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Adipose tissue metabolically adapts to external stimuli. We demonstrate that the induction of the
thermogenic program in white adipocytes, through cold exposure in mice or in vitro adrenergic
stimulation, is accompanied by a decrease in the intracellular content of glutathione (GSH).
Moreover, the treatment with a GSH depleting agent, buthionine sulfoximine (BSO), recapitulates
the effect of cold exposure resulting in the induction of thermogenic program. In particular, BSO
treatment leads to enhanced uncoupling respiration as demonstrated by increased expression

of thermogenic genes (e.g. Ucpa, Ppargcia), augmented oxygen consumption and decreased
mitochondrial transmembrane potential. Buffering GSH decrement by pre-treatment with GSH
ester prevents the up-regulation of typical markers of uncoupling respiration. We demonstrate that
FoxOa activation is responsible for the conversion of white adipocytes into a brown phenotype as
the “browning” effects of BSO are completely abrogated in cells down-regulating FoxO1. In mice,
the BSO-mediated up-regulation of uncoupling genes results in weight loss that is at least in part
ascribed to adipose tissue mass reduction. The induction of thermogenic program has been largely
proposed to counteract obesity-related diseases. Based on these findings, we propose GSH as a novel
therapeutic target to increase energy expenditure in adipocytes.

Adipose tissue has multiple metabolic functions and is primary involved in the regulation of energetic
homeostasis. The traditional nomenclature has featured adipose tissue as white and brown depending
on its macroscopic appearance. White adipose tissue (WAT) is constituted of white adipocytes and has
generally been viewed as an energy reservoir of neutral lipids. WAT stores the excess of calories for their
usage by other tissues during nutrient scarcity. Brown adipose tissue (BAT) primarily represents the site
of thermoregulation. Actually, BAT is an oxidative tissue that, when fully activated, uses fatty acids stored
into brown adipocytes to support the activity of the uncoupling protein 1 (Ucpl or thermogenin) that
dissipates the mitochondrial proton gradient to produce heat.

WAT is capable of great plasticity and undergoes a continuous shape remodeling during life in
response to many environmental stimuli (drugs, nutrients, etc) and physiopathological conditions (e.g.
ageing, obesity)'. An unexpected presence of cells with the characteristic of brown adipocytes was
noted in WAT*®. Hence, the classification of adipocytes has been recently updated. In particular, brite
(brown-in-white) or beige adipocytes is the name used to distinguish brown-like cells located into WAT
from white and brown adipocytes®’. Importantly, upon physiological stimuli, such as physical exercise
and cold exposure, WAT can evolve towards a brown-like phenotype®!'. During this process (browning)
the expression of classic BAT genes is triggered in WAT, thus increasing energy expenditure and lead-
ing to slimming. Consequently, WAT browning positively impacts on susceptibility to obesity adiposity,
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insulin resistance and hyperlipidaemia®'2. However, also pathological conditions, such as inflammation
and cancer are causative of WAT browning">-1°.

There is also a large new consensus that metabolically active BAT is present in humans from newborns
to adults'®, and lower amounts of BAT are associated with obesity and diabetes'”'8. This has renewed the
interest towards BAT function and the effects of its recruitment on overall body energy metabolism. The
increase in energy expenditure through WAT browning or BAT activation is therefore an attractive goal
to reduce the risk of obesity and its-related pathologies!'”'%.

An intricate pathway of gene expression governs both the development of an adipocyte phenotype
and metabolic response to specific inputs. It is recently emerging that the induction of genes that orches-
trate adipose cell metabolism and differentiation is driven by changes in intracellular redox state!>*.
Moreover, an oxidative redox potential seems to modulate the efficiency of mitochondrial metabolism?!.
In this regard, mitochondria of brown adipocytes have higher level of reactive oxygen species (ROS)
production and more oxidized status when compared to other cell types*. Exposure to cold further
shifts mitochondria redox status of brown adipocytes towards pro-oxidant condition and this event is
required for the proper functioning of BAT mitochondria?!. These observations indicate a very peculiar
characteristic of BAT with respect to all other tissues that are reliant on a more reductive environment
for their function®*.

Glutathione (GSH) represents the major thiol-disulphide redox system within all cell types** and
changes in its concentration have been largely recognized to drive cell differentiation®. In recent years,
many aspects of adipose tissue physiology have been demonstrated to tightly depend upon GSH redox
system?*-2, Adipocyte differentiation is boosted by conditions that promote intracellular compartment
oxidation®. In particular, variations of GSH to GSSG ratio towards oxidizing conditions accompany
adipogenesis?®*® and depletion of GSH in the course of differentiation accelerates white adipocyte matu-
ration and increases triglyceride accumulation?. Interestingly, all conditions that have been reported to
impinge BAT activation and/or WAT browning (e.g. acute physical exercise, cold exposure, inflammation
and cancer) represent per se stressful hints that are associated with oxidative stress and could cause a
remarkable shift of GSH redox state towards pro-oxidant conditions in plasma and tissues'***2, Despite
this evidence, the role of GSH in the modulation of BAT activity and browning of WAT is completely
unknown.

In the present report, we have considered the possibility that the decrease of GSH concentration could
drive the browning process. We have demonstrated that GSH levels are reduced during white adipose
cells browning and that treatment with the non-toxic inhibitor of GSH synthesis buthionine sulfoximine
(BSO) elicits the up-regulation of genes related to uncoupling respiration (e.g. Ucpl and Ppargcla) in
brown and white adipocytes. Importantly, we also found that the induction of the redox sensitive tran-
scription factor FoxOl is essential for the browning response.

