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Background:We hypothesize that mice heterozygous for disruption of cystathionine �-synthase (Cbs�/�) are susceptible
to obesity-related cardiolipotoxicity because of impaired liver glutathione synthesis.
Results: Cbs�/� mice with diet-induced obesity have augmented cardiac lipotoxicity and disturbances in glutathione
homeostasis.
Conclusion: Cbs maintains heart glutathione homeostasis and protects against cardiolipotoxicity.
Significance: Cbs plays a role in the pathology of cardiolipotoxicity.

Obesity-related cardiac lipid accumulation is associated with
increased myocardial oxidative stress. The role of the antioxi-
dant glutathione in cardiac lipotoxicity is unclear. Cystathio-
nine �-synthase (Cbs) catalyzes the first step in the trans-sulfu-
ration of homocysteine to cysteine, which is estimated to
provide �50% of cysteine for hepatic glutathione biosynthesis.
As cardiac glutathione is a reflection of the liver glutathione
pool, we hypothesize that mice heterozygous for targeted dis-
ruption of Cbs (Cbs�/�) are more susceptible to obesity-related
cardiolipotoxicity because of impaired liver glutathione synthe-
sis. Cbs�/� and Cbs�/� mice were fed a high fat diet (60%
energy) from weaning for 13 weeks to induce obesity and had
similar increases in body weight and body fat. This was accom-
panied by increased hepatic triglyceride but no differences in
hepatic glutathione levels compared with mice fed chow. How-
ever,Cbs�/� micewith diet-induced obesity had greater glucose
intolerance and lower total and reduced glutathione levels in the
heart, accompanied by lower plasma cysteine levels compared
with Cbs�/� mice. Higher triglyceride concentrations,
increased oxidative stress, and increased markers of apoptosis
were also observed in heart fromCbs�/�micewith diet-induced
obesity comparedwithCbs�/� mice. This study suggests a novel
role for Cbs in maintaining the cardiac glutathione pool and
protecting against cardiac lipid accumulation and oxidative
stress during diet-induced obesity in mice.

Cardiac lipid accumulation is amajor consequence of obesity
in human subjects and animal models (1, 2). Studies over the

last 2 decades have unraveled signaling events underlying “car-
diolipotoxicity” and the resulting oxidative stress and cardiac
dysfunction (3, 4). However, the role of the endogenously syn-
thesized antioxidant glutathione and factors controlling its
homeostasis in cardiolipotoxicity remain unclear. Glutathione
is a sulfur-containing tripeptide that functions to protect
against oxidative stress, especially in the heart (5). Given the
minimal level of catalase in the heart, hydrogen peroxide, a
major reactive oxygen species, is mainly neutralized by gluta-
thione peroxidase and the reduced form of glutathione, GSH
(6).
Glutathione synthesis involves the sequential steps of com-

plexing cysteine and glutamate to form �-glutamylcysteine,
catalyzed by glutamate cysteine ligase (GCL),3 followed by the
addition of glycine to form glutathione, accomplished by gluta-
thione synthase. Cysteine is considered the rate-limiting amino
acid for glutathione synthesis (7). Although the importance of
oxidative stress has been shown in multiple tissues affected by
lipotoxicity (8–10), the role of cysteine provision and its capac-
ity to maintain glutathione levels in the heart during lipotoxic-
ity is not known.
Cysteine can be obtained from exogenous sources (diet and

supplements) or endogenously from intracellular protein
catabolism and homocysteine trans-sulfuration (11). Supple-
mental N-acetylcysteine increases plasma cysteine and tissue
glutathione concentrations and is protective in conditions asso-
ciated with oxidative stress such as diabetes (12), ischemia rep-
erfusion (13), and in obesity-related fatty liver disease (14). It
has been estimated that at least 50% of the cysteine required for
endogenous glutathione synthesis in the liver is supplied by the
trans-sulfuration of homocysteine (15). The first and rate-lim-
iting step in this pathway involves conversion of homocysteine
to cystathionine, catalyzed by cystathionine �-synthase (Cbs),
followed by conversion to cysteine, accomplished by cystathio-
nase. Current views suggest that the glutathione pool in the
liver is responsible for maintaining glutathione concentrations
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in other tissues such as the heart (16). For example, in studies
using chronic bile duct ligated rats, cholestatic liver disease led
to diminished glutathione levels in the liver (17, 18) and subse-
quently in heart, brain, and kidney (18). Therefore, distur-
bances in liver glutathione synthesis could have profound con-
sequences on glutathione concentrations in other tissues and
impair the ability to combat oxidative stress.
The goal of this study is to test the hypothesis that mice with

targeted disruption of the gene for Cbs (Cbs�/� mice) aremore
susceptible to cardiac lipotoxicity because of impaired synthe-
sis of liver glutathione.We demonstrate thatCbs�/� mice with
diet-induced obesity (fed a high fat diet) have greater glucose
intolerance, disturbances in glutathione homeostasis with
increased triglyceride accumulation, enhanced oxidative stress,
and pro-apoptotic signaling in heart despite no differences in
liver glutathione levels compared with Cbs�/� mice with diet-
induced obesity.We attribute these findings to our demonstra-
tion that plasma cysteine levels are lower in Cbs�/� mice with
diet-induced obesity suggesting that Cbs and plasma cysteine
may play roles in regulating the pool of glutathione in the heart,
especially under conditions of oxidative stress, such as that
observed in diet-induced obesity.

