CoQ
oxidoreductase, thus elevating respiration. Although Gelm(—/-) mice exhibited strong systemic
and hepatic oxidative stress responses, HFD did not promote glucose intolerance or insulin
resistance. Furthermore, HFD-fed Gelm(—/—) mice did not develop fatty liver, likely resulting
from very low expression levels of genes encoding lipid metabolizing enzymes. We conclude that
Gclm is involved in the regulation of basal metabolic rate and the metabolism of dietary lipid.
Although Gcelm(—/-) mice display a strong oxidative stress response, they are protected from
HFD-induced excessive weight gain and adipose deposition, insulin resistance and steatosis.
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Introduction

Glutathione (GSH), the most abundant non-protein thiol in mammalian cells, serves diverse
cellular functions. GSH acts as an antioxidant and substrate for antioxidant enzymes, forms
mixed disulfide redox couples, affects post-translational protein modification, reduces
ribonucleotides and several lipid second-messengers, regulates nitric oxide signaling
pathways, and influences neurotransmission (Dalton et al., 2004). GSH is synthesized by the
sequential actions of rate-limiting glutamate-cysteine ligase (GCL) and glutathione
synthase. In higher eukaryotes, GCL is most catalytically active as a heterodimer, comprised
of a catalytic subunit (GCLC) and a modifier subunit (GCLM) (Chen et al., 2005). GCLM
binding to GCLC regulates the rate of de novo GSH synthesis by decreasing the K, for
glutamate and ATP, increasing the K; for feedback inhibition by GSH, and -
glutamylcysteine biosynthesis. Oxidative stress upregulates GCL subunits increasing the
velocity of transcriptionally through the NRF2/KEAP1 signaling pathway (Kode et al.,
2008), or it induces rapid GCL activation through transcription-independent association of
the GCLC and GCLM subunits (Krejsa et al., 2010).

Since low levels of GSH are typically associated with diseases such as AIDS {54} and
susceptibility to environmental toxicants (Smith et al., 1996), various clinical studies
evaluated methods to increase blood and tissue GSH. While oral GSH is not available
systemically in humans (Witschi et al., 1992), intravenous cysteine or GSH infusion elevates
the levels of hepatic and renal GSH (Aebi and Lauterburg, 1992). Furthermore, oral
administration of the bioavailable form of cysteine, N-acetylcysteine, increases blood and
tissue levels of cysteine and GSH {54}. Thus, both genotype and dietary variables,
especially amino acids such as methionine (Ronchi et al., 2010), are important in regulating
GSH levels.

Both animal and human studies have shown the importance of GCLM in regulating GSH
homeostasis and preventing toxicity and disease conditions (Dalton et al., 2004). This lab
has generated a mouse model with ablation of the Gclm gene. These mice, and cells derived
from these mice, have only 10-25% of the wild-type (WT) cellular levels of GSH, and show
altered sensitivity to many environmental chemicals (Yang et al., 2002; Dalton et al., 2004).
In the absence of chemical exposures, the intrinsic oxidative stress status for these mice has
not been fully characterized. This is an aim of the current study.

In the course of maintaining the Gclm mouse line, we observed that Gelm(—/—) mice, when
consuming breeder chow that contains about twice the energy from fat as a normal diet
(ND), did not gain weight as rapidly as WT mice. Additional studies confirmed that Gelm(—/
—) mice did not gain excess weight even when fed a high fat diet (HFD) in which there is a
6-fold increase in energy from fat. This finding provides the basis for the present study,
which examines the roles for GCLM and GSH in oxidative stress, energy homeostasis, lipid
metabolism and risk indicators for potential metabolic disorders associated with high dietary
fat intake, such as insulin resistance preceding type 2 diabetes mellitus and steatosis
preceding fatty liver-associated diseases.
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Materials and Methods

Animals and treatment

All experiments involving mice were conducted in accordance with the National Institutes
of Health standards for care and use of experimental animals as stated in Principles of
Laboratory Animal Care (NIH Publication No. 85-23, revised 1985;
http://grantsl.nih.gov/grants/olaw/references/phspol.htm), and the University of Cincinnati
Institutional Animal Care and Use Committee. Gelm(—/—) mice and WT littermate controls
were bred in-house from a line previously generated and backcrossed onto a >99.8%
C57BL/6J background (Yang et al., 2002). Animals were group-housed, maintained on a 12-
h light/dark cycle, and had access to water ad libitum. Mice were matched by initial body
weight (BW), assigned to groups, and given ad libitum a ND (AIN-93M, Research Diets,
New Brunswick, NJ) containing 16.12 kJ/g diet with 1.29 kJ derived from fat. At 8 weeks of
age, some female mice were transferred to a HFD consisting of AIN-93M diet with
additional butterfat, producing 19.34 kJ/g diet with 7.74 kJ derived from fat. Both diets
contained the same amount of protein, minerals and vitamins. Mice were killed by CO,
asphyxiation 11 weeks after starting the HFD. Blood was collected in borate-heparin buffer
as described, for determination of thiols and thiol disulfides (Jones et al., 1998).

Metabolic parameters and body composition

BWs were measured and food and water consumption were estimated twice weekly. In vivo
oxygen consumption and CO, release were determined using metabolic chambers. Oxygen
consumption was determined as gas consumed in the presence of soda lime to absorb CO,.
COy, release was calculated as gas consumed in the presence of, minus the absence of, soda
lime. Estimates of total fat tissue, lean tissue (muscle), and water were assessed in live,
unanesthetized mice by nuclear magnetic resonance (EchoMRI; EchoMedical Systems,
Houston TX; http://www.echomri.com).