Results

Activation of the thermogenic program is associated with GSH decrement. Intracellular GSH
varies during differentiation process in many cell types®**. In particular, we previously showed that
during differentiation, 3T3-L1 cells shift towards an oxidative milieu, which is functional in determining
the induction of adipogenic genes including C/EBP3?%, a transcription factor also linked to adipocyte
white-to-brown conversion®. Whether changes in redox state also drive trans-differentiation in white
adipocytes has been poorly investigated. Cold is a physiological stimulus that has been demonstrated
to induce WAT browning®. This prompted us to analyse the effects of an acute cold exposure on GSH
content in epididymal WAT (eWAT). To this end, we exposed 6 weeks old mice to cold (4°C) for 20h and
we analyzed the expression of Ucpl, a well-accepted marker of thermogenesis activation. As shown in
Fig. 1A, Ucpl was up-regulated both in eWAT and BAT, indicating that such treatment effectively stim-
ulates a thermogenic program in adipose depots. Interestingly, a marked reduction of GSH content was
determined upon cold exposure in eWAT (Fig. 1B), whereas, no significant variations were observed in
BAT (Fig. 1B). However, under basal condition, we detected a lower GSH amount in BAT (about 2 nmol/
mg proteins) with respect to eWAT (about 4 nmol/mg proteins) that could be indicative of a higher basal
oxidative environment in brown adipose cells (Fig. 1B). The value of GSSG concentration was under
the limit of detection under our experimental conditions in mouse adipose depots. To further associate
changes of GSH content with the trans-differentiation process we treated 3T3-L1 white adipocytes with
the 3;-adrenergic agonist isoproterenol, a drug that is known to induce the white-to-brown conversion
in cultured adipocytes®. Expectedly, isoproterenol triggered the up-regulation of the genes related to
brown adipose cells phenotype (i.e. Ppargcla, Ucpl, Fgf21, Cidea) (Fig. 1C) and increased phosphoryl-
ation of PKA-serine-substrates as well as phosphorylation of HSL at Ser563 (Fig. 1D). In parallel, we
noticed a rapid and progressive reduction of GSH levels concomitant to a decrease of GSH/GSSG ratio
(Fig. 1E). To assess whether GSH lowering was causally involved in the induction of the brown-like
changes, we treated white adipocytes with GSH ester 30 min prior to isoproterenol addition. GSH ester
significantly restrained the induction of the brown-related mRNAs (Fig. 1C) as well as cAMP-PKA signal
transduction pathway (Fig. 1D).

GSH depletion through BSO treatment selectively affects adipose tissue and elicits its shape
remodelling. On the basis of these observations, we asked whether GSH depletion through the
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Figure 1. GSH decrease is associated with the induction of thermogenic program in adipose tissues.
(A) mRNA levels of Ucpl were measured through RT-qPCR in eWAT and BAT from mice exposed to
cold (4°C for 20h). Data are reported as fold induction with respect to control mice (21°C) and expressed
as means £ S.D. (n=3 mice per group; *p < 0.01, **p < 0.001 vs 21°C). (B) GSH content was measured
by HPLC in mouse eWAT and BAT. Data are reported as nmol GSH/mg protein and expressed as means
£ S.D. (n=3 mice per group, **p < 0.001 vs 21°C). (C) mRNA levels of Ppargcla, Ucpl, Fgf21 and Cidea
were measured through RT-qPCR in 3T3-L1 adipocytes exposed to 1h isoproterenol treatment. GSH ester
(5mM) was added 30 min prior isoproterenol addition and maintained throughout the experiment. Data
are reported as fold induction with respect to control and expressed as means + S.D. (n=4; **p < 0.001 vs
Ctr; °p < 0.01, °°p < 0.001 vs isoproterenol). (D) Protein levels of PKA-Ser-substrates, phospho-active HSL
(HSLp563) and Ucpl were measured by Western blot in 3T3-L1 adipocytes treated as described in (C).
Actin was used as loading control. The full-length original blots are reported in Suppl. Fig. S2. (E) GSH and
GSSG content was measured by HPLC in 3T3-L1 adipocytes exposed to isoproterenol treatment. Data are
reported as nmol GSH or GSSG/mg proteins (left panel) or as GSH/GSSG ratio (right panel) and expressed
as means £ S.D. (n=4; *p<0.01, **p < 0.001 vs Ctr).

chemical inhibition of its synthesis could induce the browning program in mouse WAT. To this end,
we treated mice by adding BSO in drinking water (20mM) up to 5 weeks. GSH content in eWAT was
significantly lowered of about 50% in BSO-treated mice reaching a value similar to that observed in
untreated BAT. Moreover, BSO was able to efficiently induce GSH depletion also in BAT (Fig. 2A). The
GSH decrement was associated with an accumulation of oxidized proteins both in terms of carbonyls
(Fig. 2A) and 4-hydroxynonenal (4-HNE) adducts (Suppl. Fig. S1A) in eWAT. Remarkably, in line with
the lower GSH content, the level of oxidized proteins was higher in BAT with respect to eWAT under
basal conditions (Fig. 2A, Suppl. Fig. S1A), confirming a higher oxidative environment in BAT. However,
BSO treatment only slightly increased protein oxidation in BAT, as evidenced by minor increase of pro-
tein carbonyls with respect to eWAT and not significant changes in the levels of 4-HNE protein adducts
(Fig. 2A, Suppl. Fig. S1A).

During BSO treatment mice did not show any variation in water (data not shown) and food con-
sumption (Suppl. Fig. S1B). Notwithstanding, BSO-treated mice rapidly underwent weight loss (15%
reduction at 24h). Similar slimming effects were observed in mice exposed to cold for 20h (10% weight
reduction) (Suppl. Fig. S1C). BSO-treated mice remained lighter with respect to untreated mice up to the
end of treatment (5 weeks) (Fig. 2B). At 5 weeks, the weights of liver, brain, heart, kidney and testis of
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Figure 2. Glutathione depletion by BSO induces fat remodelling in mice. (A) GSH content was measured
by HPLC in eWAT and BAT from mice treated with BSO (20mM in drinking water) for 5 weeks (left panel).
Protein oxidation was determined by assaying carbonyl residues through Western blot analysis (right panel).
Actin was used as loading control. Below are reported the densitometric analyses of the immunoreactive
bands normalized to actin. The full-length original blots are reported in Suppl. Fig. S3. Data are reported

as nmol GSH/mg proteins and expressed as means =+ S.D. (n=4 mice per group, *p < 0.01, **p < 0.001 vs
Ctr; *°p < 0.001 vs eWAT Ctr). (B) Body weights of mice treated with BSO (20mM in drinking water) up

to 5 weeks. Data are expressed as means £ S.D. (n=4 mice per group; *p < 0.01 vs Ctr). (C) Tissue weights
of mice treated with BSO as described in (A). Data are expressed as means =+ S.D. (n=4 mice per group).
Representative photographs of C57/BL6 mice are reported in the inset. (D) Weights of eWAT and BAT

from mice treated with BSO as described in (A). Data are expressed as means &= S.D. (n=4 mice per group;
*p < 0.01, **p < 0.001 vs Ctr). (E) H&E histological analysis (left panel) with relative adipocytes count per
area and size (right panels) of eWAT and BAT from mice treated with BSO as described in (A). Data are
expressed as means =+ S.D. (n=4 mice per group; *p < 0.01, **p < 0.001 vs Ctr). (F) GSH content of eWAT
and BAT from mice treated with BSO for 24h (20mM in drinking water). Data are reported as fold change
with respect to control and expressed as means £ S.D. (n=4 mice per group; **p < 0.001 vs Ctr). (G)
Weights of eWAT, iWAT and BAT from mice treated with BSO as described in (F). Data are expressed as
means £ S.D. (n=4 mice per group; *p < 0.01, **p < 0.001 vs Ctr).