EXPERIMENTAL PROCEDURES

Animals—C57BL/6 mice heterozygous for targeted disrup-
tion of the gene forCbs (�/�) andmice without (Cbs�/�) were
studied.Genotyping for the disruptedCbs allele,Cbstm1Unc, and
the wild-type allele was conducted by PCR as described (19).
Cbs�/� and Cbs�/� mice were fed a high fat diet (HFD) from
weaning for 13 weeks. The HFD contained 60% energy from fat
(mix of 30:30:30:10 of butter/lard/shortening/soybean oil,
respectively), 20% energy from protein (vitamin-free casein)
plus 3 g/kg cysteine, and 20% energy from carbohydrate provid-
ing 5250 kcal/kg (see Table 1). The HFD also contained 10 g/kg
of AIN-93 vitamin mix (Harlan Teklad), 35 g/kg of AIN-93
mineral mix (Harlan Teklad), and 2.5 g/kg choline bitartrate to
provide vitamin and minerals at levels that meet National
Research Council requirements for mice (20, 21). We also
assessed Cbs�/� and Cbs�/� mice fed a standard laboratory
chow (Pico-Vac Lab Rodent Diet, LabDiet, PMI Nutrition
International, St. Louis, MO) for 13 weeks to demonstrate diet-
induced obesity in the mice fed the HFD and to compare the
effects of diet-induced obesity between Cbs�/� and Cbs�/�

mice.We recognize that in addition to differences in macronu-
trient composition and total energy provision, additional
unknown variables present in the chow diet compared with the
HFD is a caveat for the interpretation of the findings of the
study. An equal mix of male and female mice was studied in
each diet/Cbs genotype group except where otherwise stated.
At the end of the feeding period, mice were anesthetized with

isofluorane, and blood was collected by cardiac puncture into
EDTA (final concentration, 5mM). Bloodwas immediately cen-
trifuged at 3000� g for 20min at 4 °C, and plasmawas collected
and stored at �80 °C until later analysis. Samples of liver and
heart were immediately flash-frozen in liquid nitrogen and
stored at �80 °C for later studies. The protocol was approved
by the University of British Columbia Animal Care Committee.
Glucose Tolerance—At 1–2 days prior to the end of the feed-

ing period, a subset of male mice (n � 5–6 per diet/genotype
group) underwent an intraperitoneal glucose tolerance test to
assess glucose tolerance (22). Following a 5-h fast, mice were
given an i.p. injection of glucose (2 g/kg bodyweight). Blood (20
�l) was collected from the saphenous vein at 0 min (base line)
and at 15, 30, 60, 90, and 120 min post-glucose injection. Blood
glucose levels were quantified using a blood glucose meter
(Breeze2, Bayer). Fasting insulin levels were quantified in the
base-line blood samples using the mouse insulin ultrasensitive
ELISA (Alpco Diagnostics).
Biochemical Analyses—Total glutathione (reduced (GSH) �

oxidized (GSSG)) and GSH concentrations and glutathione
reductase activity were quantified using commercial kits
(Trevigen). Oxidative stress-induced lipid peroxidation was
estimated by direct quantification of lipid hydroperoxides in
heart tissue using a commercial kit (Cayman Chemicals) as
described previously (23). Plasma triglycerides were quantified
by a commercial colorimetric kit (Wako Diagnostics). Protein
concentrations were determined using a commercial protein
assay kit (Bio-Rad) based on the method of Bradford (24).
Total lipids were extracted from liver and heart by the

method of Folch et al. (25). The organic phase was evaporated
under nitrogen; the lipids were solubilized in chloroform/
methanol/acetone/hexane (2.0:3.0:0.5:0.5, v/v), and individual
classes of lipids were separated by a 2690 Alliance HPLC
(Waters). The separated lipid classes were detected and quan-
tified by evaporative light scattering detection (model 2000,
Alltech, Mandel Scientific, Guelph, Canada) as described pre-
viously (26). Plasma total homocysteine, cysteine, and methio-
nine were quantified by HPLC-MS/MS as described previously
(27). Quantification of tissue lipids and plasma thiols were con-
ducted in the Metabolomics Core of the Nutrition and Metab-
olism Research Program (directed by Dr. S. Innis) at the Child
and Family Research Institute.
Immunoblotting—Sections of the heart ventricles were

