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Abstract

SirT1 is a class III histone deacetylase that has been implicated in metabolic and reactive oxygen species control.
In the vasculature it has been shown to decrease endothelial superoxide production, prevent endothelial dys-
function and atherosclerosis. However, the mechanisms that mediate SirT1 antioxidant functions remain to be
characterized. The transcription factor FoxO3a and the transcriptional coactivator peroxisome proliferator ac-
tivated receptor c-coactivator 1a (PGC-1a) have been shown to induce the expression of antioxidant genes and to
be deacetylated by SirT1. Aims: Here we investigated SirT1 regulation of antioxidant genes and the roles played
by FoxO3a and PGC-1a in this regulation. Results: We found that SirT1 regulates the expression of several
antioxidant genes in bovine aortic endothelial cells, including Mn superoxide dismutase (MnSOD), catalase,
peroxiredoxins 3 and 5 (Prx3, Prx5), thioredoxin 2 (Trx2), thioredoxin reductase 2 (TR2), and uncoupling protein
2 (UCP-2) and can be localized in the regulatory regions of these genes. We also found that knockdown of either
FoxO3a or PGC-1a prevented the induction of antioxidant genes by SirT1 over-expression. Furthermore, SirT1
increased the formation of a FoxO3a/PGC-1a complex as determined by co-immunoprecipitation (IP) assays,
concomitantly reducing H2O2-dependent FoxO3a and PGC-1a acetylation. Data showing that FoxO3a knock-
down increases PGC-1a acetylation levels and vice versa, suggest that SirT1 activity on FoxO3a and PGC-1a may
be dependent of the formation of a FoxO3a/PGC-1a complex. Innovation: A unifying mechanism for SirT1
activities is suggested. Conclusion: We show that SirT1 regulation of antioxidant genes in vascular endothelial
cells depends on the formation of a FoxO3a/PGC-1a complex. Antioxid. Redox Signal. 19, 1507–1521.

Introduction

All the risk factors considered for atherosclerosis have
been related to increased endothelial reactive oxygen

species (ROS) levels (51). Excessive production of ROS in the
vascular endothelium contributes to the appearance of endo-
thelial dysfunction and progression of atherosclerosis (14, 18).
Endothelial dysfunction is characterized by the decrease in
nitric oxide (NO) bioavailability and subsequent impair of en-
dothelium-dependent vasorelaxation and mitochondrial bio-
genesis (7, 39). ROS are also necessary for normal endothelial

cell function and have been shown to play an important role in
angiogenesis (17, 48). In fact, abnormally high endothelial ROS
levels have also been associated with dysfunctional angiogenic
processes like those associated with tumors (47) and diabetic
retinopathy (4). Under normal physiological conditions, the
main source of ROS in the cell is the mitochondrial electric
transport chain (22). In pathological states, increased mito-
chondrial ROS results in the activation of NADPH oxidases
(NOX), by still unclear mechanisms (12). NOX activation dra-
matically increases cellular ROS production and is responsible
for oxidative stress-dependent tissue damage (24).
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ROS levels are controlled by a complex system of defenses
that limit the accumulation of oxidants, including superoxide
dismutases, catalase, peroxiredoxins, thioredoxins and thior-
edoxin reductases, and the enzymes involved in the control of
the levels and redox state of glutathione (27). Given the piv-
otal role played by the mitochondria in ROS control, this or-
ganelle is particularly well provisioned with antioxidant
proteins, including uncoupling protein 2 (UCP-2), that pre-
vents mitochondrial ROS generation, detoxifying enzymes
like Mn superoxide dismutase (MnSOD), glutathione perox-
idase 4 (Gpx4), peroxiredoxin 5 (Prx5), thioredoxin 2 (Trx2)
and thioredoxin reductase 2 (TR2), and the mitochondrial
isoforms of peroxiredoxin 3 (Prx3) and glutation peroxidase 1
(GPx1), among others (27).

In the last years, several reports have highlighted the role of
SirT1 as a key regulator of endothelial homeostasis. SirT1 is a
class III histone deacetylase. It is highly sensitive to cellular
redox and nutritional status and it is known to control ge-
nomic stability and cellular metabolism. It deacetylates both
histone and nonhistone proteins with diverse cellular and
tissue functions (10). In the vasculature SirT1 has been shown
to regulate the angiogenesis process (35), and to prevent en-
dothelial dysfunction and atherosclerosis (44). In this context,
SirT1 has been shown to reduce endothelial superoxide pro-
duction, to inhibit Nuclear Factor-jB (NF-jB) signaling, and
to reduce expression of adhesion molecules. Both NF-kB ac-
tivity and expression of adhesion molecules are hallmarks of
endothelial oxidative stress, suggesting that SirT1 protective
activity might be related to induction of antioxidants (45).
However, its role in oxidative control remains poorly char-
acterized.

Previous studies have shown that SirT1 deacetylates the
transcription factor FoxO3a, and this regulation increased
FoxO3a ability to induce resistance to oxidative stress (8).
MnSOD and catalase are well-characterized targets of the
FoxO family of transcription factors, including FoxO1a, Fox-
O3a and FoxO4. It has been later evidenced that SirT1 activity
is associated with increased levels of MnSOD in cardiomyo-
cytes (46) and catalase both in the heart (1), where the in-
duction was shown to be FoxO1a-dependent, and renal
tubular cells (15), where it was proposed to be linked to
FoxO3a activation. Furthermore, FoxO factors have also been
shown to play a key role in endothelial homeostasis regulat-
ing angiogenesis (36). In endothelial cells, FoxO3a positively
regulates a set of major antioxidant genes through its inter-
action with the transcriptional co-activator peroxisome pro-
liferator activated receptor c-coactivator 1a (PGC-1a) (30). In
turn, PGC-1a had been previously shown to protect endo-
thelial cells from ROS-induced endothelial dysfunction and

cell death (49). Importantly, PGC-1a, a master metabolic
regulator, is another SirT1 target (25). SirT1 was shown to
deacetylate PGC-1a in response to caloric restriction and en-
hance its activity on fatty acid oxidation and gluconeogenesis
genes (13, 38). Of note, PGC-1a expression is positively reg-
ulated by SirT1 (2).

Therefore, we decided to characterize SirT1 role in the
regulation of antioxidant systems in endothelial cells. We
found that SirT1 positively regulates the expression of a set of
antioxidant genes and it is recruited to the promoter regions of
those genes. Importantly, SirT1 requires both PGC-1a and
FoxO3a to regulate antioxidant gene expression. We observed
that SirT1 deacetylates PGC-1a and FoxO3a in response to
oxidative stress and enhances the formation and stability of
the PGC-1a/FoxO3a transcriptional complex.