Intestinal lipid absorption

Intestinal lipid absorption was assessed by the University of Cincinnati Mouse Metabolic
Phenotyping Core (http://mousephenotype.uc.edu/UC/LLGMeta.html). A separate group of
mice was fed the HFD containing a standard amount of sucrose polybehenate (SPB), a
compound structurally similar to triacylglycerol, but not hydrolyzed by intestinal lipases and
not absorbed from the intestinal lumen. Lipid and SPB content in fecal samples were solvent
extracted and esterified with methanolic BF3 to form fatty acid (FA) methyl esters, then
analyzed by gas chromatography. The percent of dietary lipid absorbed, corrected for minor
diet contamination of the feces, was calculated as [(dietary FA/SPB in diet) minus (fecal FA/
SPB in feces)]/(dietary FA/SPB in diet).

Mitochondrial respiration

Mice were killed by CO, asphyxiation. Liver was excised and mitochondria were isolated,
washed, then centrifuged through a cushion of respiratory buffer (70 mM sucrose, 220 mM
mannitol, 0.5 mM EDTA, 2.5 mM KH,POy, 2.5 mM MgCls, 0.1% bovine serum albumin,
and 2 mM HEPES, pH 7.4). The mitochondrial pellet was suspended in respiratory buffer
and State 3 and State 4 respiration was measured polarographically with a Clark-type
oxygen electrode.

Thiols, thiol disulfides and redox potential

Thiols and thiol disulfides were determined using a Waters HPLC and a Waters Nova-Pak
Cjg column (3.9 mm x 150 mm; 4 um), with mobile phases and fluorescence detection of
the dansylated products at excitationsss nm and emissions;s nm (Jones et al., 1998). For GSH,
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cysteine and homocysteine, the redox potentials (AE) for the RSSR/2RSH half-reactions,
RSSR + 2H* — 2RSH, were calculated as: AEgssr/2rsH = {AE® + (RT/nF) x (actual pH —
standard pH)} — {RT/nF In ([RSH]%[RSSR])}, where R = GSH, cysteine or homocysteine,
n = number of electrons transferred, R = universal gas constant (8.31J K™ mol™1), T =
degrees Kelvin, F = Faraday constant (9.65 Coulombs x 104 mol™1). The standard redox
potentials (AE%) of —240 mV for GSSG/2GSH, and —340 mV for CySS/2Cys and HcySS/
2Hcy were used. For glutathione at 37°C, and assuming a cytosolic pH of 7.4, AEgssc/2GsH
= {-240 mV + (—61.5 mV/2e") x (0.4)} — {(61.5 mV/2e") x log ([GSH]¥/[GSSG])]}
(Dalton et al., 2004).

Glucose and glucose tolerance test

Glucose concentration was determined with a handheld glucometer (Ascensia Contour
glucometer, Bayer). Aliquots of 5 uL blood from 8-hour fasted mice (fasted from midnight
to 8 a.m.) were applied directly to glucose strips, between the hours of 8 a.m. and 10 a.m., to
measure fasting levels of blood glucose and control for possible variability due to diurnal
rhythm effects. Glucose tolerance tests were performed following an 8-h fast. After initial
blood collection, 1.5 mg D-glucose/g BW was administered by i.p. injection, followed by
120 min of periodic collections of blood. Plasma insulin was measured using a
radioimmunoassay employing guinea pig anti-insulin serum with high affinity for rodent
insulin (Elder et al., 2006).

Quantification of hepatic lipid

Hepatic lipid was evaluated by gravimetric and histological procedures. For gravimetric
analysis, total nonpolar and polar lipids were extracted from a portion of the liver with
CHCI3:MeOH (2:1, v/v) (2h, dark, 4°C). MgCl, (2 vol of 1 mM) was added, mixed, and
centrifuged at 1,5009 for 15 min. The lower CHCI3 phase was treated with anhydrous
NaySQOy, dried under argon, and the residue dissolved in 250 pL diethyl ether. Acetone (5
mL) was added, and the mixture stirred at 4°C to precipitate phospholipids. After
centrifugation, the supernatant (containing nonpolar lipids) was removed, and both
supernatant and pellet (containing phospholipids) were separately dried under argon and
weighed. For histological determination of the number and size of lipid droplets, 5 um
sections of liver were stained with H&E, photographed at 100X magnification and saved as
TIFF images. The size and number of lipid droplets per unit area were calculated from
several randomly selected fields per mouse, utilizing Image J version 1.44 software
(http://rsb.info.nih.gov/ij/).