homogenized in ice-cold homogenization buffer with 50 mM

Tris-HCl, pH 7.5, 0.5 mM PMSF, 50 �g/ml leupeptin, 1 mM

EDTA, 1 mM EGTA, and 3 �M pepstatin A for 30 s, followed by
centrifugation at 5,000 � g for 10 min at 4 °C. The pellets were
discarded, and the concentration of the supernatant was deter-
mined using a commercial protein assay kit (Bio-Rad) based on
the method of Bradford (24). Samples (50 �g of protein) were
denatured and separated by SDS-PAGE (10%) followed by elec-
trotransfer to nitrocellulose membranes and immunoblotting
as described (23). The following primary antibodies were used
to detect the respective proteins: goat anti-humanGCLc (Santa
Cruz Biotechnology (sc)-2267), goat anti-human Gpx-1 (sc-
22146), rabbit anti-human acyl CoA oxidase 1 (Acox-1) (sc-
98499), rabbit anti-human peroxisome proliferator-activated
receptor � coactivator-1� (Pgc-1�) (sc-13067), rabbit anti-hu-

TABLE 1
Energy content of high fat diet used to induced obesity in Cbs�/� and
Cbs�/� mice

Chow HFD

Total energy (kcal/kg) 4020 5250
Carbohydrates (% total energy) 64.5 20.0
Protein (% total energy) 23.6 20.0
Fat (% total energy) 11.9 60.0
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man �-actin (sc-130657), rabbit anti-nitrotyrosine (sc-55256),
mouse anti-human X-linked inhibitor of apoptotic factors
(XIAP) (BD Biosciences), rabbit anti-human cleaved caspase-3
(Cell Signaling Technologies), rabbit anti-human NF-�B p65
subunit (sc-372), rabbit anti-human I�B (sc-371), and phos-
phorylated I�B (sc-101713). The secondary antibodies used
were mouse anti-goat (sc-2355), goat anti-mouse (sc-2047),
and donkey anti-rabbit (sc-2315) antibodies conjugated to alka-
line phosphatase. For loading controls, rabbit anti-human
�-actin (sc-130656) was used. Two different blots were used for
the study, and corresponding actin bands are depicted as
actin-1 (blot 1) and actin-2 (blot 2) in figures. Gpx-1, caspase-3,
PGC-1, I�B, andp-I�Bwere probed onblot 1 usingRestore Plus
stripping buffer (Thermo Scientific) for 10 min each time.
ACOX, GCLc, NF-�B p65 subunit, nitrotyrosine, and XIAP
were probed on blot 2. Detection was accomplished using the
Amersham Biosciences ECL kit and visualization and quantifi-
cation of band density using a Chemigenius system (Syngene,
MD). The obtained images were analyzed using Image J
(National Institutes of Health) and expressed as a ratio to �-ac-
tin levels.
Mitochondrial Density—Mitochondrial density was esti-

mated by quantifying themitochondrion-encoded cytochrome
b gene (mt-Cytb) copy number relative to the nuclear encoded
�-actin gene (Actb) copy number using real time PCR (28).
Genomic DNA was extracted from heart using the DNeasy kit
(Qiagen). The following primers were used: for mt-Cytb,
CytbF, 5�-CCACTTCATCTTACCATTTATTATCGC-3�, and
CytbR, 5�-TTTTATCTGCATCTGAGTTTAATCCTGT-3�;
and for Actb, ActbF, 5�-CTGCCTGACGGCCAGG-3�, and

ActbR, 5�-GGAAAAGAGCCTCAGGGCAT-3�. The following
FAM-labeled probes were used: for mt-Cytb, cytbFAM,
5�-FAM-AGCAATCGTTCACCTCCTCTTCCTCCAC-3�,
and for Actb, ActbFAM, 5�-FAM-CATCACTATTGGCAAC-
GAGCGGTTCC-3�. Copynumberswere quantified usingTaq-
Man PCR reagents and an ABI 7500 real time PCR system
(Applied Biosystems).
Statistical Analyses—Two-way analysis of variance

(ANOVA) was used to determine the effect of the diet and Cbs
genotype. If significant interactions were found, the effect of
diet was assessed separately for each Cbs genotype by one-way
ANOVA. Analyses were accomplished by SPSS Version 16.0
(SPSS Inc., Chicago).

RESULTS

Diet-induced Obesity and Greater Glucose Intolerance in
Cbs�/� Mice—We assessed the effects of feeding a HFD (60%
energy from fat) fromweaning for 13weeks to induce obesity in
Cbs�/� and Cbs�/� mice. Cbs�/� and Cbs�/� mice fed the
HFDhad similar weight gain (p� 0.01) and increases (p� 0.01)
in subcutaneous (inguinal), abdominal (gonadal), and retroper-
itoneal fat pads compared with Cbs�/� and Cbs�/� mice fed
chow (Fig. 1). These findings demonstrate thatCbs�/�mice are
susceptible to diet-induced obesity to a similar extent as
Cbs�/� mice.