Results

SirT1 regulates the expression of oxidative stress

protection genes

To characterize the role of SirT1 in the regulation of anti-
oxidant genes, we first used a recombinant adenovirus (Ad-
SirT1) to over-express SirT1 in bovine aortic endothelial cells
(BAEC) and analyzed by qRT-PCR and Western Blot the
levels of a group of antioxidant genes regulated by both PGC-
1a and FoxO3a, namely MnSOD, catalase, Prx3, Prx5, Trx2,
TR2, and UCP-2. Full-size Western Blot membranes, includ-
ing molecular weight markers for all proteins included in the
study are shown in Supplementary Fig. S1.

We found that SirT1 over-expression increased the mRNA
and protein levels of MnSOD, catalase, Prx5, and TR2. Im-
portantly, SirT1 also induced the expression of PGC-1a and
FoxO3a. However, SirT1 over-expression failed to increase
the expression levels of Prx3 and it actually decreased Trx2
and UCP-2 mRNA levels (Fig. 1A, B and Supplementary Fig.
S2). This result suggested that SirT1 was in fact a regulator of,
at least, some antioxidant genes in endothelial cells, and in-
duction of PGC-1a and FoxO3a mRNA expression could play
a role in this regulation. We also tested whether SirT1 over-
expression modulated the levels of another important anti-
oxidant gene transcriptional regulator, Nrf2, but SirT over-
expression was not found to significantly change Nrf2 levels
(Supplementary Fig. S3).

Next, we knocked-down SirT1 in BAEC using a recombi-
nant adenovirus that drives the expression of a SirT1 specific
shRNA (shSirT1).We observed that Ad-shSirT1 decreased the
levels of not only MnSOD, catalase, Prx5, TR2, PGC-1a and
FoxO3a, but also of Prx3, Trx2 and UCP-2, suggesting that
Prx3, Trx2 and UCP-2 are also positively regulated by SirT1
(Fig. 1C, D and Supplementary Fig. S2). These results indicate
that endogenous SirT1 is required to maintain the basal ex-
pression levels of a whole set of oxidative stress protection
genes in endothelial cells and supports the idea that its reg-
ulation of PGC-1a and FoxO3a expression levels is likely to be
relevant in the process.

Cell viability was not significantly affected by SirT1 over-
expression or knock-down, indicating that antioxidant gene
regulation is not likely to be a side-effect of altered cell via-
bility (Supplementary Fig. S4).

To evaluate if SirT1 regulation of antioxidant genes actually
increased the antioxidant capacity of the cells, we treated
BAEC with a moderate concentration of H2O2 (50lM), and

Innovation

The notion that oxidative stress is closely linked to the
aging process has been challenged by studies that high-
light the major role played by proteins that control geno-
mic stability, such as SirT1. Here we show that SirT1 plays
a central role in oxidative stress control and provides a
central link between genomic stability and reactive oxygen
species suggesting a unifying mechanism for the aging
process that is also central in the regulation of vascular
homeostasis.
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FIG. 1. SirT1 regulates the ex-
pression of oxidative stress pro-
tection genes. (A–D) Analysis of
oxidative stress protection genes in
bovine aortic endothelial cells
(BAEC) that were infected o/n
with recombinant adenovirus as
indicated and harvested 24 h post-
infection. (A, C) qRT-PCR mRNA
expression analysis. (B, D) Protein
analysis by Western Blot. (E) SirT1
dependent changes in ROS levels
were monitored in control and
SirT1-overexpressing BAEC, trea-
ted with 50 lM H2O2 for 4 h or
20 lM DMNQ for 2 h, as indicated.
Cells were labeled with CM-
H2DCFDA and analyzed by flow
cytometry, (left and middle pan-
els), or labeled with MitoSOX Red
and after fixation, analyzed by
confocal microscopy. (F-G) Analy-
sis of oxidative stress protection
genes in serum deprived SirT1 +/ +

and SirT1 -/ - MEFs. BAEC (F)
qRT-PCR. (G) Western Blot. Data
are from ‡ 3 independent experi-
ments. Data are means + SD (*)
p £ 0.05 versus control. The blots
presented correspond to a repre-
sentative experiment.
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evaluated the effect of SirT1 in total ROS levels using the
fluorescent probe chloromethyl-2¢,7¢-dichlorofluorescein
diacetate (CM-H2DCFDA). We found that SirT1 reduced the
DCF signal in H2O2-treated cells, suggesting that it actually
increased the cellular detoxification capacity (Fig. 1E, left
panel). Next, we tested the capacity of SirT1 to control ROS
accumulation in the presence of an internal source of ROS.
BAEC were treated with 2,3-dimethoxy-1-naphthoquinone
(DMNQ), an inhibitor of the mitochondrial electron transport
chain that drives the formation ofmitochondrial O2

- in a dose-
dependent manner, and we found that SirT1 reduced DCF
accumulation (Fig. 1E, middle panel). To elucidate the impact
of SirT1 in mitochondrial ROS, we tested SirT1 activity in
DMNQ treated cells labeled with MitoSOX, a relatively spe-
cific probe for mitochondrial O2

- (it has been noted that it can
also react with other oxidants) (55). We observed that SirT1
also significantly reduced mitochondrial O2

- accumulation,
supporting the idea that SirT1 increases the mitochondrial
detoxification capacity (Fig. 1E, right panel).

Next, we determined the expression levels of the antioxi-
dant genes under study in SirT1 +/ + , and SirT1 -/- MEFs (11).
Analysis by qRT-PCR and Western Blot showed that the ex-
pression levels of the oxidative stress protection genes studied
as well as PGC-1a and FoxO3a are lower in SirT1 -/- MEFs
than in SirT1 +/ + MEFs, supporting the notion that SirT1 is a
general regulator of antioxidant genes and is required to
maintain the basal expression levels of the antioxidant system
(Fig. 1F–G and Supplementary Fig. S2). Interestingly, it was
noted that SirT1 +/- MEFs also showed an important reduc-
tion in the levels of antioxidant proteins, further stressing the
relevance of SirT1 on their regulation (Fig. 1G).