BSO-treated mice were not significantly different from controls (Fig. 2C). The slimming effects of BSO
were associated with the diminution of adipose depots mass. Actually, eWAT and BAT weights were sig-
nificantly reduced upon 5 weeks of BSO treatment (Fig. 2D). In particular, histological analyses showed
that BSO caused a profound tissue shape remodelling both in eWAT and BAT consisting in a reduced
lipid droplet size as well as increased number of adipocytes per area (Fig. 2E).

BSO treatment induces adipose cells browning and mitochondrial uncoupling via
FoxO1. Given that GSH synthesis inhibition was able to rapidly trigger weight loss in mice, we moved
at analysing the effect of BSO at 24h treatment. At this time, BSO led to a significant GSH reduction
both in eWAT and BAT (Fig. 2F) that was associated with morphological changes as well as weight loss
in all adipose depots (Fig. 2G, Suppl. Fig. S1D). To investigate whether BSO could elicit the browning
program in eWAT and activation of BAT, we analysed the expression of genes related to thermogenesis.
As reported in Fig. 3A, mRNA level of Ppargcla, Ppara, Ucpl, Fgf21, Cidea and Dio2 were significantly
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Figure 3. BSO treatment activates thermogenic program in adipose tissue. (A) mRNA levels of Ppargcla,
Ppara, Ucpl, Fgf21, Cidea and Dio2 measured in adipose tissue of mice treated with BSO for 24h (20 mM
in drinking water). Data are reported as fold induction with respect to control and expressed as means

£ S.D. (n=4 mice per group; *p < 0.05, **p < 0.001 vs Ctr). (B) Immunohistochemical analysis of Ucpl
protein in eWAT and BAT from mice treated as in (A). (C) GSH and GSSG content in 3T3-L1 and T37i
adipocytes treated with BSO (1mM for 24h). Data are reported as nmol GSH or GSSG/mg proteins (left
panel) or as GSH/GSSG ratio (right panel) and expressed as means + S.D. (n=4; **p < 0.001 vs Ctr).

(D) mRNA levels of Ppargcla, Ppara, Ucpl and Fgf21 measured in 3T3-L1 and T37i adipocytes treated

as in (C). Data are reported as in (A) (n=4; *p < 0.001 vs Ctr). (E) mRNA levels of Glut-1 and Glut-4
measured in 3T3-L1 and T37i adipocytes treated as in (C). Data are reported as in (A) (n=4; **p < 0.001).
(F) Glucose uptake in 3T3-L1 and T37i adipocytes treated as in (C). Data are reported as percentage of
FL-1 positive cells and are expressed as means £ S.D. (n=4; **p < 0.001 vs Ctr; *°p < 0.001 vs 3T3-L1
Ctr). (G) Western blot analysis of Ucpl in crude mitochondria derived from 3T3-L1 and T37i adipocytes
treated as in (C). vDAC was used as loading control. The full-length original blots are reported in Suppl.
Fig. S4. (H) Mitochondrial oxygen consumption measured through a polarograhic method in 3T3-L1

and T37i adipocytes treated with BSO (1 mM for 16 and 24h). Data are reported as nmolO,/min/10~*

cells and expressed as means £ S.D. (n=4; *p < 0.05, **p < 0.001 vs Ctr; °°p < 0.001 vs 3T3-L1 Ctr). (I)
Mitochondrial membrane potential measured by cytofluorimetric analysis after MitoTracker Red staining
in 3T3-L1 and T37i adipocytes treated as in (C). Data are reported as percentage of FL-2 positive cells and
expressed as means £ S.D. (n=4; *p < 0.05, **p < 0.001 vs Ctr; °°p < 0.001 vs 3T3-L1 untreated).
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Figure 4. BSO-mediated Ucp1 induction is downstream of FoxO1. (A) FoxO1 levels were detected

by Western blot in eWAT and BAT from mice exposed to cold (4°C for 20h). Below are reported the
densitometric analyses of the immunoreactive bands normalized to actin. The full-length original blots are
reported in Suppl. Fig. S5. Data are reported as fold change with respect to eWAT 21°C and expressed as
means £ S.D. (n=3 mice per group, **p < 0.01 vs 21°C). (B) FoxOl levels were detected by Western blot
in 3T3-L1 adipocytes exposed to 1h isoproterenol treatment. GSH ester (5mM) was added 30 min prior
isoproterenol addition and maintained throughout the experiment. Actin was used as loading control. The
full-length original blots are reported in Suppl. Fig. S6. (C) FoxO1 levels were detected by Western blot in
eWAT from mice treated with BSO (20mM in drinking water for 24h) or 3T3-L1 adipocytes treated with
BSO (1mM for 24h). vDAC was used as loading control. The full-length original blots are reported in
Suppl. Fig. S7. (D) Ucpl, SOD2 and Cidea mRNAs were detected by RT-qPCR in 3T3-L1 adipocytes down-
regulating FoxO1 (iFoxO1) and treated with BSO as described in (C). Data are reported as fold induction
with respect to control and expressed as means £ S.D. (n=4; *p < 0.05, **p < 0.001 vs Ctr). (E) Ucpl levels
were detected by Western blot in 3T3-L1 adipocytes down-regulating FoxO1 (iFoxO1) and treated with BSO
as described in (C). GSH ester (5mM) was added 30 min prior BSO addition and maintained throughout
the experiment. The full-length original blots are reported in Suppl. Fig. S8.

up-regulated in eWAT of mice treated with BSO for 24h. Although at lesser extent, the expression of
Ppargcla, Ppara, Ucpl, Fgf21 and Cidea was up-regulated in BAT as well. Immunohistochemical anal-
yses confirmed the shift of eWAT towards a brown-like phenotype. Indeed, increased level of Ucpl was
detected in eWAT of BSO-treated mice (Fig. 3B). Ucpl protein increased in BAT as well, implying the
activation of the thermogenic program upon BSO treatment (Fig. 3B).