As reported for C57BL/6J mice (22), we found that Cbs�/�

and Cbs�/� mice fed the HFD had similar elevations (p �
0.001) in fasting plasma insulin levels thanmice fed chow.How-
ever, only Cbs�/� mice fed the HFD had moderately elevated
fasting plasma glucose levels (Fig. 2, A and B). Although both

FIGURE 1. Weight gain and adiposity in Cbs�/� and Cbs�/� mice fed HFD from weaning for 13 weeks to induce obesity. A, body weight gain from weaning
for 13 weeks. B, terminal body weight at 13 weeks. C, abdominal (gonadal), retroperitoneal, and subcutaneous (inguinal) fat pad weight at the end of the
13-week feeding period. Data are presented as means � S.E., n � 9 –20 mice per diet/genotype group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice.
Significance was determined by two-way ANOVA.
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Cbs�/� mice and Cbs�/� mice fed the HFD had mild glucose
intolerance, this was more pronounced in Cbs�/� mice (Fig. 2,
C and D). The area under the curve for plasma glucose levels
during the 2-h intraperitoneal glucose tolerance test was
greater (p � 0.001) in Cbs�/� mice than Cbs�/� mice, and this
was further amplified in Cbs�/� mice fed the HFD (Fig. 2D).
Cardiac Lipotoxicity Is Augmented inCbs�/�MicewithDiet-

induced Obesity—To address our hypothesis that Cbs�/� mice
are more susceptible to cardiac lipotoxicity, we first quantified
major lipid classes in the heart. Cbs�/� mice had higher (p �
0.05) concentrations of triglyceride, cholesteryl ester, free cho-
lesterol, phosphatidylinositol, phosphatidylserine, lysophos-
phatidylcholine, and sphingosine than Cbs�/� mice (Fig. 3 and
Table 2). As expected, triglyceride concentrations in heart were
higher (p � 0.05) in mice with diet-induced obesity, and this
occurred to a greater extent (p � 0.01) in Cbs�/� mice com-
pared with Cbs�/� mice (Fig. 3A).
We further determinedwhether the greater triglyceride dep-

osition in heart from Cbs�/� mice with diet-induced obesity
was accompanied by indicators of lipotoxicity by assessing
markers of apoptosis, oxidative stress, and mitochondrial dys-
function. To assess apoptosis, we quantified expression of
cleaved caspase-3 and XIAP. Levels of cleaved caspase-3 were
higher (p � 0.001) and levels of XIAP were lower (p � 0.001) in
Cbs�/� mice than Cbs�/� mice (Fig. 4, A and B). Levels of
cleaved caspase-3 were higher (p � 0.005) in both groups of
mice fed the HFD (Fig. 4A), whereas levels of XIAP were only
increased in Cbs�/� mice fed the HFD (Fig. 4B). We quantified
levels of nitrotyrosine and lipid hydroperoxides as indicators of
oxidative stress and found that Cbs�/� mice had higher (p �
0.001) levels of nitrotyrosine and hydroperoxides in heart than
Cbs�/� mice and that diet-induced obesity was associated with

higher (p� 0.005) levels of nitrotyrosine and hydroperoxides in
both groups of mice (Fig. 4, C and D).
Effects of the increased lipid deposition in Cbs�/� mice with

diet-induced obesity on mitochondrial damage were assessed
by quantifying themitochondrion-encoded cytochrome b gene
(mt-Cytb) copy number relative to the nucleus-encoded �-ac-
tin gene (Actb) and by assessing protein expression of Pgc-1�, a
prime regulator of mitochondrial biogenesis in heart (29). We
found that in chow-fed mice, Cbs�/� mice had less (p � 0.005)
copies ofmt-Cytb/Actb thanCbs�/� mice, but no effect of diet-
induced obesity was observed (Fig. 5A). We also found higher
(p � 0.001) levels of Pgc-1� in heart from Cbs�/� mice com-
pared with Cbs�/� mice, and this was also unaffected by diet
(Fig. 5B). This suggests that Pgc-1� expression is up-regulated
as a compensatory mechanism to induce mitochondrial bio-
genesis (30). We further assessed if the higher levels of Pgc-1�
in Cbs�/� mice were accompanied by altered expression of
Acox1, required for peroxisomal fatty acid �-oxidation (31), we
found no effect of Cbs genotype or diet-induced obesity on
Acox1 protein levels in heart (Fig. 5C). Together, these findings
suggest thatCbs�/� mice demonstratemitochondrion-specific
damage and are more susceptible to obesity-related cardiac
lipotoxicity and oxidative stress.
Cardiac Lipotoxicity in Cbs�/� Mice with Diet-induced Obe-

sity Is Accompanied by Decreased Glutathione Status and
Decreased NF-�B Signaling in Heart—As a first step toward
assessing the mechanisms underlying the augmented cardiac
lipotoxicity and oxidative stress in Cbs�/� mice with diet-in-
duced obesity, we assessed changes in cardiac glutathione
homeostasis. We found that Cbs�/� mice had lower levels of
total glutathione (GSH � GSSG) (p � 0.01) and GSH (p �
0.005) in heart compared with Cbs�/� mice, an effect observed