Furthermore, when we tested the effect of SirT1 absence in
total ROS levels using the fluorescent probe CM-H2DCFDA,
we found that SirT1 -/ - MEFs had higher levels of ROS than
SirT1 +/+ MEFs (Supplementary Fig. S5). Importantly, it was
also noted that SirT1 expression is increased in oxidative
stress conditions (Supplementary Fig. S6). The specificity of
the antibody used against SirT1, was tested using whole cell
extracts from SirT1 +/+ and SirT1 -/ - MEFs by Western Blot
(Supplementary Fig. S7).

SirT1 is recruited to promoter regions

of antioxidant genes

To investigate the mechanisms involved in SirT1 regula-
tion, we tested SirT1 association with promoter regions of the
target genes using chromatin immunoprecipitation (ChIP).
10% fetal bovine serum (FBS) and 0.5% FBS conditions were
used as a simple strategy to modulate SirT1 activity (8). We
found that SirT1 did associate with the promoter regions of
sod2 (MnSOD), catalase, prx3, prx5, ucp-2, pgc-1a, and foxO3a
(trx2, tr2 were not analyzed). Serum starvation generally in-
creased SirT1 recruitment with the remarkable exception of
the Prx5 gene, where it had the opposite effect (Fig. 2A and
Supplementary Fig. S8). These data suggested that SirT1 is
likely to be directly involved in the regulation of mitochon-
drial antioxidant genes, including PGC-1a itself.

Next, we decided to evaluate if SirT1 recruitment was asso-
ciated with a reduction in histone acetylation. We carried out
ChIP assays using antibodies against the acetylated form of his-
tone H4 on lysine 16 (H4K16Ac), a position highly sensitive to
SirT1 activity (50).We found that changes in acetylation inversely

correlated with changes in SirT1 recruitment (more SirT1/less
acetylation). This result suggests that SirT1 deacetylates H4K16
positions upon recruitment to antioxidant genes (Fig. 2B).

Histone deacetylation is normally associated with gene si-
lencing and reduced recruitment of RNA polymerase II
(RNAP II). We monitored RNAP II recruitment by ChIP and
found that in positions proximal to the transcription start site
(ATG primers for all genes except for ucp-2/-2500 since in this
case the ATG is in exon 3), serum deprivation resulted in a
dramatic decrease in RNAP II recruitment, suggesting that
SirT1-dependent histone deacetylation negatively impacts on
RNAP II recruitment (Fig. 2C).

Since serum deprivation did not decrease antioxidant gene
expression and actually increased it in some cases (Fig. 2F–G
and Supplementary Fig. S2), we first analyzed if the pattern of
RNAP II recruitment was the same or different at the up
stream SirT1 binding sites. We found that the upstream sites
where SirT1 binding had been identified showed two distinct
patterns. At sod-2, catalase and prx3, RNAP II bindingwas also
reduced in starvation conditions, but only very moderately at
the prx3 promoter. On the other hand, RNAP II recruitment
was actually increased by serum deprivation at the prx5, ucp-2
and pgc-1a promoters, suggesting that SirT1 recruitment
could, at least in some cases, be associated to increased RNAP
II recruitment at alternative start sites, despite of reduced
acetylation on the site itself (Fig. 2C).

To understand how these two recruitment patterns resulted
in a common regulationpattern,we selected two representative
genes, prx3 and ucp-2, for further analysis, where SirT1 binding,
RNAP II recruitment, and levels of elongating RNAP II were
monitored along the gene (Fig. 2D–E). As already indicated, in
positions proximal to the transcription start site, serum depri-
vation resulted in a reduction in RNAP II recruitment, but
downstream, it resulted in an increase in RNAP II levels. Re-
duced recruitment at the start site and increased levels down-
stream could be indicative of increased transcription rates. To
test this idea wemonitored the levels of elongating RNAP II by
ChIP, using antibodies against the phosphorylated form of the
C-terminal domain of RNAP II (CTD2P). We found dramatic
increases in ‘‘elongating RNAP II’’ in serum starvation condi-
tions in both prx3 and ucp-2 genes, suggesting that reduced
RNAP II recruitment at the start site was compensated by in-
creased promoter clearance. SirT1 binding could only be de-
tected at promoter sites in the prx3 gene, but it was also
detectedwithin the transcriptional unit in the ucp-2 gene. These
results might explain how SirT1 recruitment can be associated
with a sustained or increased gene expression despite of a
general reduction in RNA II recruitment induced by serum
deprivation, as observed (Fig. 2F–G, Supplementary Table S1).

SirT1 requires PGC-1a and FoxO3a to induce

the expression of oxidative stress genes

SirT1 controls the expression of a set of antioxidant genes that
have been previously described as direct targets of the tran-
scriptional regulators PGC-1a and FoxO3a (30, 49). Importantly,
these two factors are regulated by SirT1 both at transcriptional
(see above) and post-transcriptional levels (8, 38). These results
prompted us to investigate to what extent SirT1 activity on an-
tioxidant genes was dependent on these two regulators.

To evaluate if PGC-1a was required for SirT1 activity, we
tested the effect of knocking down PGC-1a (Ad-shPGC-1a)
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FIG. 2. SirT1 is recruited to pro-
moter regions of ROS detoxifica-
tion genes upon serum starvation.
(A–E) Chromatin immunoprecipi-
tation assays of promoter regions
corresponding to the indicated ROS
detoxification genes. Cross-linked
chromatin Promoter occupancy
was analyzed by qPCR using spe-
cific primers. b-actin CDS was used
to control for non specific enrich-
ment. (A) SirT1 binding sites. (B)
H4K16 acetylation levels at SirT1
sites. (C) Pol II recruitment. The
position of the analyzed fragments
is indicated, using as reference
( + 1), the position of the ATG. (D,
E) Analysis of prx3 and ucp-2 genes.
Left panels, analysis of Pol II at the
transcriptional start region and
along the gene. Central panel,
analysis of ‘‘elongating’’ Pol II lev-
els (Pol II phosphorylated in the
Ser2 positions of the CTD repeats of
the Pol II largest subunit) at the
transcriptional start region and
downstream of the ATG. Right
panels, SirT1 recruitment along the
genes, upstream and downstream
of the ATG. The position of the
analyzed fragments is indicated,
using as reference (+ 1), the position
of the ATG. (F) mRNA and (G)
protein levels of SirT1 target genes
in confluent BAEC cells in 10% fetal
bovine serum (FBS) or serum
deprived (0.5% FBS) o/n were
analyzed by qRT-PCR and west-
ern blot, respectively. Data are
from ‡ 3 independent experiments.
Data are means + SD (*) p£ 0.05
versus control. The blots presented
correspond to a representative
experiment.
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when SirT1 was over-expressed in BAEC. Analysis of anti-
oxidant gene expression by qRT-PCR and Western Blot
showed that SirT1 induction of MnSOD, catalase, Prx5, TR2,
and FoxO3a was clearly reduced in PGC-1a knocked-down
cells (Fig. 3A, B and Supplementary Fig. S2). These results
indicate that PGC-1a is required for SirT1 regulation of a set of
genes involved in mitochondrial ROS detoxification.