Other assays

Hepatic GSH peroxidase (GPX1) (Guinzler and Flohé, 1985) and GSSG reductase (GSR)
(Mulherin et al., 1996) activities were quantified as described. For heme oxygenase
(HMOX1), liver tissue was homogenized on ice in 50 mM Tris-HCI buffer containing 0.5%
Triton X-100 (pH 7.4). After centrifugation at 10,0009, 100 pL supernatant (containing
biliverdin reductase) was mixed with 1 mL 10 mM NADPH, 10 mM MgCl,, and 2.5 mM
hemin, at 37°C in the dark. After 30 min, the reaction was terminated by the addition of 1
mL chloroform. After centrifugation, bilirubin absorbance(s3-520 nm) Was determined in the
supernatant and compared against bilirubin standards. Control assay samples did not contain
NADPH. Membrane fluidity (fluorescence anisotropy) of red blood cells was assayed as
described (Shertzer et al., 1991) utilizing the membrane interior lipid bilayer probe 1,6-
diphenyl-1,3,5-hexatriene (DPH) and the membrane surface probe 1-(4-
trmethylammoniumphenyl-6-diphenyl-1,3,5-hexatriene p-toluenesulfonate (TMA-DPH).
The enzyme activity for segments of the mitochondrial respiratory chain were assayed as
described (Shertzer et al., 2006). H,O, was monitored at 37°C in freshly-prepared
mitochondria as 5 uM luminol (5-amino-2,3-dihydro-1,4-phthalazinedione)
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chemiluminescence that was inhibited by 500 U/ml catalase, utilizing the substrates 6 mM
succinate or 3 mM malate + 3 mM glutamate, under ADP-limited conditions (state 4) (Senft
et al., 2002). Hemoglobin (Hgb) and metHgb were quantified spectrophotometrically
(Winterbourn, 1985), and mean corpuscular hemoglobin concentration (MCHC) was
calculated from hematocrit (Hct) and Hgb. Protein was measured by the bicinchoninic acid
method (Pierce Chemical Co.; Rockford, IL).

RNA isolation and microarray analysis

Liver was removed, quickly rinsed in ice-cold RNase-free PBS, flash-frozen in liquid Ny
and stored at —80°C. Frozen tissue (~50 mg) was homogenized in Tri Reagent™ (Molecular
Research Center, Inc., Cincinnati, OH U.S.A.) and RNA was isolated from the homogenate
per the manufacturer’s protocol. Total RNA quantity and quality were assessed by
absorbance g0 nm) and absorbance ratios of 260/280 nm and 260/230 nm ratios,
respectively, utilizing Agilent Bioanalyzer/Nanodrop analysis (Agilent 2100 Bioanalyzer).
RNA samples (n=4 per treatment group) with absorbance(,s0/280) ratios = 2.0 were used for
microarrays and gRT-PCR. RNA samples were labeled by reverse transcription and
competitively hybridized to microarrays of labeled cDNA targets with two dye flips per
group (http://microarray.uc.edu/). Microarray data were analyzed online using the NIH
National Institute for Allergy and Infectious Diseases program DAVID v6.7 (Database for
Annotation, Visualization and Integrated Discovery) (http://david.abcc.ncifcrf.gov/).

cDNA synthesis and quantitative real-time PCR (QRT-PCR)

Statistics

cDNA synthesis was performed using an RNA-to-cDNA kit (Applied Biosystems).
Synthesis of cDNA was carried out using 0.5 pg total RNA; qRT-PCR was performed on an
MJ Opticon (Bio-Rad, Hercules, CA) using SYBR Green 2X RT-PCR master mix (Bio-
Rad) with a total reaction volume of 20 uL. Thermocycling parameters were: 95°C for 3
min followed by 40 cycles of 95°C for 30 s, 55°C for 60 s, 72°C for 60 s, followed by data
collection at the end of each cycle. Primer sequences and Amplicon size [base pairs] were:
fatty acid synthase (Fasn; F5'-CCTGGATAGCATTCCGAACCT, R5'-
AGCACATCTCGAAGGCTACACA [122]), elongation of long chain fatty acids-6 (Elovl6;
F5-GCGCTGTACGCTGCCTTTAT, R5-GCGGCTTCCGAAGTTCAAA [76]), steroyl-
CoA desaturases-1 and -2 (Scd1/2; F5'-CAACACCATGGCGTTCCA, R5'-
GGTGGGCGCGGTGAT [59]), sterol regulatory element-binding protein-1 and -2 (Srebfl;
F5'-CCAGAGGGTGAGCCTGACAA, R5-AGCCTCTGCAATTTCCAGATCT [72] and
Srebf2; F5'-GCGGACAACACACAATATCATTG, R5'-
TGACTAAGTCCTTCAACTCTATGATTTTG [80]), peroxisome proliferator-activated
receptor alpha (Ppara; F5'-TGGTTCCTGGTGCCGATTTA, R5'-
ACTAGCATCCCACTTAATTATGTATCTGAA [99]), peroxisome proliferator-activated
receptor gamma coactivator-1-alpha (Ppargcla; F5'-TATGGAGTGACATAGAGTGTGCT,
R5'-CCACTTCAATCCACCCAGAAAG [134]) and 18S mRNA (F5'-
CGGCTACCACATCCAAGGAA, R5-GCTGGAATTACCGCGGCT [201]). Primer
sequences were confirmed to be specific for the target gene by using a basic local alignment
search tool (PRIMER-BLAST; http://blast.ncbi.nIm.nih.gov/Blast.cgi). All reactions were
performed in duplicate with a minimum of three independent replicates, and gene expression
values were calculated using the difference in target gene expression relative to 18S mRNA
utilizing the 2-AA% method (Livak and Schmittgen, 2001).

Statistical significance of the differences between group sample mean values was
determined by either a one-way ANOVA (genotype), or a two-way ANOVA (genotype and
diet), followed by the Student-Newman-Kuels test for pairwise comparison of means.
Potential interactions between the primary variables, genotype and diet, were also evaluated.
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Comparison of the rates of BW gain was evaluated using Friedman repeated measures
ANOVA on ranks, with Tukey pairwise multiple comparison. GO and KEGG pathway
differences were considered significant with FDR < 0.05. Statistics were performed using
SigmaStat Statistical Analysis software (SPSS Inc., Chicago, IL).