To confirm the data obtained in vivo and to more deeply investigate the mechanisms underlying the
WAT browning and BAT activation, we treated 3T3-L1 white and T37i brown adipocytes with BSO for
24h. At this time, GSH and GSH/GSSG ratio were markedly decreased both in 3T3-L1 and T37i cells
(Fig. 3C). A lower amount of glutathionylated proteins was also observed (Suppl. Fig. S1E). Indicators of
brown phenotype including Ppargcla, Ppara, Ucpl and Fgf21 were up-regulated in these cells (Fig. 3D).
Other brown adipocyte hallmarks, such as enhanced level of Glut-1 and Glut-4 expression, were also
evidenced (Fig. 3E). As consequence, glucose uptake was more efficient in BSO-treated with respect to
untreated 3T3-L1 and T37i adipocytes (Fig. 3F). The effectiveness of mitochondrial uncoupling activity
was assayed by analysing the mitochondrial level of Ucpl, oxygen consumption and mitochondria depo-
larization. Western blot analysis performed on crude mitochondrial proteins revealed an augmentation
of Ucpl content in BSO-treated adipocytes (Fig. 3G). BSO efficiently increased oxygen consumption
(Fig. 3H) and caused the drop of mitochondrial membrane potential both in T37i and 3T3-L1 cells
(Fig. 3I), with T37i having the lower degree of variations. In line with their brown nature, under basal
condition T37i cells displayed higher values of glucose uptake and oxygen consumption (Fig. 3EH).
Coherently, T37i also had lower mitochondrial trans-membrane potential compared to 3T3-L1 adipo-
cytes (Fig. 3I).

Many transcription factors are involved in the expression of Ucpl among which FoxOl is included®.
We previously showed that FoxO1 governs the expression of lipid oxidative genes in white adipose cells
via a redox-dependent manner>%. Interestingly, the thermogenic equipment mounted by cold exposure
in mice and isoproterenol treatment in 3T3-L1 cells was also characterized by the induction of FoxO1
(Fig. 4A,B). Pre-treatment with GSH ester, which we showed to significantly blunt adipocyte brown-
ing, was able to buffer FoxO1 up-regulation in 3T3-L1 adipocytes (Fig. 4B). Remarkably, GSH lowering
through BSO treatment was able to efficiently up-regulate FoxO1 levels both in WAT and 3T3-L1 adipo-
cytes mimicking what observed during cold and isoproterenol treatment respectively (Fig. 4C).

We next asked whether the BSO-mediated induction of the browning program was managed by
FoxOl. To this end, we transfected 3T3-L1 adipocytes with FoxO1 siRNA prior to BSO treatment. As
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reported in Fig. 4D, the up-regulation of brown-like markers (i.e. Ucpl, SOD2 and Cidea) induced by
BSO was significantly blunted in 3T3-L1 cells down-regulating FoxO1. Moreover, pre-treatment with
GSH ester was able to inhibit the increase of FoxO1 as well as the level of Ucpl protein (Fig. 4E), pointing
to a GSH-dependent modulation of the thermogenic program.

Discussion

Physical exercise and cold exposure represent stressful conditions leading to increased energy dissipation
through WAT browning and BAT activation®'!. Furthermore, such conditions generate alterations of
redox homeostasis leading to pro-oxidant states'**2, Thiol-based reactions have been widely implicated
in the control of many cellular processes including cell differentiation®.

Here we have reported that a decrease of GSH accompanies BAT activation and WAT browning and
that the modulation of GSH levels by BSO could be an effective tool to drive trans-differentiation or
metabolic adaptation in adipose cells. The slimming effects of BSO are known since many years*!~#.
However, the molecular mechanism(s) by which GSH regulates body fat content are currently not fully
established. Up to date, one of the hypotheses given to explain the effects of BSO in WAT remodeling
was that fat precursor cells could have diminished replicative potential due to the reduction of telomere
length*!. Alternatively, it was proposed that WAT undergoes atrophy as consequence of diminished tissue
viability*’. More conceivable was the idea that reduction of WAT mass was due to increased locomotor
activity accompanied by enhanced energy expenditure*!. The intriguing molecular explanation of such
phenomenon was that BSO is able to induce the expression of Ucp2 and Ucp3 resulting in enhanced
uncoupling respiration and energy dissipation in WAT. Nevertheless, no effect either on Ucpl expression
in WAT or in BAT activity have been reported yet. In this work we show that pharmacological GSH
depletion by BSO builds-up an intense metabolic rearrangement in WAT and BAT that culminates in a
significant fat mass reduction. A similar body weight loss was observed in mice exposed to cold even
under ad libitum food intake, suggesting that BSO triggers a “physiological” affordable change at least for
this animal species. BSO treatment promotes Ucpl-mediated thermogenic program in white and brown
adipose cells. Many are the proofs we provided indicating that the expression of thermogenesis-related
genes is inversely correlated with GSH concentration. We have shown that BAT has a more oxidized
redox state with respect to WAT and becomes more active when GSH synthesis is inhibited. By stimulat-
ing the white-to-brown conversion hormonally, we observed that a rapid drop of GSH concentration and
decreased GSH/GSSG ratio accompany the up-regulation of brown-related genes and that such an event
is significantly blunted by supplementing adipocytes with GSH ester. Another confirmation derives from
in vivo experiments in which we illustrate that brown-like metabolic remodeling of mouse eWAT upon
cold exposure is accompanied by a significant reduction of GSH. More excitingly, here we show that by
forcing GSH redox state towards the similar pro-oxidant conditions of BAT, the expression of Ucpl and
other genes related to uncoupling respiration is enhanced in white adipose cells and tissue. Specifically,
Ucpl mRNA is strongly up-regulated and this results in the drop of mitochondrial trans-membrane
potential and higher degree of oxygen consumption. The shift towards a brown-like metabolism is also
confirmed by the induced expression of Glut genes and increased capacity of white adipocytes to incor-
porate glucose. Of notice, cold exposure does not trigger the decrement of GSH in BAT, implying that
the high oxidative environment of this tissue under basal conditions is already permissive towards the
induction of the thermogenic program.