We have already shown that SirT1 directly regulates PGC-
1a expression. To evaluate if the regulation by SirT1 of PGC-1a
activity could also play a role, we first tested SirT1 ability to
deacetylate PGC-1a in BAEC. First, we used BAEC that over-

expressed PGC-1a and treated them with the pan-sirtuin in-
hibitor nicotinamide. Nicotinamide increased acetylated
PGC-1a, suggesting that PGC-1a acetylation is regulated
by sirtuins in endothelial cells. Nicotinamide treatment also
resulted in an increase in high molecular weight forms of Ac-
PGC-1a and likely corresponded to polyubiquitinated PGC-
1a (3, 31). Therefore, this result suggests that sirtuins could
also play a role in PGC-1a protein stabilization in endothelial
cells (Fig. 3C).

It has been described that in response to oxidative stress
PGC-1a acetylation levels are dramatically increased (3). To

FIG. 3. SirT1 requires PGC-
1a to induce the expression
of oxidative stress protection
genes. (A, B) BAEC were co-
infected o/n with Ad-SirT1
and Ad-shPGC-1a, or the re-
spective control adeno-
viruses. 12 h postinfection,
cells were deprived of serum
o/n and harvested. Expres-
sion of the oxidative stress
protection genes was ana-
lyzed by qRT-PCR (A) and
Western Blot (B). (C, D).
BAEC whole cell extracts
were subjected to immuno-
precipitation (IP) with a spe-
cific PGC-1a antibody or
normal IgG, as a control, and
analyzed by western blot as
indicated. Input indicates a
1/10 of whole cell extract not
subjected to immunoprecipi-
tation. (C) BAEC were in-
fected o/n with Ad-PGC-1a
and 8 h postinfection were
treated with 10mM nicotin-
amide for 15 h. (D) BAEC
were coinfected o/n with Ad-
SirT1 and Ad-PGC-1a, or
the respective control adeno-
viruses. 24 h postinfection
cells were deprived of serum
o/n, and then treated with
50 lM H2O2 or vehicle for 4 h.
(E) Confluent BAEC were
grown in galactose media
and in the absence of serum
for 48 h. Whole cell extracts
were subjected to immuno-
precipitation (IP) with spe-
cific PGC-1a or SirT1
antibody or normal IgG, as a
control, and analyzed by
western blot as indicated.
Data are from ‡ 3 indepen-
dent experiments. Data are
means + SD (*) p£ 0.05 versus
control. The blots presented
correspond to a representa-
tive experiment.
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directly evaluate the effect of SirT1 on PGC-1a acetylation, we
tested the effect of SirT1 over-expression in oxidative stress
conditions. We found that, SirT1 significantly reduced the levels
of PGC-1a acetylation and SirT1 knock-down increased it, sug-
gesting that SirT1 regulates PGC-1a acetylation in response to
oxidative stress (Fig. 3D and Supplementary Fig. S9). Im-
portantly, SirT1 over-expression also reduced PGC-1a ubiquiti-
nation in oxidative stress conditions (Supplementary Fig. S10).

We then used co-immunoprecipitation (co-IP) assays to test
SirT1/PGC-1a interaction. We cultured BAEC in media in
which glucose was substituted with galactose, for 48 h, to
boost mitochondrial metabolism and induce PGC-1a levels. In
these conditions, we were able to identify SirT1 in PGC-1a
immunoprecipitates and vice versa, confirming that SirT1 and
PGC-1a interact in endothelial cells (Fig. 3E). To test whether
SirT1/PGC-1a interaction was redox sensitive, we pretreated
the cells with the antioxidant EUK-89; however, no significant
differences were observed (Supplementary Fig. S11).

To evaluate if FoxO3a was required for SirT1 activity, we
tested the effect of knocking down FoxO3a (Ad-shFoxO3a)
when SirT1 was over-expressed in BAEC. Gene expression
analysis showed that SirT1 ability to induce the expression of
MnSOD, catalase, Prx5, TR2 and PGC-1awas clearly reduced
in FoxO3a knocked-down cells (Figure 4A, B and Supple-
mentary Fig. S2). These results indicate that FoxO3a is re-
quired for SirT1 regulation of antioxidant genes.

We have already shown that SirT1 regulates FoxO3a ex-
pression. To determine if regulation by SirT1 of FoxO3a ac-
tivity could also play a role on SirT1 antioxidant activity, we
tested whether SirT1 regulates FoxO3a acetylation in endo-
thelial cells. Nicotinamide treatment did not increase acety-
lated FoxO3a levels, but resulted in an increase in high
molecular weight Ac-FoxO3a that could correspond to poly-
ubiquitinated FoxO3a (9). Therefore, this result suggests that
sirtuins could also play a role in FoxO3a protein stabilization
in endothelial cells (Fig. 4C). In fact, SirT1was found to reduce
FoxO3a ubiquitination in oxidative stress conditions (Sup-
plementary Fig. S10).

To test the effect of SirT1 on the acetylation status of FoxO3a,
we tested the effect of SirT1 over-expression. As already de-
scribed (8), FoxO3a is acetylated in response to oxidative stress
and SirT1 over-expression significantly reduced its acetylation
(Fig. 4D). Therefore, these results confirm that SirT1 regulates
FoxO3a acetylation in endothelial cells (Fig. 4D).

Finally, we tested Sirt1 and FoxO3a interaction in endothelial
cells with co-IP assays. We cultured BAEC in media in which
glucosewas substitutedwith galactose, for 48h, a condition that
induces FoxO3a levels. In these conditions, we were able to
identify FoxO3a in SirT1 IPs, together with PGC-1a, and vice
versa, confirming that SirT1 and FoxO3a interact in endothelial
cells (Fig. 4E and Supplementary Fig. S12). To test whether
SirT1/FoxO3a interaction was redox sensitive, we pretreated
the cells with the antioxidant EUK-89; however, no significant
differences were observed (Supplementary Fig. S11).