BW gain, body composition and systemic energy metabolism

We measured BW gain and evaluated body composition in Gelm(—/—) and WT mice fed
either a ND or HFD for 11 weeks. For ND-fed mice (Fig. 1A), WT mice gained 0.079 g/d
(r?=0.956), while Gclm(—/-) mice gained 0.046 g/d (r2=0.959). For HFD-fed mice (Fig.
1B), WT mice gained 0.150 g/d (r?=0.983), while Gclm(—/-) mice gained 0.061 g/d
(r?=0.983). BW changes were correlated with changes in body fat (Fig. 1C). Because lean
body mass (Fig. 1D) and body water (data not shown) did not differ between groups,
increase in adipose as storage fat was concluded to be the primary cause for BW gain in
HFD-fed WT mice. Neither food nor water consumption, nor intestinal lipid absorption,
could explain the lack of gain in BW and storage fat in HFD-fed Gelm(—/—) mice. For all
groups, daily food and water consumption was 247-257 kJ/100 g BW, and 33-36 mL/kg
BW, respectively. Dietary lipid absorption was 93.6% + 2.3% for WT mice and 91.3% +
2.9% for Gelm(—/—) mice.

Because basal metabolic rate (BMR) is an important factor in determining the rate of energy
storage, we measured O, consumption and CO5, release to calculate systemic respiration
parameters. WT mice consumed less O, on the HFD than on the ND (111 + 4 versus 123 + 3
kcal/h-m?2), respectively (Fig. 2A-B). Gelm(—/-) mice, in contrast to WT mice, have a higher
BMR, which is not affected by the diet formula (139 + 5 kcal/h-m2 for ND, versus 136 + 3
kcal/h-m2 for HFD). Furthermore, HFD reduced the respiratory quotient (CO, release/O,
consumption) in WT mice from 0.81 + 0.04 to 0.69 + 0.04, indicating a switch from
balanced metabolism to fat as the major energy source (Fig. 2C-D). There was no difference
between respiratory quotient in Gelm(—/—) mice fed ND (0.79 £ 0.01) or HFD (0.80 + 0.02),
suggesting that Gelm(—/—) mice fed HFD did not utilize the excess dietary fat for energy
metabolism. We also examined the relationship between BMR and the rate of BW gain. A
highly significant first-order inverse correlation exists, with r2 = 0.906 (Fig. 2E).

Hepatic mitochondrial respiration and mitochondrial release of H,O»

In order to determine the cause of the increase in BMR in Gelm(—/—) mice, we examined
mitochondrial respiration in liver. For both states 3 and 4 (ADP-limited) respiration,
mitochondrial rates for O, consumption with NADH-dependent substrates, such as malate
and glutamate, are typically less than half the rates utilizing FAD-dependent substrates, such
as succinate (Fig. 3A, B), indicating that the NADH dehydrogenase complex 1 is rate-
limiting in mitochondrial respiration. Under every condition, states 3 and 4 respiration
change proportionally (Fig. A-D), such that energy coupling is the same with malate +
glutamate as with succinate (Fig. 3E, F). Hepatic mitochondria from Gclm(—/-) mice
displayed an increase in malate + glutamate-dependent, but not succinate-dependent,
respiration (Fig. 3A). The site for this increase in mitochondrial respiration in Gelm(—/-)
liver mitochondria (i.e., the rate-limiting subunit(s) for electron transport within complex 1)
is located specifically after NADH dehydrogenase (NDH) and before coenzyme Q (Fig. 4).
Microarray results did not reveal any significant change in hepatic expression for 37
nuclear-encoded complex 1 subunit genes in Gelm(—/—) mice.

Because mitochondrial complexes 1 and 3 are major sources of reactive oxygen production,
we evaluated this parameter utilizing substrates for complex 1 (NADH-linked substrates
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malate + glutamate) and complex 2 (FADH-linked substrate succinate). Compared with WT
mice, Gelm(—/—) mice generated more H,O, with both substrates (Fig. 5). However, the
increase was greater with malate + glutamate than with succinate, and was most pronounced
in mice consuming the HFD.

Oxidative stress and thiol status

Although GSH status for these Gelm(—/—) mice has been reported previously (Yang et al.,
2002; Dalton et al., 2004), biological thiol redox signaling involves not only GSH, but
cysteine (Cys) and homocysteine (Hcy) as well (Jones, 2006; Giustarini et al., 2011). In
Gcelm(—/-) mice, relative to WT, decreases in plasma levels of GSSG and cystine (CySS)
were proportionately less than decreases in GSH and Cys, respectively (Fig. 6A-B). This
imbalance produced decreases in GSH/GSSG and Cys/CySS, and resulted in positive thiol
reduction potentials (more oxidized thiol redox states). Hcy behaved quite differently (Fig
6C). Gelm(—/-) mice showed elevated plasma levels of Hcy, with even greater increases in
HcySS, such that the Hcy/HcySS ratio was significantly decreased and AEpyss/oHcy Was
unchanged.

We also evaluated hepatic thiols, where glutathione changes in Gelm(—/—) mice roughly
mirrored those in blood, with a disproportional decrease in GSH relative to GSSG (Fig. 7A-
B), such that GSH/GSSG ratios were reduced by two-thirds (Fig. 7C) and AEgssg/2gsH Was
less negative (Fig. 7D). Liver tissue concentrations of CySS and HcySS were not detectable
(<10 uM). These observations are in agreement with the concept that circulating thiols are
primarily exported from the liver.

