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Glutathione Depletion Prevents Diet-Induced
Obesity and Enhances Insulin Sensitivity
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Excessive accumulation of reactive oxygen species (ROS) in adipose tissue has been implicated in the development
of insulin resistance and type 2 diabetes. However, emerging evidence suggests a physiologic role of ROS in cellular
signaling and insulin sensitivity. In this study, we demonstrate that pharmacologic depletion of the antioxidant
glutathione in mice prevents diet-induced obesity, increases energy expenditure and locomotor activity, and enhances
insulin sensitivity. These observations support a beneficial role of ROS in glucose homeostasis and warrant further
research to define the regulation of metabolism and energy balance by ROS.
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Chronic oxidative stress has been implicated in the develop-
ment of type 2 diabetes and its associated cardiovascular com-
plications (1,2). Reactive oxygen species (ROS) accumulate in
obesity and considerable experimental and clinical data have
linked oxidative stress to insulin resistance and p-cell dysfunc-
tion (1,3). At the cellular level, chronic oxidative stress resulting
from prolonged exposure to high concentrations of ROS alters
insulin-stimulated glucose update, an effect that is thought to
be mediated by impaired insulin signaling (2,3). However, con-
sidering that certain ROS may also serve as important second
messengers and signaling intermediates (4), the causal contri-
bution of physiological concentrations of ROS to insulin resist-
ance and obesity remains controversial. For example, transient
and low dose concentrations of H,O, enhance insulin sensitiv-
ity (5,6), indicating that the role of ROS in glucose metabolism
may depend on the ROS concentration and the mechanisms of
their generation. Since glutathione peroxidase (GPx) constitutes
the principal antioxidant defense system to scavenge physiolog-
ical concentrations of H,O, in mammals (6), we investigated in
this study the role of pharmacological glutathione depletion on
diet-induced obesity and insulin sensitivity. Surprisingly, deple-
tion of endogenous glutathione protected mice from obesity,
preserved insulin sensitivity, and increased energy expenditure,
pointing to a more complex role of endogenous ROS in diabetes
and energy balance than previously anticipated.

METHODS AND PROCEDURES

Animal experiments

C57BL/6 mice were obtained from The Jackson Laboratory. All mice
were housed in plexiglas-ventilated cages within a pathogen-free
barrier facility that maintained a 12-hour light/12-hour dark

cycle. Mice had access to autoclaved water and pellet food ad libi-
tum. Prior to 11 weeks of age, all mice were fed a standard rodent
chow diet containing ~5% kcal fat (Harlan Teklad). At 11 weeks of
age, all mice were fed a high-fat diet (HFD) containing 45% kcal
from fat (Research Diets, New Brunswick, NJ). During this period
L-buthionine-(S,R)-sulfoximine (BSO, Sigma-Aldrich, St Louis,
MO) was administered in the drinking water of the treatment group
at a concentration of 30 mmol/l. BSO was dissolved in diH,O and
filtered before use. Weight gain was monitored weekly.

Body composition

Body composition was analyzed after 6 weeks of HFD feeding using
quantitative magnetic resonance imaging (EchoMRI, Echo Medical
Systems, Houston, TX) as described (7).

Metabolic measurements

Glucose tolerance tests were performed in HFD-fed animals after an
overnight fasting period (n = 10 and n = 9 for HFD + BSO, respec-
tively). Following an intraperitoneal injection of glucose dissolved in
water (2 g/kg body weight), blood glucose levels were analyzed before
and 15, 30, 60, 90, and 120 min after injection using a Freestyle Flash
Glucometer (Abbott Laboratories, Chicago, IL). Insulin sensitivity
was analyzed in fed animals (n = 10 for each group). Following an
intraperitoneal bolus injection of recombinant human regular insu-
lin (0.4 U/kg body weight) (Novolin R; Novo Nordisk, Princeton,
NJ), blood glucose concentrations were measured before and 30, 60,
90, and 120 min after injection.

Analysis of energy expenditure and locomotor activity
Energy expenditure, food intake, water intake, and locomotor activity
were analyzed using a calorimetry system (LabMaster; TSE Systems,
Chesterfield, MO). Mice were fed a HFD with or without BSO treat-
ment (30 mmol/l) in the drinking water (n = 7 for each group). After 3
weeks, the mice were placed in the calorimetry system, adapted for 24 h,
and cumulative recordings were collected over the following 72 h.
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Figure 1 Glutathione depletion prevents diet-induced obesity, increases energy expenditure and enhances insulin sensitivity. (a) C57BL/6 mice were
fed a high-fat diet for 6 weeks and treated with 30 mmol/l BSO provided in the drinking water. (b) Body composition was measured after 6 weeks of
high-fat diet using EchoMRI. Lean and fat mass is presented in gram. (c¢,d) Daily food and water intake were monitored over 72h in a calorimetry
system. (e) Energy expenditure was measured after 3 weeks of high-fat diet and BSO treatment. Cumulative results of three different light or dark
phases are presented. (f,g) mMRNA expression of UCP-2 and -3 was measured in epididymal white adipose tissue after 6 weeks of high-fat diet and
BSO treatment. (h) Locomotor activity was measured after 3 weeks of high-fat diet and BSO treatment. Cumulative results of three different light