SirT1 regulates the formation

of a PGC-1a/FoxO3a complex

We have previously shown that PGC-1a and FoxO3a form
a complex to regulate antioxidant genes in endothelial cells
(30). Taking into account that SirT1 regulation of oxidative
stress genes requires both PGC-1a and FoxO3a, we decided to

test if SirT1 regulates the formation of the PGC-1a/FoxO3a
complex in response to oxidative stress in BAEC. First, we
tested the effect of SirT1 over-expression (Ad-SirT1) and
found that SirT1 increased the levels of FoxO3a associated
with PGC-1a in these conditions (Fig. 5A upper panel and
Supplementary Fig. S2). Conversely, knock-down of SirT1
(Ad-shSirT1) had the opposite effect (Fig. 5A lower panel and
Supplementary Fig. S2) suggesting that SirT1 positively reg-
ulates the formation of a PGC-1a/FoxO3a complex.

To further investigate the role of SirT1 in the regulation of
the PGC-1a/FOXO3a complex formation, we used SIRT1 +/ +

and SIRT1 -/- MEFs that over-expressed PGC-1a (Ad-PGC-
1a), and monitored the amount of FoxO3a that co-IP with
PGC-1a. We observed that the amount of FoxO3a found in
PGC-1a IPs was lower in SirT1 -/- MEFs than in SirT1 +/+

MEFs, supporting the previous observation that SirT1 is a
positive regulator of FoxO3a/PGC-1a complex formation
(Fig. 5B and Supplementary Fig. S2).

SirT1 regulates FoxO3a levels and phosphorylation

Phosphorylation is an important mechanism for the regu-
lation of FoxOs subcellular localization and activity (9). It has
been proposed that phosphorylation and acetylation are in-
terdependent mechanisms that interact to regulate FoxO
proteins in response to different stimuli (37). Therefore, we
decided to test if SirT1 could play a role on FoxO3a phos-
phorylation. To that end we over-expressed SirT1 in BAEC
(Ad-SirT1) and tested by Western Blot the phosphorylation
levels of FoxO3a. We found that SirT1 over-expression re-
sulted in a dramatic decrease in FoxO3a phosphorylation, and
a significant increase in total FoxO3a levels (Fig. 5C). Simi-
larly, immunofluorescence (IF) assays showed that SirT1
over-expression increased nuclear FoxO3a levels and shSirT1
had the opposite effect (Fig. 5D and Supplementary Fig. S13).

PGC-1a regulates FoxO3a level of acetylation

and vice versa

Two alternative mechanisms could explain SirT1 activity
on the PGC-1a/FoxO3a complex, SirT1 could act either on
PGC-1a and FoxO3a individually or on a preformed complex.
To determine whether the acetylation status of either PGC-1a
or FoxO3a could be influenced by the formation of a PGC-1a/
FoxO3a complex, we tested FoxO3a acetylation levels in PGC-
1a knocked-down BAEC and PGC-1a acetylation levels in
FoxO3a knocked-down BAEC. We found that suppression of
PGC-1a expression resulted in a dramatic increase in FoxO3a
acetylation (Fig. 6A and Supplementary Fig. S2). Similarly,
shRNA-mediated knockdown of FoxO3a induced an increase
in acetylated PGC-1a (Fig. 6B and Supplementary Fig. S2).
This result might suggest that SirT1 is likely to be active on the
PGC-1a/FoxO3a complex, since in the absence of one of these
factors, the other might not be deacetylated.

We have shown that FoxO3a deacetylation by SirT1 re-
duces FoxO3a Akt-dependent phosphorylation. Now we
tested whether PGC-1a over-expression had the same effect.
We found that over-expression of PGC-1a resulted in a sig-
nificant reduction in Akt-dependent FoxO3a phosphoryla-
tion, that was accompanied by an increase in total FoxO3a
levels (Fig. 6C). To determine if this reduced phosphorylation
resulted in a change of FoxO3a cytosolic/nuclear ratios, the
effect of PGC-1a over-expression on FoxO3a localization was
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analyzed by IF. We found that PGC-1a significantly increased
the nuclear localization of FoxO3a (Fig. 6D). This result fur-
ther suggests that formation of a PGC-1a/FoxO3a complex
plays role on the activity of their modifying enzymes, in
particular SirT1.

PGC-1a over-expression cannot compensate for SirT1

deficiency in the regulation of antioxidant genes

To evaluate to what extent SirT1 activity on antioxidant
genes is dependent on its activity on the PGC-1a/FoxO3a

complex, we tested whether PGC-1a over-expression could
compensate for SirT1 loss in SirT1 -/ - MEF.We first tested the
level of acetylation of PGC-1a in SirT1 +/+ and SirT1 -/ -

MEFs infected with Ad-PGC-1a, and observed that as ex-
pected PGC-1a acetylation was higher in SirT1 -/ - MEF (Fig.
7A). However, when we compared the effect of PGC-1a over-
expression in SirT1 +/ + and SirT1 -/ - MEFs, the fold induc-
tion of antioxidant genes by PGC-1a was not significantly
different in SirT1 +/ + than in SirT1 -/- MEFs, although both
the basal and induced levels were lower in SirT1 -/- MEFs in
all genes tested (Fig. 7B and Supplementary Fig. S2). These

FIG. 4. FoxO3a is required
for SirT1-induction of anti-
oxidant genes. (A, B) BAEC
were first infected o/n with
Ad-SirT1 or a control adeno-
virus, 36 h later cells were in-
fected o/n with Ad-
shFoxO3a or a control ade-
novirus and finally serum
deprived for 8 h. Expression
levels of ROS detoxification
genes were determined by
qRT-PCR (A) and Western
Blot (B). (*) p£ 0.05 versus
control. (C, D) BAEC whole
cell extracts were subjected
to immunoprecipitation (IP)
with a specific FoxO3a (C) or
anti-HA (D) antibody or nor-
mal rabbit IgG, as a control,
and analyzed by western blot
as indicated. Input indicates a
1/10 of whole cell extract not
subjected to immunoprecipi-
tation. (C) BAEC were treated
with 10mM nicotinamide for
15 h (D) BAEC were coin-
fected o/n with Ad-SirT1 and
Ad-FoxO3a-WT. 24 h postin-
fection the cells were serum
deprived o/n, and then trea-
ted for 4 h with 50lM H2O2

or vehicle (E) Confluent
BAEC were grown in galac-
tose media in the absence of
serum for 48 h. Whole cell
extracts were subjected to
immunoprecipitation (IP)
with a specific FoxO3a or
SirT1 antibody or normal
IgG, as a control, and ana-
lyzed by western blot as in-
dicated. Data are from ‡ 3
independent experiments.
Data are means + SD (*)
p £ 0.05 versus control. The
blots presented correspond to
a representative experiment.
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results suggest that a part of SirT1 loss of activity on antiox-
idant genes cannot be compensated by artificially increasing
the formation of a FoxO3a/PGC-1a complex and could in-
volve H4K16 deacetylation of the regulated promoters upon
SirT1 recruitment.