Also genetic manipulation of GSH concentration has been found to cause changes in body mass com-
position®. A diminished percentage of body fat without any changes in the lean mass was observed in
mice having global ablation of the modifier subunit of GCL (GCLM), which is responsible for the mod-
ulation of GCL catalytic activity*®. In particular, even though preserving 80% GSH content compared to
wild type animals, these mice had a more oxidized thiol redox state, resulted lighter and highly resistant
to weight gain and alteration of metabolic parameters during high fat diet. Accordingly, we have observed
that even though mice normally growth upon BSO treatment they remained slimmer than control up to
five weeks treatment, suggesting that energy intake is not exceeding to accumulate fats. Increased oxygen
consumption was also observed, however, any investigation was made regarding the possible contribu-
tion of uncoupling respiration on such increased mitochondrial activity. Overlapping metabolic profile
was observed by Findeisen and co-workers on mice treated with BSO that resulted highly resistant to
high fat diet-induced obesity as well*%. Collectively these and our findings give effort to the idea that the
metabolic adaptations triggered by BSO are strictly dependent on GSH lowering and not to unspecific
effects of this GSH synthesis inhibitor.

FoxOl is a redox-sensitive transcription factors that finely modulates lipid metabolism in adipose
cells!. Among the roles of FoxO1 in adipose tissue metabolism the induction of Ucpl protein is also
included®. In line with this, we have substantiated that the expression of brown-related genes such as
Ucpl is modulated by BSO through a FoxO1 pathway in white adipocytes. Indeed, GSH ester supple-
mentation efficiently restrains both FoxO1 activation and the expression of Ucpl gene.

In recent years, igniting thermogenesis within BAT and WAT has drawn the attention of researchers
working in the field of obesity and its related diseases*. Physiological stimuli (i.e. physical exercise, cold,
fasting) have been found to increase body energy dissipation via the action of hormones, such as orexin,
irisin and Fgf21%%%. The discovery of these hormones as “burning” factors raised expectations of their
therapeutic potential to prevent fat gain and treat metabolic diseases®®-*°. However, since many of the
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beneficial actions have been studied in mice, the scientific community is still critical against the possible
therapeutic use of these hormones. For instance, the function of irisin is still unclear and controver-
sial in humans and the use of irisin as therapeutic tool has been recently criticised®->*. Moreover, our
data support the idea that, to be successful, the hormone-dependent thermogenic cascade must proceed
through an oxidative intracellular environment. Actually, in the presence of GSH ester, isoproterenol is
ineffective in triggering either the activation of PKA and its downstream effector (i.e. HSL) or the ther-
mogenic program. Intriguingly, it was reported that obese rats have higher GSH content in white adipose
depots”. With this in mind, we can postulate that the simple treatment with a “thermogenic” hormone
may be not sufficient to induce the browning program if an adequate drop of GSH content is not reached.
Notably, the cold-induced white-to-brown conversion was demonstrated to arise also when the adrener-
gic cascade is blocked, highlighting that white adipocytes directly sense temperature variations®. Thus,
it is possible to postulate that cold directly causes GSH redox imbalance and this event is the genuine
inducer of the expression of uncoupling genes in a way that could be independent of hormonal stimula-
tion. Conceivably, the redox imbalance caused by GSH decrease may also act as an enhancer of hormonal
lipolytic cascade resulting in a more efficient dissipation of stored energy.

Overall our findings emphasize the cardinal role of GSH redox system in metabolic adaptation of adi-
pocytes through enhanced energy dissipation. Phase I clinical studies with continuous-infusion of BSO
have shown that GSH can be depleted without undue normal tissue toxicity*>*¢. Therefore by virtue of
its ability to dissipate excessive energy through mitochondrial uncoupling both in WAT and BAT, BSO
may be considered for future studies as a drug with strong therapeutic potential for metabolic diseases
treatment.

Methods

Cell lines, treatments and transfections. 3T3-L1 murine adipocytes (American Type Culture
Collection, Bethesda, MD, USA) were cultured and differentiated as previously described®. All experi-
ments were performed in fully differentiated (day 8) 3T3-L1 white adipocytes. T37i murine cell line was
kindly provided by Prof. Marc Lombes (Inserm U693, Paris, France) and was grown and differentiated
as described by Nakae et al.’” with some modifications. Briefly, cells were grown in DMEM/F-12 sup-
plemented with 10% fetal calf serum until confluence. Two days later, the cells were treated with differ-
entiation medium (DMEM containing 10% fetal bovine serum, 0.5mM 3-isobutyl-1-methylxanthine,
1 pM dexamethasone, 1pg/mL insulin, 1M rosiglitazone and 2nM triiodothyronine). The maintenance
medium (DMEM supplemented with 10% fetal bovine serum, 1M rosiglitazone and 2nM triiodothy-
ronine) was changed every 48h and all experiments were performed after 8 days of differentiation. All
experiments were performed in fully differentiated (day 8) T37i brown adipocytes. BSO (Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in PBS and added in culture medium at a final concentration of
1 mM and maintained throughout the experiment. GSH ester (Sigma-Aldrich) was dissolved in culture
medium at a concentration of 5mM and maintained throughout the experiment. Isoproterenol hydro-
chloride (Sigma-Aldrich) was dissolved in PBS and added in culture medium at a final concentration of
10pM and maintained throughout the experiment. Fully differentiated adipocytes were transfected with
a siRNA duplex directed against the mouse FoxO1 (Santa Cruz Biotechnologies, Santa Cruz, CA, USA)
sequence. Transfection with a scramble siRNA duplex (scr), with no homology to other mouse mRNA,
was used as control. Thirty hours after transfection cells were treated with BSO.

Mice and treatments. We conducted all mouse experimentations in accordance with accepted stand-
ard of human animal care and with the approval by relevant national (Ministry of Welfare) and local
(Institutional Animal Care and Use Commettee, Tor Vergata University) committees. Sixteen C57BL/6
adult (1 months-age-old) male mice (purchased from Harlan Laboratories S.r.l., Urbino, Italy) were ran-
domly divided in 2 groups: untreated mice (control group, n= 8 mice) or BSO-treated mice (BSO, n=28
mice). BSO-treated mice were randomly divided in two subgroups: 24-hours-treated mice (n=4 mice)
or 5-weeks-treated mice (n=4 mice). BSO was supplied in drinking water at the final concentration of
20mM. Six C57BL/6 (6 weeks-age-old) male mice were randomly divided in two groups: room tem-
perature group (control group, 21°C) or cold exposed group (4°C). Cold exposure was maintained for
20hours. All mice were housed with 12h light/dark cycles and had free food and water access. After
cervical dislocation, tissues were explanted and immediately processed.