Accompanying the more oxidized thiol redox state in Gelm(—/-) relative to WT mice is a
strong systemic oxidative stress response, evident by increases in activity of hepatic
antioxidant enzymes heme oxygenase-1 (HMOX1), glutathione peroxidase-1 (GPX1) and
glutathione reductase (GSR) (Fig. 8A-C), the gene expression levels of which are regulated
by the oxidative stress-responsive transcription factor NRF2. Biochemical changes in red
blood cells (RBCs) also reflect the systemic oxidative stress. In Gelm(—/—) mice, Hct, Hgb
and MCHC (Fig. 8D, E, G) are decreased, while metHgb is increased 3.5-fold (Fig. 8F).
Furthermore, whereas fluidity of the RBC lipid bilayer is not changed in Gelm(—/—) mice
(Fig. 7H), fluidity at the surface (Fig. 81) is increased (decrease in the r value). This finding
suggests the occurrence of oxidation of surface lipids or proteins in these cells.

Glucose homeostasis and steatosis

A number of physiological and biochemical changes that occur in Gelm(—/-) mice
(oxidative stress, low GSH and elevated Hcy levels) are considered to be risk factors for
type 2 diabetes and fatty liver diseases. Therefore, we evaluated glucose homeostasis and
hepatic lipid content, expecting to find that the Gelm(—/—) mice were glucose intolerant and
steatotic. To the contrary, we found that Gelm(—/—) mice on a ND had improved glucose
tolerance over WT littermates (Fig. 9A). When placed on the HFD, WT mice exhibited
reduced glucose tolerance, while Gelm(—/—-) mice remained highly glucose tolerant (Fig.
9B). Similarly, whereas HFD increased fasting plasma insulin and caused insulin resistance
(expressed as homeostasis model assessment of insulin resistance, HOMA-IR) in WT mice,
Gcelm(—/-) mice were resistant to HFD-induced changes in insulin homeostasis (Fig. 9C-D).
Furthermore, glucose-stimulated plasma insulin levels were higher in Gelm(—/—) mice than
WT mice (Fig. 9C).

We evaluated hepatic lipid accumulation by gravimetric analysis following lipid extraction,

and also by histology and morphometric analysis. Whereas HFD produced an almost 4-fold
increase in nonpolar lipid content (primarily triglycerides) in WT mice, only a small
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increase was observed in Gelm(—/—) mice (Fig. 10A). There were no differences seen
between any experimental groups in the liver content of phospholipids (Fig. 10B), which are
primarily membrane components and do not contribute to fatty liver. Morphometric analysis
of liver histology supported the gravimetric data, in that HFD-mediated steatosis occurred in
WT mice but not in Gelm(—/-) mice (Fig. 10G). In WT mice, HFD caused a 37% increase
in liver weight (Fig. 10C), attributable in large part to a 2-fold increase in lipid vacuole
diameter (Fig. 10D), and a 4-fold increase in number of lipid droplets (Fig. 10E), which
resulted in a 19-fold increase in hepatic lipid (Fig. 10F). In contrast, HFD caused no change
in liver weight and relatively small amounts of lipid accumulation in Gelm(—/-) mice (Fig.
10C-F).

Lipid metabolism in Gelm(—/=) mice

In order to gain insight into why Geclm(—/-) mice did not exhibit excess fat storage and
steatosis when consuming a HFD, we performed gene expression analysis. Relative to WT
mouse liver, the expression levels for lipid metabolism genes were strikingly down-
regulated in Gelm(—/-) mouse liver (Fig. 11 A-B). Based on microarray data, we confirmed
by gRT-PCR that several hepatic genes controlling rates of lipid biosynthesis are down-
regulated. Gelm(—/-) mice were extremely deficient in Fasn expression (3% of WT), Elovl6
(6% of WT), Scd1/2 (17% of WT), Srebfl (14% of WT), Srebf2 (9% of WT), Ppara (16%
of WT), and Ppargcla (29% of WT).

Statistical evaluation of possible interactions between genotype and diet

In performing the two way ANOVAs, we examined possible interactions between the
primary variables, genotype and diet. For each case where both primary variables are
present, the effect of different values observed for Gelm(—/—) mice does not depend on the
diet, indicating that there is not a statistically significant interaction between genotype and
diet. Since diet did not alter the values obtained for Gelm(—/-) mice, but did for WT mice,
then the Gelm(—/-) genotype is dominant over the HFD for the data described in this paper.

Discussion

Changes in lipid, protein and carbohydrate storage depend only on energy inflow minus
energy outflow. A positive balance typically results in an increase in fat storage. While diet
and exercise contribute to the energy balance, there are countless animal and environmental
variables that factor into the equation on both sides. The C57BL/6 mouse has proven to be a
valuable rodent model for diet-induced obesity, and associated metabolic disorders
(Matsuzawa-Nagata et al., 2008). The Gclm(—/-) mouse on the C57BL/6 background
likewise has been a useful model to evaluate the etiological and regulatory role for GSH on
toxicological, pharmacological and clinically-relevant disease processes in humans. Plasma
GSH levels in WT Gcelm(+/+), Gelm(+/-), and Gelm(—/—) mice are 62-75 pM, 30 uM and
10-14 pM, respectively ((Dalton et al., 2004), and this paper). Plasma levels in humans have
extreme ranges, estimated at 18 + 6 uM (range = 3-38 pM) (Look et al., 1997),5 + 2 uM
(range = 2-12 pM) (Morrison et al., 1999), 3 + 2 uM (range = 1-6 uM) (Michelet et al.,
1995), and 3 £ 2 uM (range = 1-12 uM (Flagg et al., 1993). Thus, GSH plasma levels in
WT, Gclm(+/-), and Gelm(—/—) mice are well within the range of levels found in human
populations. Hence, the Gelm(—/—) phenotype described in this paper may be clinically
relevant.