Discussion

The identification of the key transcriptional factors in-
volved in the regulation of oxidative stress defense mecha-
nisms is of great importance in the context of the vascular
endothelium, where high ROS levels play a determinant role
in endothelial dysfunction and therefore, in the appearance
and progression of atherosclerosis as well as in the control of
the angiogenesis process. In this study, we show that SirT1
positively regulates the expression of a group of oxidative
stress protection genes in vascular endothelial cells and pro-
vide evidence that at least for some of these genes this effect is

likely to be mediated by its regulation of the PGC-1a/FoxO3a
transcriptional complex (Fig. 7C).

SirT1 had previously been involved in the regulation of two
ROS detoxification enzymes, MnSOD, and catalase (1, 15, 46).
Here we show that SirT1 is a regulator of a set of antioxidant
genes in primary endothelial cells and in mouse embryonic
fibroblasts (MEFs), suggesting that it is a general non cell-type
specific activity. Furthermore, it shows that SirT1 prevents the
accumulation of ROS produced as a result of the mitochon-
drial activity, and highlights the tight coupling between the
systems that control metabolism and ROS homeostasis.

It has been previously reported that SirT1 is a negative
regulator of UCP-2 expression (5) in pancreatic cells. This
discrepancy might be related to the specific role played by
UCP-2 in the pancreas and to the observed UCP-2 down-
regulation observedwhen SirT1was over-expressed in BAEC.

In muscle cells, SirT1 is recruited to the PGC-1a promoter
and positively regulates its expression (2). Here we show that

FIG. 5. SirT1 regulates the for-
mation of a PGC-1a/FoxO3a com-
plex. (A) BAEC were coinfected o/n
with Ad-PGC-1a and the indi-
cated adenoviruses. 12 h postinfec-
tion, cells were deprived of serum
o/n, and then treated for 4 h with
50 lM H2O2. Whole cell extracts
were subjected to immunoprecipi-
tation (IP) with a specific PGC-1a
antibody or normal IgG, as a con-
trol, and analyzed by Western Blot
as indicated. Input indicates a 1/10
of whole cell extract not subjected
to immunoprecipitation. (B)
SIRT1 +/+ and SIRT1 -/ - MEFs
were infected o/n with Ad-PGC1a
and 12 h postinfection cells were
deprived of serum o/n. Cell ex-
tracts were immunoprecipitated
with an specific anti-PGC1a anti-
body (PGC-1a) or rabbit IgG as
control (IgG) and analyzed by
western blot. (C) BAEC were coin-
fected o/n with Ad-FoxO3a-WT
and Ad-SirT1 or the corresponding
controls, 12 h postinfection cells
were deprived of serum o/n, and
then treated for 4 h with 50lM
H2O2. Protein levels were analyzed
by Western Blot (D) BAEC were
infected o/n with Ad-SirT1, Ad-
shSirT1 or the corresponding con-
trol adenovirus, 12 h postinfection,
cells were deprived of serum o/n,
and then fixed and analyzed by
immunofluorescence with FoxO3a
specific antibodies. The blots
presented correspond to a repre-
sentative experiment from ‡ 3 in-
dependent experiments.
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SirT1 can induce the expression not only of PGC-1a but also of
FoxO3a in endothelial cells. Notably, although FoxOs post-
transcriptional regulation has been extensively studied, very
little is known about their transcriptional regulation. Our re-
sults suggests that SirT1 activity on a group of antioxidant
genes can at least in part be dependent on the induction of
these two key regulators of antioxidant gene expression.

We have investigated the mechanisms that mediate SirT1
activity and we have found that SirT1 associates with the reg-
ulatory regions of antioxidant genes. SirT1 binding was asso-
ciatedwith reducedH4K16Ac, a hallmark of SirT1 activity. It is
generally considered that reduced acetylation is associated
with gene silencing (29). However, an important number of
studies carried out mainly in yeast have shown that histone
deacetylation and, in particular, H4K16 deacetylation can play
a positive role in gene expression regulation (41). The mecha-
nisms of action described so far, involve the deacetylation of
histones within the coding regions of active genes to ensure
proper transcription initiation, by repressing aberrant initiation
within the coding region (19), andpromoter specific effects, still
poorly characterized (42). Our results show that SirT1 deace-
tylation of H4K16 is accompanied by a general reduction in
RNAP II levels in the promoter proximal regions but this does
not result in decreased gene expression. Importantly, we found
that SirT1 recruitment was associated with increased levels of
elongating RNAP II suggesting that SirT1 activity might be

contributing to repressing aberrant initiation and or increased
recruitment of elongation factors.

Although the mechanisms involved in the transcriptional
activation by histone deacetylases are still unclear, there is
some evidence that the lysine specificity of the deacetylase
may be a critical determinant. In particular, H4K16 appears to
be an important target for deacetylases playing an activating
role (53). It appears that unacetylated H4K16 in the context of
acetylation at other sites is important for transcription, but
unacetylated H4K16 in the context of other unacetylated
residues is important for heterochromatin formation. So far,
the only characterized example in mammals in which
H4K16Ac is linked to gene silencing is rDNA regulation (54).
A recent study has shed some light on themechanism through
which acetylatedH4K16Ac plays a dual role in gene silencing:
it recruits Sir2-4 and repels Sir3 (32). Therefore, acetylation
would serve to recruit SirT1 to the target gene and this re-
cruitment may result in enhanced or decreased transcription
depending on whether or not additional silencing/activating
factors are subsequently recruited. However, experimental
evidence for this type of regulation in mammals is missing.