FIGURE 2. Impaired glucose tolerance in Cbs�/� mice with diet-induced obesity. Fasting base-line plasma glucose (A) and insulin (B) are shown. C, plasma
glucose concentrations following an i.p. injection of 2 g/kg glucose. D, area under the curve for plasma glucose levels during the 2-h intraperitoneal glucose
tolerance test. Data are presented as means � S.E., n � 5– 6 mice per diet/genotype group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Significance was
determined by two-way ANOVA.
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in both chow-fed and HFD-fed mice (Fig. 6, A--C). To investi-
gate this further, we assessed expression of proteins involved in
glutathione synthesis andmetabolism. Synthesis of glutathione
is catalyzed by the rate-limiting enzyme GCL, a heterodimer
that consists of a catalytic subunit (GCLc) and a modifier sub-
unit (GCLm), with GCLc activity up-regulated by oxidative
stress (32). We found that the effect of the HFD on the expres-
sion of GCLc in heart was dependent on Cbs genotype. Cbs�/�

mice fed theHFDhad higher (p� 0.001) levels of GCLc expres-
sion in heart compared with those fed chow, whereas GCLc
expression in heart was lower (p� 0.05) inCbs�/� mice fed the
HFD compared with those fed chow (Fig. 6C). An additional
pathway important in maintaining tissue glutathione homeo-
stasis is recycling of GSSG to GSH, catalyzed by glutathione
reductase (33).Cbs�/� andCbs�/�mice fed theHFDhad lower
(p � 0.005) levels of glutathione reductase activity compared
with those fed chow (Fig. 6E). We also assessed expression of
GPx-1, an antioxidant enzyme that utilizes GSH (5). Similar to
what we observed for GCLc expression, the effect of the HFD
on GPx-1 expression in heart was also dependent on Cbs gen-
otype, with lower (p � 0.01) GPx-1 expression in Cbs�/� mice

and higher (p � 0.01) expression in Cbs�/� mice fed the HFD
compared with their respective genotypes fed chow (Fig. 6F).
Taken together, these findings suggest that a reduced pool of
glutathione and reduced ability to utilize glutathione as an anti-
oxidant in the heart may contribute to the enhanced cardiac
lipotoxicity in Cbs�/� mice with diet-induced obesity.

As glutathione homeostasis is intimately connected to
NF-�B signaling, one of the key redox-controlled nuclear tran-
scription factors in the heart (34), we assessed expression of
proteins involved with NF-�B signaling. The effect of diet-in-
duced obesity on expression of the NF-�B p65 subunit and
I�B� in heart was affected by the Cbs genotype. In this regard,
Cbs�/� mice fed the HFD had lower (p � 0.01) levels of the
NF-�B p65 subunit and I�B� than the samemice fed chow (Fig.
7,A and B), whereas Cbs�/� mice fed the HFD had higher (p �
0.001) levels of the NF-�B p65 subunit and I�B� than the same
mice fed chow (Fig. 7, A and B). Although similar increases in
expression of phosphorylated I�B� inCbs�/� andCbs�/�mice
with diet-induced obesity were observed (Fig. 7C), onlyCbs�/�

mice fed the HFD had a higher ratio of phosphorylated I�B�/
I�B� compared with the samemice fed chow and Cbs�/� mice

FIGURE 3. Lipid accumulation in heart from Cbs�/� mice with diet-induced obesity. Triglyceride (A), cholesteryl ester (B), total phospholipids (C), and free
cholesterol (D) concentrations in heart from Cbs�/� and Cbs�/� mice fed chow or the HFD. Data is presented as means � S.E., n � 5– 6 mice per diet/genotype
group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Significance was determined by two-way ANOVA.

TABLE 2
Changes in phospholipids in heart from mice with diet-induced obesity
Values shown are means � S.E.

Lipid classes
(mg/mg tissue)

Chow HFD
Cbs�/� (n � 4–5) Cbs�/� (n � 5) Cbs�/� (n � 6) Cbs�/� (n � 5–6)