The Gelm(—/-) mouse manifests a lean phenotype even when consuming a HFD. Since the
phenotype cannot be explained by differences in energy intake or intestinal lipid absorption,
we focused on energy utilization. The highly significant and correlative relationship between
oxygen consumption and rates of BW gain suggests that BMR, under the conditions of the
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present study, is the major determinant for increases in body mass. This does not diminish
the potential importance of other factors, especially energy expenditure variation due to
activity and body temperature. The increase in BMR in Gelm(—/—) mice is reflective of an
increase in mitochondrial respiration, due to the increase in rate-limiting complex 1. We
found no change in the expression of 37 nuclear-encoded subunit proteins for complex 1
represented on the microarray chip. One possibility for the enhanced activity of
mitochondrial complex 1 in Gelm(—/—) mice may be due to the upregulation of
mitochondrial genes encoding rate-limiting complex 1 proteins, such as MT-ND1/2/3/4/4L/
5/6. Another possibility is a post-transcriptional or post-translational activation of complex 1
subunits. It appears that both complexes 1 and 3 are major sources of reactive oxygen, the
production of which supports the strong systemic and hepatic oxidative stress response
observed in Gelm(—/—-) mice. Furthermore, the amount of H,O, generated in complex 1
relative to complex 3 is greater in Gelm(—/—) mice than WT mice, and the complex 1
portion of H,O, generated increases even further in liver mitochondria from mice fed a
HFD.

Although Gcelm(—/-) mice have reduced GSH levels, there are at least two reasons why the
phenotype described in this paper cannot be directly ascribed to low levels of GSH. First,
ablating a gene such as Gclm can affect many metabolic and signaling pathways, which then
secondarily may generate the observed phenotype. Second, reducing GSH alters the redox
state of many other thiols, including not only cysteine and homocysteine, but thioredoxins,
glutaredoxins, and countless protein thiols (Jones, 2008; Hansen et al., 2006). The oxidative
stress resulting from GSH depletion leads to the formation of thiol-protein mixed disulfides
(Dalton et al., 2004). With diminished GSH, Cys must provide much of the thiol-mediated
antioxidant response of the cell, resulting in an increase in carbon flow from methionine
through the methionine trans-sulfuration pathway, raising the levels of metabolic
intermediates such as Hcy in Gelm(—/—) mice. Homocysteinemia has been shown to be
associated with oxidative stress and an increase in antioxidant enzymes (Moat et al., 2000).
A possible mechanism for this relationship may involve insulin. Insulin is an important and
potent regulator of Hcy metabolism, by transcriptional inhibition of both Hcy metabolizing
enzymes, betaine homocysteine methyltransferase and cystathionine beta-synthase
(Wijekoon et al., 2007). In humans, type 2 diabetes is typically preceded by years of insulin
resistance and elevated blood insulin levels. Although Gelm(—/-) mice are insulin sensitive,
their levels of plasma insulin after a glucose challenge are higher in than in WT mice. This
mechanism may account for the elevated Hcy levels in liver and plasma observed in
Gcelm(—/-) mice. Conversely, the increased glucose tolerance in Gelm(—/—) mice may
contribute to the elevated plasma levels of Hcy. Supporting this possibility was the finding
that, in both lean and obese humans, plasma levels of Hcy were inversely associated with
insulin resistance (Fonseca et al., 2003).

In spite of the association between oxidative stress and insulin resistance (Matsuzawa-
Nagata et al., 2008), Gelm(—/-) mice, even fed a HFD, remain highly insulin sensitive and
glucose tolerant. In particular, the HFD-associated increase in fasting plasma insulin is
absent, and glucose tolerance is enhanced, in Gelm(—/-) mice. It is suggested that, in WT
mice, saturation of lipid metabolism resulting from excess dietary fat intake inhibits cellular
glucose uptake and insulin signaling in peripheral tissues (e.g., liver, skeletal muscle,
adipose), leading to insulin resistance and compensatory increase in insulin secretion
(Biswas et al., 2010). Due to intrinsic defects in lipid metabolism in Gelm(—/—) mice, such a
cascade of events may not occur, which may explain the sustained insulin sensitivity in
HFD-fed Gelm(—/-) mice.

Although oxidative stress (Koek et al., 2011), liver-specific deletion of the Gclc gene (Chen
et al., 2007), and hyperhomocysteinemia (Namekata et al., 2004) are all associated with the
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development of steatosis, Gelm(—/—) mice still do not develop fatty liver when placed on a
HFD. A primary reason for this phenotype is likely the drastic suppression of genes involved
in hepatic de novo lipogenesis in these mice. Furthermore, the increase in body fat and a
major shift in metabolism towards utilizing lipids as the metabolic fuel observed in HFD-fed
WT mice are completely blocked in HFD-fed Gelm(—/—) mice, suggesting that lipogenesis
and lipolysis in fat storing tissues are both impaired in Gelm(—/—) mice. Hepatic genes
found down-regulated in Gelm(—/—) mice include Srebfl, Srebf2, Fasn, Elovl6, Scd1/2,
Ppara and Ppargcla. Srebfl and Srebf2 encode sterol regulatory element-binding
transcription factors (SREBFs), which are key positive regulators of lipogenic gene
expression in response to insulin signaling (Oliner et al., 1996). Among the SREBFs
targeting genes are Fasn, Elovl6 and Scd1/2 (Kawada et al., 2008).