Our results suggest that SirT1 is likely to act at least, in
part, by directly binding to promoter of target genes, proba-
bly recruited through its interactionwith transcription factors.
Although SirT1 acts predominantly as a corepressor, there
is evidence that SirT1 can also serve as a coactivator. For

FIG. 6. FoxO3a and PGC-1a in-
fluence each other’s level of acety-
lation. (A, B) BAEC were infected
o/n with Ad-shPGC-1a (A) Ad-
shFoxO3a (B) or the corresponding
control adenoviruses, 12 h postin-
fection, cells were deprived of se-
rum o/n and harvested. Whole cell
extracts were subjected to immu-
noprecipitation (IP) with FoxO3a
(A) or PGC-1a (B) specific anti-
bodies, or normal IgG, as a control.
Acetylation levels were analyzed by
western blot. (C, D) BAEC were
infected o/n with Ad-PGC-1a or
the control Ad-S and 48 h postin-
fection the cells were harvested. (C)
FoxO3a phosphorylation was ana-
lyzed in WCE by western blot. (D)
Immunofluorescence analysis of
FoxO3a. Left panel confocal mi-
croscopy images. Right panel, Fox-
O3a cytoplasm/nuclear ratio. Data
are from ‡ 3 independent experi-
ments. Data are means + SD (*)
p£ 0.05 versus control.
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example, SirT1 recycles Tat to its unacetylated form and
acts as a transcriptional coactivator during Tat transactiva-
tion (33).

Our previous work had shown that a FoxO3a/PGC-1a
complex regulates several antioxidant genes (30). We have
now found that PGC-1a and FoxO3a knock-down drastically
reduced SirT1 induction of the antioxidant genes studied; an

indication that both PGC-1a and FoxO3a are necessary part-
ners of SirT1. The mechanism involved could be related at
least, in part, to the observed induction of both FoxO3a and
PGC-1a, but could also depend on SirT1 deacetylation of these
factors. We found that in endothelial cells SirT1 over-expres-
sion reduces both FoxO3a and PGC-1a acetylation in response
to oxidative stress. It has been previously noted that FoxO4 is

FIG. 7. PGC-1a activity is
reduced in the absence of
SirT1. SIRT1+/+ andSIRT1-/-

MEFs were infected o/n with
Ad-PGC1a or a control ade-
novirus (Ad-Shuttle), 12 h
postinfection cells were de-
prived of serum o/n and
harvested. (A) Cell extracts
were immunoprecipitated
with a specific anti-PGC1a
antibody (PGC-1a) or IgG as
control (IgG) and PGC-1a
acetylation was analyzed by
western blot. (B) qRT-PCR
and Western Blot analysis of
oxidative stress protection
proteins. Control samples
were assigned the value of 1.
Data are from ‡ 3 indepen-
dent experiments. Data are
means + SD (*) p£ 0.05 versus
control. (C) Schematic dia-
gram of the proposed model.
In stress conditions, if SirT1 is
not active, both PGC-1a and
FoxO3a are acetylated and
targeted for degradation. In
the presence of SirT1, deace-
tylation of PGC-1a and Fox-
O3a facilitates the formation
of an active transcriptional
complex that induces antiox-
idant genes and facilitates
survival in stress conditions.
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acetylated by p300 and deacetylated by SirT1 in response to
stress (21), FoxO3a deacetylation by SirT1 in response to ox-
idative stress has also been described (8). It has also been
shown that PGC-1a is acetylated and targeted for degradation
in oxidative stress conditions, and SirT1 was proposed to
prevent this effect (3).

Our results also suggest that while acetylation of PGC-1a
and FoxO3a in response to stress promotes their ubiquitina-
tion and degradation, deacetylation by SirT1 promotes pro-
tein stabilization. Nicotinamide experiments showed a
nicotinamide-induced increase in the acetylated high molec-
ular weight material present in both PGC-1a and FoxO3a IPs
that likely corresponds to polyubiquitinated forms of these
proteins (31, 34). Furthermore, oxidative stress increased the
acetylation and decreased the levels of both PGC-1a and
FoxO3a, while SirT1 over-expression reversed this effect. This
result suggests that SirT1 can regulate PGC-1a and FoxO3a
cellular levels not only at the transcriptional level as previ-
ously shown, but also by modulating its protein stability/
degradation.

Our results on FoxO3a seem to contrast with previous
observations on FoxO1, since it was originally proposed that
FoxO1 acetylation increased its protein levels by reducing
its degradation by the proteasome (20). However, recent
observations showed that increased acetylation of FoxO1
leads to increased phosphorylation (37), a well characterized
trigger for ubiquitination and proteasomal degradation
(9). Importantly, we also showed that SirT1 protects FoxO3a
from Akt phosphorylation both in basal an oxidative stress
conditions.

To further investigate how SirT1 deacetylation of both
FoxO3a and PGC-1a could play a role in SirT1 induction of
antioxidant genes, we tested the effect of SirT1 on the for-
mation of the FoxO3a/PGC-1a complex and found that
SirT1 increased the formation of the PGC-1a/FoxO3a com-
plex. We envisioned that SirT1 could work through two al-
ternative mechanisms. SirT1 could deacetylate FoxO3a and
PGC-1a independently and the deacetylated proteins could
have an enhanced affinity for each other. Alternatively, SirT1
could be part of a ternary complex recruited to the target
promoters. Since our SirT1 ChIP data supported this second
model, we challenged this hypothesis testingwhether FoxO3a
and PGC-1a could modulate each other’s level of acetylation
and found that PGC-1a decreases FoxO3a acetylation, while
FoxO3a reduces PGC-1a acetylation, supporting the notion
that SirT1 is part of a ternary complex together with PGC-1a
and FoxO3a.

The model that emerges is that oxidative stress would in-
duce the acetylation of both PGC-1a and FoxO3a, and this
acetylation would result in the accelerated ubiquitination and
degradation of both factors, unless SirT1 is active. SirT1
would interact with FoxO3a and PGC-1a, deacetylate both
and form with them a ternary complex that would be re-
cruited to antioxidant genes, enhancing the cell survival in
stress conditions. Therefore, the key determinant in the ROS
response would be to what extent SirT1 is activated (16).

Nrf2 is another important transcriptional regulator of an-
tioxidant gene expression. Importantly, it has been recently
shown that Nrf2 pays also a role in metabolic control (52).
These observations make it a putative relevant partner in the
regulatory circuits controlled by SirT1, PGC-1a, and FoxO
factors. However, this possibility remains to be investigated.

Taken together, the findings of the present study uncover a
novel role for SirT1 as a critical regulator of endothelial oxi-
dative stress protection systems and ROS homeostasis. Our
results also highlight a potential therapeutic role of SirT1
regulation in vascular homeostasis. Therefore, the current
availability of highly specific chemical SirT1 activators is of
great value and seems now to make it a real possibility.

Material and Methods

Cell culture

BAEC were isolated and cultured as previously described
(23, 26). BAEC were used from passages 3–6. On day 13.5 of
gestation, embryos from C57BL6 SirT1+/- x C57BL6 SirT1+/-

crosses were taken to isolate MEF that were prepared and
cultured as described (40). MEF were used from passages 1–4.
The SirT1+/- mice used were part of a colony established
within the CNIC animal facility. The animal experimental
protocols were approved by the Institutional Animal Care and
Use Committee of the CNIC All protocols used conform to the
Declaration of Helsinki and to the Guide for the Care and Use
of Laboratory Animals published by the US National Institute
of Health (NIH publication No. 85-23).