Phosphatidylcholine 9.88 � 0.29 12.04 � 1.63 9.87 � 0.14 11.28 � 1.42
Phosphatidylethanolamine 6.04 � 0.38 7.10 � 0.85 7.63 � 0.12 7.73 � 1.16
Phosphatidylinositol 1.14 � 0.04 1.46 � 0.22a 1.13 � 0.02 1.48 � 0.16a
Phosphatidylserine 1.04 � 0.07 1.56 � 0.31a 0.87 � 0.06 1.45 � 0.29a
Lysophosphatidylcholine 2.42 � 0.13 4.28 � 1.34a 1.93 � 0.11 3.73 � 0.95a
Sphingosine 0.98 � 0.05 1.36 � 0.27a 0.80 � 0.04 1.35 � 0.23a
Cardiolipin 3.54 � 0.16 4.54 � 0.68 3.63 � 0.11 3.95 � 0.63

a p � 0.05 versus Cbs�/� mice, as determined by two-way analysis of variance.
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FIGURE 4. Enhanced apoptosis and oxidative stress in heart from Cbs�/� mice with diet-induced obesity. Markers of apoptosis were assessed by
quantifying expression levels of cleaved caspase-3 (A) and XIAP (B). Indicators of oxidative stress were assessed by quantifying expression of nitrotyrosine (C)
and lipid hydroperoxides (D). Data are presented as means � S.E., n � 5– 6 mice per diet/genotype group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Inset
depicts representative immunoblots for analyzed proteins in comparison with �-actin bands from the same blot. Significance was determined by two-way
ANOVA.

FIGURE 5. Mitochondrial dysfunction in heart from Cbs�/� mice with diet-induced obesity. Mitochondrial dysfunction was assessed by quantifying the
mitochondrion-encoded cytochrome b gene (mt-Cytb) copy number relative to the nucleus-encoded �-actin gene (Actb) copy number (A) and by assessing
expression of Pgc-1� (B). C, expression of Acox-1. Data are presented as means � S.E., n � 5– 6 mice per diet/genotype group. Open bars, Cbs�/� mice; filled bars,
Cbs�/� mice. Inset depicts representative immunoblots for analyzed proteins in comparison with �-actin bands from the same blot. Significance was deter-
mined by two-way ANOVA.
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FIGURE 6. Disturbances in glutathione metabolism in heart from Cbs�/� mice with diet-induced obesity. Glutathione metabolism in heart was assessed
by quantifying levels of total glutathione (A), GSH (B), GSSG (C), Gclc expression (D), glutathione reductase activity (E), and Gpx-1 expression (F). Data are
presented as means � S.E., n � 5 mice per diet/genotype group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Inset depicts representative immunoblots for
analyzed proteins in comparison with �-actin bands from the same blot. Significance was determined by two-way ANOVA.

FIGURE 7. NF-�B signaling in heart from Cbs�/� mice with diet-induced obesity. NF-�B signaling was assessed by quantifying levels of the NF-�B p65
subunit (A), I�B (B), phosphorylated-I�B (C), and the ratio of phosphorylated-I�B/I�B (D) in heart. Data are presented as means � S.E., n � 5 mice per
diet/genotype group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Inset depicts representative immunoblots for analyzed proteins in comparison with
�-actin bands from the same blot. Significance was determined by two-way ANOVA.
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fed the HFD (Fig. 7D). These findings suggest that the
decreased total glutathione concentrations in heart from
Cbs�/� mice with diet-induced obesity is accompanied by a
decrease in p65 expression and activation of I�B�, whichwould
suggest an inhibition of NF-�B signaling.
Diet-induced Obesity in Cbs�/� Mice Is Not Associated with

Changes in Liver Glutathione but Is Accompanied by Altera-
tions in Liver and Plasma Methyl Metabolites—Given that the
glutathione pool in the liver is thought to be responsible for
maintaining glutathione concentrations in other tissues such as
the heart (16–18), we next assessed whether there was an effect
of diet-induced obesity in Cbs�/� mice on liver glutathione
concentrations. Interestingly, we found similar levels of total
glutathione, GSH, and GSSG in liver from Cbs�/� and Cbs�/�

mice fed the HFD compared with those fed chow (Fig. 8). This
occurred despite higher (p � 0.01) triglyceride levels in liver
from Cbs�/� and Cbs�/� mice fed the HFD compared with
those fed chow (Table 3). Interestingly, we found no effect of
Cbs�/� genotype on liver triglyceride levels as we observed in
heart.
It has been estimated that at least 50% of the cysteine

required for endogenous glutathione synthesis in the liver is
supplied by the trans-sulfuration of homocysteine (15). How-
ever, little trans-sulfuration enzyme (Cbs and cystathionase)
expression is thought to be present in heart (11), and therefore,
endogenous glutathione synthesis by heart is dependent on cys-
teine availability. As such, we questioned whether the reduced
glutathione levels and cardiac lipotoxicity in heart fromCbs�/�

mice with diet-induced obesity was a result of decreased cys-
teine availability for endogenous glutathione synthesis by heart.
As a first step, we quantified plasma concentrations of cysteine
and glutathione. Plasma total cysteine and homocysteine levels
were higher (p � 0.01) in chow-fed Cbs�/� mice compared
with Cbs�/� mice (Fig. 9, A and B). Interestingly, Cbs�/� mice
fed the HFD had lower (p � 0.01) plasma total cysteine, hom-
ocysteine, and methionine levels than those fed chow, an effect
we did not observe in Cbs�/� mice (Fig. 9, A–C). This was
accompanied by reduced plasma levels of glutathione in both
Cbs�/� and Cbs�/� mice fed the HFD (Fig. 9D). We found no
effect of Cbs�/� genotype or diet-induced obesity on plasma
triglyceride levels (Fig. 9E). These findings suggest there is
decreased availability of circulating cysteine for glutathione
synthesis by the heart in Cbs�/� mice with diet-induced
obesity.