Like SREBFs, PPARs are involved in regulating lipid metabolism in liver (Sugden et al.,
2010). However, unlike SREBFs, PPARo. (Kersten et al., 1999) and PGC-1y (Zhang et al.,
2004) may be either positive or negative regulators of lipid metabolism. A relationship
between GSH deficiency and down-regulation of several hepatic lipid metabolizing genes,
as well as liver lipid content, has been previously reported in rats treated with the GSH-
depleting agent L-buthionine-[S,R]-sulfoximine (Brandsch et al., 2010). These authors
speculated GSH deficiency reduces hepatic lipogenesis by reducing the activity of the
redox-sensitive protein tyrosine phosphatase 1B, and increasing the concentration of the
oxidized form of this protein. A recent paper reported that Gelm(—/—) mice (derived
independently from those used in this paper) receiving a diet deficient in methionine and
choline, were resistant to steatosis, fibrosis and inflammation (Haque et al., 2010). In those
Gcelm(—/-) mice, hepatic SCD1 mRNA levels were diminished, while FASN mRNA was
unchanged and PPARo. mRNA levels were increased. In contrast, PPARo and PPARYy have
been shown to protect against steatosis by decreasing SREBP activity and lowering levels of
the lipogenic enzymes fatty acid synthase and glycerol 3-phosphate acyltransferase (Konig
et al., 2009). Furthermore, knockdown or knockout of the Ppara gene in mice leads to
hypertriglyceridemia (De Souza et al., 2006). In humans, low levels of PPARa are
associated with diminished rates of $-oxidation of fatty acids through SREBP1, which in
turn are associated with a greater degree of steatosis (Yasui et al., 2010). Therefore, the
association between resistance from HFD-induced steatosis in Gelm(—/—) mice, and the
expression of PPARs, which are transcriptionally downregulated in these mice, is not clear.
Furthermore, signaling pathways upstream of the transcription factors that mediate the
hepatic gene expression profile observed in Gelm(—/—) mice remains largely unknown.

Conclusions

Mice having global ablation of the Gelm(—/—) gene and having decreased systemic GSH
levels display a partially latent phenotype that is evident when these mice consume a HFD.
These mice have an increased BMR that correlates with lower rates of BW gain and results,
at least in part, from enhanced activity of liver mitochondrial complex 1 electron transport
and an increase in mitochondrial respiration. Gelm(—/—) mice are unable to metabolize
dietary lipid, due to the extremely low levels of expression of lipid metabolism genes. These
changes are responsible for the lean phenotype, even when these mice consume a HFD.
Although Gclm(—/-) mice display strong systemic and hepatic oxidative stress responses,
including increases in homocysteine levels, they do not succumb to HFD-induced insulin
resistance or steatosis.
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Fig. 1. Body weight (BW) and body composition in WT and Gclm(—/—) mice

BW gains are shown for WT (open circles) and Gelm(—/-) (closed circles) mice consuming
a normal diet (A) or a HF diet (B). The percent body fat (C) and lean BWs (D) after 11
weeks of treatment for WT mice (open bar) and Gelm(—/-) mice (ko; closed bar),
consuming a normal diet (ND), or a HF diet. Lean is calculated as (g BW — g body fat)/g
body water.

Data are shown as mean values + SE (n=8).

aDifferent mean value due to genotype (same diet) (p <0.05).

b Different mean value due to diet (same genotype) (p <0.05).

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kendig et al. Page 17

oY
S

ol A B
= I,
g. E 140
2 =130
=} «
—I
S 2120 b
s
o 110
= ~
5 o085 C D
k) L a
S ~ 080
(o]
2w 075 b
S0
s 9 070
a
2065
(=2
WT ko WT ko
Normal diet HF diet
010 p
S 0.08
3
)
= 006
S
= 0.04 ¢
m
0.02
100 110 120 130 140 150

O, consumption (kcal/h»m:)

Fig. 2. Systemic respiration in WT and Gclm(—/—) mice

WT (open bars) and Gelm(—/-) (ko; closed bars) mice received ND (A and C), or HF diet
(B and D). O, consumption and CO», production were measured in non-fasted mice. Data are
shown as mean values + SE (n=8). The linear regression of BW gain on systemic oxygen
consumption (E) has a slope of —0.0019 (g/d)/(kcal/h-m?) and an r2 = 0.906.

a Different mean value due to genotype (same diet) (p <0.05).

b Different mean value due to diet (same genotype) (p <0.05).
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Fig. 3. Liver mitochondrial respiration in WT and Gclm(—/—) mice
Mitochondrial respiration from liver of WT (open bars) and Geclm(—/-) (ko; closed bars)
mice, receiving ND, was measured under State 3 (with 0.4 mM ADP) and State 4 (ADP-

limited) conditions. The substrates 3 mM malate + 3 mM glutamate (M/G), or 6 mM
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succinate (Succ) were used. The respiratory control ratio (RCR) was calculated as State 3/

State 4.

Data are shown as mean values + SE (n=8).
a Different mean value from WT (p <0.05).
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Fig. 4. Activity of mitochondrial respiratory complex subunits

Enzyme activity of the mitochondrial respiratory chain from livers of WT (open bars) and
Gelm(—/-) (ko; closed bars) mice, receiving ND, was measured for different segments
[NDH, NADH dehydrogenase; NQR, NADH-coenzyme Q oxidoreductase; SDH, succinate
dehydrogenase; SQR, succinate-coenzyme Q oxidoreductase; NCR, NADH-cytochrome ¢
oxidoreductase; SCR, succinate-cytochrome ¢ oxidoreductase, NOX, NADH oxidase; SOX,
succinate oxidase; QCR, coenzyme Q-cytochrome ¢ oxidoreductase; COX, cytochrome ¢
oxidase].