Isolation of mitochondria. Crude mitochondria from adipose tissue were obtained as described by
Wieckowski et al.®. Purified mitochondria from 3T3-L1 and T37i were obtained according to Kristian
et al>® with some modifications. Briefly, cells were lysed at 4°C in a homogenization buffer (210mM
mannitol, 70mM sucrose, 5mM HEPES, pH 7.4) supplemented with EGTA (Sigma-Aldrich), albumin
0.5% and protease and phosphatase inhibitors (Sigma-Aldrich) and centrifuged at 600 x g for 3min,
4°C to pellet nuclei and heavy particles. The supernatant was collected and centrifuged at 17000 x g for
17 min, 4°C to pellet mitochondria that were then washed 2 times by centrifugation at 17000 x g for
15min, 4°C.

Determination of protein carbonylation. Carbonylated proteins were detected using the Oxyblot
Kit (Merck Millipore, Darmstadt, Germany) as previously described®. Briefly, 15ug of proteins were
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reacted with 2,4 dinitrophenylhydrazine (DNP) for 15minutes at 25°C. Samples were resolved on 10%
SDS-polyacrylamide gels and DNP-derivatized proteins were identified by Western blot analysis using an
anti-DNP antibody and an appropriate horseradish peroxidase-conjugated secondary antibody.

Gel electrophoresis and Western blot. Crude mitochondria, cell pellets, eWAT and BAT were
lysed in RIPA buffer (50mM Tris-HCI, pH 8.0, 150mM NaCl, 12mM deoxycholic acid, 0.5% Nonidet
P-40 and protease and phosphatase inhibitors). Protein samples were used for SDS-PAGE followed by
Western blotting. Nitrocellulose membranes were stained with primary antibodies against (3-Actin,
FoxO1 (Santa Cruz Biotechnologies), vDAC, Ucpl (Abcam, Cambridge, UK), pHSL, PKA-Ser-Substrates
(Cell Signaling Technologies, Danver, MA, USA), GSH (Enzo Lifescience, Farmingdale, NY, USA) and
4-hydroxy-2-nonenal (4-HNE) histidine (gently donated by Prof. Uchida, School of Bioagricultural
Sciences, Nagoya University, Japan) all diluted 1:1000. Afterward, the membranes were incubated with
the appropriate horseradish peroxidase-conjugated secondary antibody, and immunoreactive bands were
detected by a Fluorchem Imaging System upon staining with ECL Selected Western Blotting Detection
Reagent (GE Healthcare, Pittsburgh, PA, USA). Immunoblots reported in the figures are representative
of at least three experiments that gave similar results.

RT-gPCR analysis. Total RNA was extracted using TRI Reagent® (Sigma-Aldrich). Three pg of
RNA was used for retro-transcription with M-MLV (Promega, Madison, WI). qPCR was performed in
triplicates by using validated qPCR primers (BLAST), Ex TAq qPCR Premix, and the Real-Time PCR
LightCycler II (Roche Diagnostics, Indianapolis, IN) as previously described*’. mRNA levels were nor-
malized to actin mRNA, and the relative mRNA levels were determined by using the 2724 method.

Determination of GSH levels. Intracellular GSH and GSSG was assayed upon formation of
S-carboxymethyl derivates of free thiols with iodoacetic acid, followed by the conversion of free amino

groups to 2,4-dinitrophenyl derivative by the reaction with 1-fluoro-2,4 dinitrobenzene as previously
described®.

Assay of mitochondrial membrane potential and glucose uptake. For evaluation of mitochon-
drial transmembrane potential cells were incubated with Mitotracker Red (Life Technologies Ltd) at
concentration of 200nM (30 min, 37°C) prior to cytofluorimetric analysis. For measurement of glucose
uptake cells were incubated with the fluorescent glucose analog 2-NBDG (Life technologies Ltd) at con-
centration of 100uM (30 min, 37°C) prior to cytofluorimetric analysis.

Immunohistochemistry. Adipose tissues were explanted and immediately fixed overnight in forma-
lin solution (Sigma-Aldrich), washed in water, dehydrated and embedded in paraffin. Paraffin-embedded
tissues were cut in 7 um sections and stained with haematoxylin and eosin (H&E) or with Ucpl antibody.
The images reported are representative of one experiment out of four that gave similar results. Adipocytes
size and number per area were calculated by using an Image] plugin (Adipocytes Tool).

Oxygen consumption. Oxygen consumption rate was determined in 3T3-L1 white and T37i brown
adipocytes, using the Oxygraph Plus oxygen electrode system (Hansatech Instruments Ltd, Norfolk, UK).
At the end of differentiation, cells were treated with BSO for 24 h, collected and resuspended with com-
plete culture medium in the oxygraph chamber. Real-time oxygen consumption was recorded at 28°C,
for 5min.

Statistical analysis. The results are presented as mean =+ S.D. Statistical evaluation was conducted
by ANOVA followed by the post Student-Newman-Keuls. Differences were considered to be significant
at P < 0.05.

References

1. Lettieri Barbato, D., Aquilano, K. & Ciriolo, M. R. FoxO1 at the nexus between fat catabolism and longevity pathways. Biochim
Biophys Acta 1841, 1555-1560 (2014).

2. Lee, Y. H.,, Mottillo, E. P. & Granneman, J. G. Adipose tissue plasticity from WAT to BAT and in between. Biochim Biophys Acta
1842, 358-369 (2014).

3. Lettieri Barbato, D. et al. Proline oxidase-adipose triglyceride lipase pathway restrains adipose cell death and tissue inflammation.
Cell Death Differ 21, 113-123 (2014).

4. Guerra, C,, Koza, R. A., Yamashita, H., Walsh, K. & Kozak, L. P. Emergence of brown adipocytes in white fat in mice is under
genetic control. Effects on body weight and adiposity. J Clin Invest 102, 412-420 (1998).

5. Vegiopoulos, A. et al. Cyclooxygenase-2 controls energy homeostasis in mice by de novo recruitment of brown adipocytes.
Science 328, 1158-1161 (2010).

6. Petrovic, N. et al. Chronic peroxisome proliferator-activated receptor gamma (PPARgamma) activation of epididymally derived
white adipocyte cultures reveals a population of thermogenically competent, UCP1-containing adipocytes molecularly distinct
from classic brown adipocytes. ] Biol Chem 285, 7153-7164 (2010).