DISCUSSION

Disturbances in glutathione homeostasis have been shown in
Cbs�/�mice (35), and overexpression of the glutathione-utiliz-
ing enzyme, Gpx-1, in these mice attenuates the endothelial
dysfunction found in this model (36). However, the direct role
of Cbs in maintaining cardiac glutathione status has not been
reported. The goal of this study was to test the hypothesis that
Cbs�/� mice fed a HFD to induce obesity will have decreased
glutathione concentrations and lipotoxicity in the heart
because of disturbances in liver glutathione synthesis (37).
There are three main findings in this study. First, Cbs�/� mice
are susceptible to diet-induced obesity to a similar degree as
Cbs�/�mice but have greater glucose intolerance.Cbs�/�mice
had lower total glutathione and GSH concentrations in heart,
and this occurred to the greatest extent in Cbs�/� mice fed the
HFD. The disturbances in glutathione homeostasis in heart
were accompanied by triglyceride accumulation, enhanced oxi-
dative stress, and markers of pro-apoptotic signaling. Finally,
total glutathione concentrations in liver were unaffected by
Cbs�/� genotype or theHFD.However,Cbs�/�micewith diet-
induced obesity had lower plasma total cysteine levels suggest-
ing lower provision of cysteine for heart glutathione synthesis.
Taken together, these findings suggest an important role for
Cbs in the maintenance of cardiac glutathione and in the pre-
vention of cardiac lipotoxicity associated with diet-induced
obesity in young adult mice.
Cysteine and glutathione are linked to lipid metabolism

through the methionine cycle. Previous studies have demon-
strated disturbances in lipid metabolism in liver from Cbs�/�

mice with hyperhomocysteinemia (19, 38, 39), but little is
known regarding lipid metabolism in the heart of Cbs�/� mice
or the effect of feeding a HFD. Interestingly, impaired glutathi-
one homeostasis in heart from Cbs�/� mice was accompanied
by triglyceride accumulation in heart, and this occurred to the
greatest extent in Cbs�/� mice fed the HFD. The underlying
mechanism to account for this finding is unknown but could be
linked to reduced mitochondrial density. A decrease in gluta-
thione status, as we observed in the heart fromCbs�/� mice fed
the HFD, can lead to an accumulation of hydrogen peroxide,
which decomposes to form the highly reactive hydroxyl radical
causing membrane lipid peroxidation (40) and damages the
mitochondria (41). We did find higher levels of lipid hydroper-
oxides in heart from Cbs�/� mice, suggesting oxidative stress,
and this was also accompanied by increased nitrotyrosine levels

FIGURE 8. No disturbances in glutathione metabolites in liver from Cbs�/� mice with diet-induced obesity. Total glutathione, GSSG, and GSH levels were
quantified in liver. Data are presented as means � S.E., n � 7–11 mice per diet/genotype group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Significance
was determined by two-way ANOVA.
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in heart. These findings suggest that there may be increased
peroxynitrite, a reactive nitrogen species, which nitrates tyro-
sine residues of proteins to form nitrotyrosine and is in accord-
ance with previous reports that showed increased levels of
nitrotyrosine in aorta from C57BL/6J mice fed a HFD (42).
Given that the pool of glutathione in liver is thought to reg-

ulate glutathione concentrations in extra-hepatic tissues (18),
we hypothesized thatCbs�/� mice fed the HFDwould bemore
susceptible to cardiac lipotoxicity because of diminished liver
glutathione. However, we found no effect of the Cbs�/� geno-
type or HFD feeding on liver total glutathione concentrations,
but we did find an effect in heart. Prior studies have either failed
to detect Cbs expression (38) or found marginal Cbs activity
(43) in heart. We postulated that if Cbs is expressed in vascular
endothelial cells (44) and smooth muscle cells (43), which are

present in the heart (from coronary arteries), it would be pres-
ent in heart homogenates.We did findCbsmRNA in heart, but
at very low levels relative to other tissues, and Cbs protein was
detected in heart using large amounts of protein, but we
observed no effect of the Cbs�/� genotype or the HFD (results
not shown).
We also assessed whether disturbances in glutathione home-

ostasis could account for the lower concentrations of reduced
GSH and total glutathione in heart. In this regard, the higher
GCLc expression in heart from Cbs�/� mice fed the HFD was
expected as this enzyme is known to be up-regulated under
conditions associated with reduced GSH depletion (45). Gluta-
thione reductase activity, the primary enzyme responsible for
recycling reduced of GSH from its oxidized form, GSSG, was
the lowest in the Cbs�/� mice fed HFD, which could be an

TABLE 3
Changes in major lipid classes in liver from mice with diet-induced obesity
Values shown are means � S.E.