Data are shown as mean values £ SE (n=4 mice).

a Different mean value from WT (p <0.05).

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2012 December 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kendig et al.

Page 20

H,0, produced
(pmol/min-mg)
g

o

WT ko WT ko WT ko WT ko
M/G Succ M/G Succ

S

b

g 1.0 C D ¢

2 08 a

1) a

S 06 2
Qo

- 04

L

E

2 02

o

g 0.0

o WT ko WT ko WT ko WT ko
%, M/G Succ M/G Suce

Normal diet HF diet

Fig. 5. Mitochondrial H,O» production

WT (open bars) and Gelm(—/-) (ko; closed bars) mice received ND (A and C), or HF diet
(B and D). H,0, production was determined in liver mitochondria from WT (open bars) and
Gcelm(—/-) (ko; closed bars) under state 4 conditions utilizing succinate (Succ) or malate +
glutamate (M/G) substrates. H,O, production was normalized to protein (A and B), or to
oxygen consumption (C and D).

Data are shown as mean values + SE (n=4 mice).

a Different mean value from WT (p <0.05).
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Fig. 6. Plasma thiols and thiol redox potentials in WT and Gclm(—/—) mice

Thiols and thiol disulfides were assayed in plasma from WT (open bars) and Gclm(—/-)
(ko; closed bars) mice receiving ND. Column A is glutathione-related parameters, column B
is cysteine-related parameters, and column C is homocysteine-related parameters.
Nonstandard abbreviations used are CySS, cys disulfide; Hcys, homocysteine; HcySS,
homocysteine disulfide. Data are shown as mean values + SE (n=4 mice).

a Different mean value from WT (p <0.05).
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Fig. 7. Hepatic thiols in WT and Gclm(—/-) mice

Thiols and thiol disulfides were assayed in liver from WT (open bars) and Gelm(—/-) (ko;
closed bars) mice. Cys and Hcy disulfides were below the level of detection.

Data are shown as mean values + SE (n=4 mice).

a Different mean value from WT (p <0.05).
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Fig. 8. Parameters of oxidative stress in WT and Gclm(—/-) mice

Several parameters of oxidative stress were determined in WT (open bars) and Gelm(—/-)
(ko; closed bars) mice receiving ND. Panels A-C depict the activity of hepatic enzymes
induced by oxidative stress. Panels D-G indicate changes in red blood cell (RBC) numbers,
Hgb and metHgb content, and mean corpuscular hemoglobin concentration (MCHC). The
bottom two panels show RBC membrane fluidity in the interior of the membrane (H) and at
the surface (1).

Data are shown as mean values + SE (n=4 mice).

a Different mean value from WT mice (p <0.05).
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Fig. 9. Glucose tolerance and insulin homeostasis in WT and Gclm(—/—) mice

Blood glucose was determined after an 8-h fast for WT (open circles) and Gelm(—/-) (ko;
closed circles) mice consuming a normal diet (A) or a HF diet (B) for 11 weeks. After the
fast, zero time (0T) samples of plasma were taken for glucose and insulin assays. Glucose
(1.5 mg/g BW) was then given i.p. and blood glucose concentration measured over the next
120 min. The inserts in A and B show the calculated area-under-the-curves (AUC) for each
curve, in units of mg glucose/dL-min-1073. Plasma insulin (C) levels are shown for 0T (open
bars) and 20 min after glucose administration (20; closed bars). Fasted plasma insulin and
blood glucose were used to calculate insulin resistance (D) as HOMA-IR (Homeostasis
model assessment of insulin resistance), calculated as (uU insulin/mL plasma)-(mg glucose/
dL blood).

Data are shown as mean values + SE (n=8).

a Different mean value due to genotype (same diet) (p <0.05).

b Different mean value due to diet (same genotype) (p <0.05).
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Fig. 10. Hepatic lipids in WT and Gclm(—/-) mice

Liver lipid content was determined in WT (open bars) and Gelm(—/-) (ko; closed bars)
mice consuming a ND or a HFD. Gravimetric analysis is shown for nonpolar lipids (A) and
for more polar phospholipids (B). Liver weights are shown in panel C, and hepatic lipid
droplets were quantified by histology and imaging. Percentage of tissue area containing lipid
droplets (F) was calculated from lipid droplet size (D) and lipid droplet number (E).
Representative images of H&E-stained liver sections (G) from which the lipid data (D-F)
were calculated. Data (A-F) are shown as mean values + SE (n = 4).

a Different mean value due to genotype (same diet) (p <0.05).

b Different mean value due to diet (same genotype) (p <0.05).
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Fig. 11. Gene Ontologies and KEGG pathways down-regulated in liver from Gclm(—/-),

compared with WT mice

Liver gene-array analyses were performed in WT and Geclm(—/-) mice consuming a ND.
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
were identified by National Institute of Allergy and Infectious Diseases DAVID (Database
for Annotation, Visualization and Integrated Discovery) Bioinformatics Resources 6.7
(http://david.abcc.ncifcrf.gov/), and ranked according to the false discovery rate (FDR).

Pathways with an FDR of <0.05 are shown.
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