7. Ishibashi, J. & Seale, P. Medicine. Beige can be slimming. Science 328, 1113-1114 (2010).

8. Fisher, E. M. et al. FGF21 regulates PGC-1alpha and browning of white adipose tissues in adaptive thermogenesis. Genes Dev 26,
271-281 (2012).

SCIENTIFIC REPORTS | 5:13091 | DOI: 10.1038/srep13091 9



www.nature.com/scientificreports/

10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

46.
47.

48.
49.

50.

51.

. Bostrom, P. et al. A PGCl-alpha-dependent myokine that drives brown-fat-like development of white fat and thermogenesis.

Nature 481, 463-468 (2012).

Cao, L. et al. White to brown fat phenotypic switch induced by genetic and environmental activation of a hypothalamic-adipocyte
axis. Cell Metab 14, 324-338 (2011).

Norheim, E et al. The effects of acute and chronic exercise on PGC-1alpha, irisin and browning of subcutaneous adipose tissue
in humans. FEBS ] 281, 739-749 (2014).

Bartelt, A. & Heeren, J. Adipose tissue browning and metabolic health. Nat Rev Endocrinol 10, 24-36 (2014).

Frontini, A. et al. White-to-brown transdifferentiation of omental adipocytes in patients affected by pheochromocytoma. Biochim
Biophys Acta 1831, 950-959 (2013).

Petruzzelli, M. et al. A switch from white to brown fat increases energy expenditure in cancer-associated cachexia. Cell Metab
20, 433-447 (2014).

Kir, S. et al. Tumour-derived PTH-related protein triggers adipose tissue browning and cancer cachexia. Nature 513, 100-104
(2014).

Cypess, A. M. et al. Identification and importance of brown adipose tissue in adult humans. N Engl ] Med 360, 1509-1517 (2009).
Sacks, H. & Symonds, M. E. Anatomical locations of human brown adipose tissue: functional relevance and implications in
obesity and type 2 diabetes. Diabetes 62, 1783-1790 (2013).

Flachs, P., Rossmeisl, M., Kuda, O. & Kopecky, J. Stimulation of mitochondrial oxidative capacity in white fat independent of
UCP1: a key to lean phenotype. Biochim Biophys Acta 1831, 986-1003 (2013).

Liu, G. S., Chan, E. C,, Higuchi, M., Dusting, G. J. & Jiang, F. Redox mechanisms in regulation of adipocyte differentiation:
beyond a general stress response. Cells 1, 976-993 (2012).

Schneider, K. S. & Chan, J. Y. Emerging role of Nrf2 in adipocytes and adipose biology. Adv Nutr 4, 62-66 (2013).

. Mailloux, R. J., Adjeitey, C. N., Xuan, J. Y. & Harper, M. E. Crucial yet divergent roles of mitochondrial redox state in skeletal

muscle vs. brown adipose tissue energetics. FASEB journal: official publication of the Federation of American Societies for
Experimental Biology 26, 363-375 (2012).

Hill, B. G., Higdon, A. N., Dranka, B. P. & Darley-Usmar, V. M. Regulation of vascular smooth muscle cell bioenergetic function
by protein glutathiolation. Biochim Biophys Acta 1797, 285-295 (2010).

Garcia, J. et al. Regulation of mitochondrial glutathione redox status and protein glutathionylation by respiratory substrates.
] Biol Chem 285, 39646-39654 (2010).

Aquilano, K., Baldelli, S. & Ciriolo, M. R. Glutathione: new roles in redox signaling for an old antioxidant. Front Pharmacol 5,
196 (2014).

Watson, W. H., Chen, Y. & Jones, D. P. Redox state of glutathione and thioredoxin in differentiation and apoptosis. Biofactors 17,
307-314 (2003).

Galinier, A. et al. Site specific changes of redox metabolism in adipose tissue of obese Zucker rats. FEBS Lett 580, 6391-6398
(2006).

Galinier, A. et al. Adipose tissue proadipogenic redox changes in obesity. The Journal of biological chemistry 281, 12682-12687
(2006).

Vigilanza, P, Aquilano, K., Baldelli, S., Rotilio, G. & Ciriolo, M. R. Modulation of intracellular glutathione affects adipogenesis
in 3T3-L1 cells. Journal of cellular physiology 226, 2016-2024 (2011).

Imhoff, B. R. & Hansen, J. M. Extracellular redox environments regulate adipocyte differentiation. Differentiation; research in
biological diversity 80, 31-39 (2010).

Imhoff, B. R. & Hansen, ]. M. Differential redox potential profiles during adipogenesis and osteogenesis. Cell Mol Biol Lett 16,
149-161 (2011).

Gohil, K., Viguie, C., Stanley, W. C., Brooks, G. A. & Packer, L. Blood glutathione oxidation during human exercise. ] Appl Physiol
(1985) 64, 115-119 (1988).

Barja de Quiroga, G. Brown fat thermogenesis and exercise: two examples of physiological oxidative stress? Free radical biology
& medicine 13, 325-340 (1992).

Kirlin, W. G. et al. Glutathione redox potential in response to differentiation and enzyme inducers. Free Radic Biol Med 27,
1208-1218 (1999).

Schafer, F. Q. & Buettner, G. R. Redox environment of the cell as viewed through the redox state of the glutathione disulfide/
glutathione couple. Free Radic Biol Med 30, 1191-1212 (2001).

Karamanlidis, G., Karamitri, A., Docherty, K., Hazlerigg, D. G. & Lomax, M. A. C/EBPbeta reprograms white 3T3-L1
preadipocytes to a Brown adipocyte pattern of gene expression. J Biol Chem 282, 24660-24669 (2007).

Rajan, S. et al. Adipocyte transdifferentiation and its molecular targets. Differentiation 87, 183-192 (2014).

Barneda, D., Frontini, A., Cinti, S. & Christian, M. Dynamic changes in lipid droplet-associated proteins in the “browning” of
white adipose tissues. Biochim Biophys Acta 1831, 924-933 (2013).

Asano, H. et al. Induction of beige-like adipocytes in 3T3-L1 cells. J Vet Med Sci 76, 57-64 (2014).

Ortega-Molina, A. et al. Pten positively regulates brown adipose function, energy expenditure, and longevity. Cell Metab 15,
382-394 (2012).

Lettieri Barbato, D., Tatulli, G., Aquilano, K. & Ciriolo, M. R. FoxO1 controls lysosomal acid lipase in adipocytes: implication of
lipophagy during nutrient restriction and metformin treatment. Cell death & disease 4, €861 (2013).