Adenoviral vectors and infections

Recombinant adenoviruses Ad-PGC-1a, Ad-SirT1, Ad-
FoxO3a, and Ad-shFoxO3a have been previously described
(30, 38, 43, 49). Silencing Ad-shPGC1a and Ad-shSirt1 were
constructed using the pSilencerTM Adeno 1.0 Cytomegalo-
virus Promoter System from Ambion (Carlsbad, CA). The
oligonucleotides used are listed in the Supp. Inf. Cells were
infected with the adenoviral vectors at a multiplicity of in-
fection of 10–25 for 12–16 h. 24 or 48 h postinfection cells were
washed 3· with PBS and harvested.

Western blot

Whole-cell lysates were obtained as described (28). 20–
25 lg of whole-cell protein extracts were resolved on 8%–15%
SDS-PAGE gels, transferred onto PVDFHybond-Pmembranes
(Amersham Biosciences, Fairfield, CT) and incubated with
specific antibodies against PGC-1a (Cayman Chemical), Fox-
O3a (Cell Signalling, Danvers,MA and Santa Cruz, Santa Cruz,
CA), P-FoxO3a (Thr32) (Millipore, Mendota Heights, MN),
SirT1 (Santa Cruz), Prx5 (Santa Cruz), Trx2, TR2, and Prx3
(LabFrontier, Daehyun-dong Seodaemun-gu Seoul, Korea),
Catalase (Chemicon International, Temecula, CA), MnSOD
(Stressgen, Victoria, British Columbia, Canada), UCP-2 (Santa
Cruz and Biolegend, San Diego, CA), Acetylated-Lysine (Cell
Signaling, Danvers, MA), b-actin (Sigma, Dublin, OH) and HA
(Hybridoma 12CA5).). b-actin was used as a loading control.

Co-immunoprecipitations

Protein-protein interactions were analyzed by co-immu-
noprecipitation experiments. Whole-cell extracts were pre-
pared and subjected to immunoprecipitation with specific
antibodies against PGC-1a (Santa Cruz H-300, Santa Cruz,
CA), HA-tagged FoxO3a (mouse monoclonal 12CA5) and
SirT1 (Santa Cruz) or a control normal rabbit or mouse IgG as
previously described (28). The immunoprecipitates were as-
sessed for the presence of PGC-1a (Cayman Chemical, Ann
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Arbor, MI), FoxO3a (Santa Cruz), and SirT1 (Santa Cruz) and
for the levels of Lys acetylation (Cell Signaling) by Western
Blot with specific antibodies.

Chromatin immunoprecipitation

ChIP experiments were carried out essentially as previ-
ously described (49) with some modifications (Supp. Info.).

Determination of relative mRNA levels

RNA was isolated using TRIzol� Reagent (Invitrogen,
Carlsbad, CA). 1lg of total RNA was reverse transcribed by
extension of random primers with M-MLV (Promega, Madi-
son, WI). Relative expression levels were determined by real-
time PCR (qRT-PCR) in a 7900 Sequence Detection System
(Applied Biosystems, Carlsbad, CA). Primers were as previ-
ously described (7). The amount of PCR product was nor-
malized to 18S rRNA levels.

ROS analysis

Cells were incubated with 2 lM 5-chloromethyl-2¢7¢-
dichlorodihydrofluorescein diacetate acetyl ester (CM-
H2DCFDA; Molecular Probes, Carlsbad, CA) for 30min at
37�C. Cells were then trypsinized and resuspended in PBS.
Fluorescence intensity was measured by flow cytometry.

Mitochondrial superoxide was measured by labeling cells
with MitoSOX Red (Molecular Probes, Carlsbad, CA, USA,
essentially as described (6). Briefly, BAEC were grown in
coverslips, incubated with 3 lM MitoSOX Red for 10min,
fixed with paraformaldehyde and analyzed by fluorescence
microscopy (Leica TCS SP5, Buffalo Grove, IL).

Immunofluorescence

BAEC were grown on coverslips, fixed with 3.7% formal-
dehyde, permeabilized with 0.1% Triton, and then incubated
consecutively with primary antibody (a-FoxO3a) and sec-
ondary antibody (aIgG rabbit ALEXA-488 conjugate). Cells
were counterstained with TO-PRO-3, mounted and examined
by confocal microscopy (Zeiss LSM 700, Obercochen, Ger-
many), as previously described (6).

Statistical analysis

The Kolmogorov-Smirnov test was used to test for nor-
mality of the sample’s values distribution. Sample values, are
shown as mean – standard deviation (SD). Comparison of con-
tinuous variables from two or more independent groups was
evaluated by analysis of variance with Bonferroni correction
for multiple comparisons. Statistical analyses were performed
using SPSS forWindows, release 17.0 (SPSS, Inc., Chicago, IL).
Levene’s test for equality of variances and t-test for equality of
means were used. All p-values refer to two-tailed tests of
significance; p, 0.05 was considered significant.
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Abbreviations Used

Ac¼ acetylated
Ad¼ recombinant adenovirus

ApoE-=-
¼ apolipoprotein E

BAEC¼ bovine aortic endothelial cells
ChIP¼ chromatin immunoprecipitation

CM-H2DCFDA¼ chloromethyl-2¢,7¢-dichlorofluorescein
diacetate

co-IP¼ co-immunoprecipitation
DMNQ¼ 2,3-dimethoxy-1-naphthoquinone

FBS¼ fetal bovine serum
Gpx1¼ glutathione peroxidase 1
Gpx4¼ glutathione peroxidase 4

H4¼histone 4
IF¼ immunofluorescence

K16¼ lysine 16
MEFs¼mouse embryonic fibroblasts

MnSOD¼Mn superoxide dismutase
NF-jB¼nuclear factor-jB

NO¼nitric oxide
NOX¼NADPH oxidases

PGC-1a¼peroxisome proliferator activated
receptor c-coactivator 1a

Prx3¼peroxiredoxin 3
Prx5¼peroxiredoxin 5

RNAP II¼RNA polymerase II
ROS¼ reactive oxygen species
sh¼ small hairpin

TR2¼ thioredoxin reductase 2
Trx2¼ thioredoxin 2

UCP-2¼uncoupling protein 2
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