or dark phases are presented. (i) Glucose tolerance was determined after 6 weeks of high-fat diet and BSO treatment following an intraperitoneal
injection of 2g glucose/kg body weight. (j) Insulin tolerance was determined following an intraperitoneal injection of 0.4 U insulin/kg body weight. All
results are presented as mean + s.e.m. (*P < 0.05). BSO, L-buthionine-(S, R)-sulfoximine
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RNA isolation and quantitative real-time

polymerase chain reaction

RNA from epididymal adipose tissue was isolated and reverse tran-
scribed using TRIzol and Superscript II (Invitrogen, Carlsbad, CA).
Quantitative real-time polymerase chain reaction analysis of target
gene expression was performed using an iCycler and SYBR Green I sys-
tem (Bio-Rad, Hercules, CA). Each sample was normalized to mRNA
expression of the housekeeping gene f-actin. Primer sequences are
available on request.

Statistics

ANOVAs using one-way or two-way ANOVA with Bonferroni’s t-test
for post hoc analysis and paired or unpaired t-test were performed for
statistical analysis as appropriate. Data were reported as means + s.e.m.
P values < 0.05 were considered statistically significant.

RESULTS

Glutathione depletion protects from diet-induced obesity

To investigate whether glutathione depletion modulates diet-
induced obesity in vivo, we challenged C57BL/6] mice with
a HFD containing 45% kcal from fat and treated mice with
vehicle or BSO (30 mmol/l). At this dose, BSO has previously
been shown to deplete endogenous glutathione in mice result-
ing in increased levels of ROS in metabolically active tissues
including liver, muscle, and adipose tissue (8-10). Surprisingly,
BSO-treated mice fed a HFD were completely protected from
diet-induced obesity (Figure 1a), despite similar food intake
and water consumption (Figure 1c,d). Analysis of body compo-
sition in mice fed a HFD diet confirmed significantly decreased
fat mass in BSO-treated mice without significant differences in
lean body mass, indicating that the difference in body weight
was due to reduced fat mass in BSO-treated mice (Figure 1b).

Glutathione-depleted mice exhibit increased energy
expenditure and locomotor activity

The observation that BSO treatment prevented diet-induced
obesity in mice without affecting food intake raised the ques-
tion as to whether glutathione depletion might modulate
energy balance. To address this possibility, we next analyzed
energy expenditure activity in BSO-treated mice. As shown
in Figure le, BSO treatment of HFD-fed mice increased
energy expenditure during both light and dark phase, which
was associated with a significant increase in the expression
of the uncoupling proteins UCP-2 and UCP-3 in adipose tis-
sue (Figure 1f,g). Furthermore, BSO-treated mice displayed
increased locomotor activity during both light and dark phase
(Figure 1h). In concert, these data indicate that BSO treatment
increases energy expenditure and locomotor activity in mice,
which may contribute to the protection from diet-induced
obesity by glutathione depletion.

Glutathione depletion enhances insulin sensitivity

To further characterize the effect of glutathione depletion
on glucose homeostasis, we analyzed glucose tolerance and
insulin sensitivity in mice treated with BSO. As expected,
control mice fed a HFD displayed considerably impaired glu-
cose clearance and insulin resistance. In contrast, mice fed a
HFD and treated with BSO displayed less glucose intolerance
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and preserved insulin sensitivity (Figure 1i,j). This data sug-
gest that glutathione depletion enhances insulin sensitivity in
HFD-fed mice.

DISCUSSION

Abundant evidence has demonstrated the accumulation of
oxidative stress during obesity and suggests a causal participa-
tion of pathological ROS concentrations in the development of
insulin resistance (1,2). For instance, nutrient excess increases
mitochondrial production of H,O,, which attenuates insu-
lin signaling (3). Conversely, antioxidant treatment or over-
expression of antioxidant enzymes can prevent diet-induced
insulin resistance in mice (11). However, despite these appar-
ent deleterious effects of pathological ROS concentrations on
insulin sensitivity, it is well established that physiological levels
of ROS enhance cellular signaling (4). Particularly H,O, has
been implicated in the activation of protein phosphorylation-
dependent pathways, including insulin signaling and can exert
insulin-mimicking effects through the inactivation of oxida-
tion-sensitive protein tyrosine phosphatases (3). In mamma-
lian cells, the primary antioxidant system to scavenge H,O, is
the glutathione system, which converts H,O, to water through
the activity of GPx using reduced glutathione as an electron
donor (6). Using a pharmacological approach, our findings
demonstrate that glutathione depletion enhances insulin sen-
sitivity and, interestingly, prevents diet-induced obesity by
increasing energy expenditure and locomotor activity. These
observations complement prior studies using genetic modu-
lation of glutathione peroxidase in mice. GPx1-deficient mice
are protected from high-fat diet-induced insulin resistance (6)
while mice overexpressing GPx1 are insulin resistant due to
altered insulin signaling (12). Moreover, increased ROS levels
in GPx1-deficient mice protected against diet-induced obes-
ity and increased energy expenditure (6), which is consistent
with our data obtained through pharmacological glutathione
depletion. Although the molecular mechanisms underlying
increased energy expenditure in glutathione-depleted mice
remain unknown, is it possible that the observed increase
in the expression of UCP-2 and UCP-3 in BSO-treated mice
induced mitochondrial uncoupling, which has previously
been described in response to increased levels of ROS (13).
Alternatively, the enhanced energy expenditure in BSO-treated
mice might be the result of increased locomotor activity. In
skeletal muscle, ROS are necessary for optimal contractile func-
tion, force production, and exercise-induced adaptations (14).
Furthermore, particularly H,O, is increasingly recognized as
a potent neuromodulator (15). It is therefore conceivable, that
glutathione depletion may lead to activity-stimulating changes
in the redox environment of muscle or brain.