Cattan, V. et al. Chronic oxidative stress induces a tissue-specific reduction in telomere length in CAST/Ei mice. Free Radic Biol
Med 44, 1592-1598 (2008).

Leeuwenburgh, C. & Ji, L. L. Glutathione depletion in rested and exercised mice: biochemical consequence and adaptation. Arch
Biochem Biophys 316, 941-949 (1995).

Ogihara, T. et al. Oxidative stress induces insulin resistance by activating the nuclear factor-kappa B pathway and disrupting
normal subcellular distribution of phosphatidylinositol 3-kinase. Diabetologia 47, 794-805 (2004).

Findeisen, H. M. et al. Glutathione depletion prevents diet-induced obesity and enhances insulin sensitivity. Obesity 19,
2429-2432 (2011).

Kendig, E. L. et al. Lipid metabolism and body composition in Gclm(-/-) mice. Toxicology and applied pharmacology 257,
338-348 (2011).

Chechi, K., Nedergaard, J. & Richard, D. Brown adipose tissue as an anti-obesity tissue in humans. Obes Rev 15, 92-106 (2014).
Sellayah, D., Bharaj, P. & Sikder, D. Orexin is required for brown adipose tissue development, differentiation, and function. Cell
Metab 14, 478-490 (2011).

Sellayah, D. & Sikder, D. Feeding the heat on brown fat. Ann N Y Acad Sci 1302, 11-23 (2013).

Gaich, G. et al. The effects of LY2405319, an FGF21 analog, in obese human subjects with type 2 diabetes. Cell Metab 18, 333-340
(2013).

Sanchis-Gomar, E, Lippi, G., Mayero, S., Perez-Quilis, C. & Garcia-Gimenez, J. L. Irisin: a new potential hormonal target for the
treatment of obesity and type 2 diabetes. ] Diabetes 4, 196 (2012).

Raschke, S. et al. Evidence against a beneficial effect of irisin in humans. PLoS One 8, €73680 (2013).

SCIENTIFIC REPORTS | 5:13091 | DOI: 10.1038/srep13091 10



www.nature.com/scientificreports/

52. Crujeiras, A. B., Pardo, M. & Casanueva, E F. Irisin: fat’ or artefact. Clin Endocrinol (Oxf) (2014) doi: 10.1111/cen.12627.

53. Elsen, M., Raschke, S. & Eckel, J. Browning of white fat: does irisin play a role in humans? J Endocrinol 222, R25-38 (2014).

54. Ye, L. et al. Fat cells directly sense temperature to activate thermogenesis. Proc Natl Acad Sci USA 110, 12480-12485 (2013).

55. Bailey, H. H. et al. Phase I study of continuous-infusion L-S,R-buthionine sulfoximine with intravenous melphalan. ] Nat! Cancer
Inst 89, 1789-1796 (1997).

56. Bates, S. E. et al. Chemoresistance in the clinic: overview 1994. Bull Cancer 81 Suppl 2, 55s-61s (1994).

57. Nakae, J. et al. Forkhead transcription factor FoxO1 in adipose tissue regulates energy storage and expenditure. Diabetes 57,
563-576 (2008).

58. Wieckowski, M. R., Giorgi, C., Lebiedzinska, M., Duszynski, J. & Pinton, P. Isolation of mitochondria-associated membranes and
mitochondria from animal tissues and cells. Nat Protoc 4, 1582-1590 (2009).

59. Kristian, T., Hopkins, I. B., McKenna, M. C. & Fiskum, G. Isolation of mitochondria with high respiratory control from primary
cultures of neurons and astrocytes using nitrogen cavitation. J Neurosci Methods 152, 136-143 (2006).

60. Baldelli, S., Aquilano, K., Rotilio, G. & Ciriolo, M. R. Neuronal nitric oxide synthase interacts with Sp1 through the PDZ domain
inhibiting Sp1-mediated copper-zinc superoxide dismutase expression. Int ] Biochem Cell Biol 43, 163-169 (2011).

Acknowledgments

We thank Prof. Koji Uchida (School of Bioagricultural Sciences, Nagoya University, Japan) for having gently
provided the 4-HNE antibody. This work was supported by grants from MIUR-PRIN (20125S38FA_002)
and Ministero della Salute (GR-2011-02348047).

Author Contributions

D.L.B. designed research, performed in vitro studies and biochemical assays, and contributed to write
the manuscript. G.T. performed gene expression studies and managed in vivo experiments. S.M.C. and
S.B. performed histological and immunohistochemical analyses. K.A. supervised research and wrote the
manuscript. M.R.C. analysed the data and provided intellectual input.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Lettieri Barbato, D. et al. Glutathione Decrement Drives Thermogenic
Program In Adipose Cells. Sci. Rep. 5, 13091; doi: 10.1038/srep13091 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

Tam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:13091 | DOI: 10.1038/srep13091 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Glutathione Decrement Drives Thermogenic Program In Adipose Cells

	Results

	Activation of the thermogenic program is associated with GSH decrement. 
	GSH depletion through BSO treatment selectively affects adipose tissue and elicits its shape remodelling. 
	BSO treatment induces adipose cells browning and mitochondrial uncoupling via FoxO1. 

	Discussion

	Methods

	Cell lines, treatments and transfections. 
	Mice and treatments. 
	Isolation of mitochondria. 
	Determination of protein carbonylation. 
	Gel electrophoresis and Western blot. 
	RT-qPCR analysis. 
	Determination of GSH levels. 
	Assay of mitochondrial membrane potential and glucose uptake. 
	Immunohistochemistry. 
	Oxygen consumption. 
	Statistical analysis. 

	Acknowledgments

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ GSH decrease is associated with the induction of thermogenic program in adipose tissues.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Glutathione depletion by BSO induces fat remodelling in mice.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ BSO treatment activates thermogenic program in adipose tissue.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ BSO-mediated Ucp1 induction is downstream of FoxO1.



 
    
       
          application/pdf
          
             
                Glutathione Decrement Drives Thermogenic Program In Adipose Cells
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13091
            
         
          
             
                Daniele Lettieri Barbato
                Giuseppe Tatulli
                Stefano Maria Cannata
                Sergio Bernardini
                Katia Aquilano
                Maria R. Ciriolo
            
         
          doi:10.1038/srep13091
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13091
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13091
            
         
      
       
          
          
          
             
                doi:10.1038/srep13091
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13091
            
         
          
          
      
       
       
          True
      
   