Lipid classes
(�g/mg protein)

Chow HFD
Cbs�/� (n � 5) Cbs�/� (n � 5) Cbs�/� (n � 5) Cbs�/� (n � 6)

Triglycerides 23.44 � 2.14 24.26 � 3.63 49.92 � 12.55a 49.90 � 7.90a
Cholesteryl esters 6.20 � 0.38 5.88 � 0.38 3.18 � 0.19a 2.70 � 0.04a
Free cholesterol 7.68 � 0.18 8.05 � 0.45 7.141 � 0.16 7.67 � 0.52
Total phospholipids 130.0 � 3.20 135.9 � 3.43b 123.1 � 2.42 132.3 � 4.40b
Phosphatidylcholine 57.48 � 1.11 59.20 � 1.10 57.35 � 0.74 60.47 � 1.56
Phosphatidylethanolamine 27.98 � 1.40 31.60 � 1.02b 25.92 � 1.35 28.68 � 1.15b
Phosphatidylinositol 12.54 � 0.28 13.18 � 0.28b 11.79 � 0.15a 12.16 � 0.25a,b
Phosphatidylserine 5.60 � 0.09 5.74 � 0.20 4.85 � 0.14a 5.03 � 0.33a
Lysophosphatidylcholine 12.18 � 1.60 11.18 � 0.60 9.31 � 0.25 11.54 � 1.61
Sphingosine 7.36 � 0.14 7.68 � 0.30 7.32 � 0.36 7.71 � 0.25
Cardiolipin 6.89 � 0.12 7.26 � 0.19 6.56 � 0.05a 6.67 � 0.16a

a p � 0.01 versus chow-fed mice.
b p � 0.05 versus Cbs�/� mice, as determined by two-way analysis of variance.

FIGURE 9. Decreased plasma cysteine in Cbs�/� mice with diet-induced obesity. Plasma total cysteine (A) and its related metabolites total homocysteine (B),
methionine (C), total glutathione (D), and triglyceride (E) levels were quantified in plasma. Data are presented as means � S.E., n � 5–9 mice per diet/genotype
group. Open bars, Cbs�/� mice; filled bars, Cbs�/� mice. Significance was determined by two-way ANOVA.
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important factor underlying the lower reduced GSH levels in
heart from these mice. In addition, we also observed decreased
GPx-1 expression in heart from Cbs�/� mice fed the HFD,
which may simply be the result of a decreased requirement
for the enzyme because of decreased GSH levels, the enzyme
substrate, and may result in ineffective removal of reactive
oxygen species. However, although such mechanisms may
explain lower reduced GSH levels per se, it does not explain
lower total glutathione (sum total of GSH and GSSG) levels
in the heart fromCbs�/� mice fed either diet, which is reflec-
tive of tissue glutathione biosynthesis. This suggests that
other factors, such as diminished cysteine availability, may
also contribute to the vastly reduced glutathione status in
the heart. This idea is further supported with the observation
that NF-�B signaling is altered in heart from Cbs�/� mice
fed the HFD. It has been speculated that a moderate level of
reduced glutathione status activates NF-�B signaling,
whereas more severe depletions of glutathione status actu-
ally inhibit NF-�B activation (46).

Interestingly, we found lower plasma total cysteine levels in
Cbs�/� mice with diet-induced obesity compared with Cbs�/�

mice. These findings are in contrast to reports in humans that
have shown a positive relationship between plasma total cys-
teine levels and body mass index and fat mass (47). The mech-
anism underlying the decreased cysteine levels in Cbs�/� mice
fed the HFD is unknown but may involve up-regulation of
hepatic homocysteine trans-sulfuration and increased utiliza-
tion of cysteine for glutathione synthesis in liver to combat the
oxidative stress associated with HFD feeding. A prior study
demonstrated increased trans-sulfuration of homocysteine in
HepG2 cells treated with H2O2 to induce oxidative stress (37).
We theorize that Cbs�/� mice may be more sensitive to HFD-
induced oxidative stress relative to Cbs�/� mice and, as such,
up-regulate hepatic homocysteine trans-sulfuration in an
attempt to provide cysteine for maintenance of liver glutathi-
one, but other tissues, such as heart, are affected because of
their reduced capacity for glutathione synthesis compared with
liver under conditions of oxidative stress (48).
In summary, this study demonstrates that Cbs�/� mice are

more sensitive to cardiac lipotoxicity associated with diet-in-
duced obesity. We speculate this may be a consequence of dis-
turbances in glutathione homeostasis in the heart resulting
from diminished availability of cysteine for endogenous gluta-
thione synthesis, rather than disturbances in the pool of gluta-
thione in the liver. These findings imply that Cbs and the trans-
sulfuration pathway may not be only limited in its protective
role in the liver but may extend to the heart, especially in the
pathology of cardiolipotoxicity associated with diet-induced
obesity in mice.
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