Collectively, our observations presented in this study provide
further evidence to support a differential role of ROS in obes-
ity and diabetes, likely depending on the mechanisms of induc-
tion and the concentrations of ROS. While high levels of ROS
induced through pathological responses are likely to contribute
to insulin resistance, physiological low levels may be beneficial
to increase energy expenditure and augment insulin sensitivity;
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however, further studies are warranted to corroborate this notion
and to define the role of ROS in obesity and diabetes.

ACKNOWLEDGMENTS

These studies were supported by the American Diabetes Association (ADA
Award No.: 1-09-CD-02) and the National Institutes of Health COBRE on
Obesity and Cardiovascular Diseases (P20 RR021954).

DISCLOSURE
The authors declared no conflict of interest.

© 2011 The Obesity Society

REFERENCES

1. Furukawa S, Fujita T, Shimabukuro M et al. Increased oxidative
stress in obesity and its impact on metabolic syndrome. J Clin Invest
2004;114:1752-1761.

2. Houstis N, Rosen ED, Lander ES. Reactive oxygen species have a causal
role in multiple forms of insulin resistance. Nature 2006;440:944-948.

3. Chang YC, Chuang LM. The role of oxidative stress in the pathogenesis of
type 2 diabetes: from molecular mechanism to clinical implication.
Am J Transl Res 2010;2:316-331.

4. Veal EA, Day AM, Morgan BA. Hydrogen peroxide sensing and signaling.
Mol Cell 2007;26:1-14.

5. Goldstein BJ, Mahadev K, Wu X, Zhu L, Motoshima H. Role of insulin-
induced reactive oxygen species in the insulin signaling pathway. Antioxid
Redox Signal 2005;7:1021-1031.

2432

Loh K, Deng H, Fukushima A et al. Reactive oxygen species enhance insulin
sensitivity. Cell Metab 2009;10:260-272.

Nomiyama T, Perez-Tilve D, Ogawa D et al. Osteopontin mediates obesity-
induced adipose tissue macrophage infiltration and insulin resistance in
mice. J Clin Invest 2007;117:2877-2888.

Cattan V, Mercier N, Gardner JP et al. Chronic oxidative stress induces a
tissue-specific reduction in telomere length in CAST/Ei mice. Free Radic Biol
Med 2008;44:1592-1598.

Skapek SX, Colvin OM, Griffith OW et al. Enhanced melphalan cytotoxicity
following buthionine sulfoximine-mediated glutathione depletion in a human
medulloblastoma xenograft in athymic mice. Cancer Res 1988;48:
2764-2767.

. Mira R, Raymond C, Michael A. Increased macrophage glutathione content

reduces cell-mediated oxidation of LDL and atherosclerosis in apolipoprotein
E-deficient mice. Atherosclerosis 2002;163:17-28.

. Anderson EJ, Lustig ME, Boyle KE et al. Mitochondrial H202 emission and

cellular redox state link excess fat intake to insulin resistance in both rodents
and humans. J Clin Invest 2009;119:573-581.

. McClung JP, Roneker CA, Mu W et al. Development of insulin resistance

and obesity in mice overexpressing cellular glutathione peroxidase. Proc Nat/
Acad Sci USA 2004;101:8852-8857.

. Echtay KS, Roussel D, St-Pierre J et al. Superoxide activates mitochondrial

uncoupling proteins. Nature 2002;415:96-99.

. Reid MB. Free radicals and muscle fatigue: Of ROS, canaries, and the IOC.

Free Radlic Biol Med 2008;44:169-179.

. Tsentsevitsky A, Nikolsky E, Giniatullin R, Bukharaeva E. Opposite

modulation of time course of quantal release in two parts of the same
synapse by reactive oxygen species. Neuroscience 2011;189:93-99.

VOLUME 19 NUMBER 12 | DECEMBER 2011 | www.obesityjournal.org



