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in skeletal muscle of fasted mice, with a mitochondrial 
DNA-bound FoxO3A/SIRT3/mtRNAPol complex detect-
able also in vivo. Our results unveil a mitochondrial arm of 
the AMPK-FoxO3A axis acting as a recovery mechanism to 
sustain energy metabolism upon nutrient restriction.
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SIRT3 · OXPHOS

Abbreviations
GR	� Glucose restriction
FoxO	� Forkhead-box O
AMPK	� AMP-activated kinase
FoxO binding sites	� FHRE
mtDNA	� Mitochondrial DNA
MEFs	� Mouse embryonic fibroblasts
mtRNAPol	� Mitochondrial RNA polymerase
CR	� Calorie restriction
HG	� High glucose medium

Abstract  Reduction of nutrient intake without malnutrition  
positively influences lifespan and healthspan from yeast to 
mice and exerts some beneficial effects also in humans. The 
AMPK-FoxO axis is one of the evolutionarily conserved 
nutrient-sensing pathways, and the FOXO3A locus is associ-
ated with human longevity. Interestingly, FoxO3A has been 
reported to be also a mitochondrial protein in mammalian 
cells and tissues. Here we report that glucose restriction trig-
gers FoxO3A accumulation into mitochondria of fibroblasts 
and skeletal myotubes in an AMPK-dependent manner. A 
low-glucose regimen induces the formation of a protein 
complex containing FoxO3A, SIRT3, and mitochondrial  
RNA polymerase (mtRNAPol) at mitochondrial DNA-
regulatory regions causing activation of the mitochondrial 
genome and a subsequent increase in mitochondrial respi-
ration. Consistently, mitochondrial transcription increases 
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LG	� Low glucose medium
CC	� Compound C
NAM	� Nicotinamide
DNP	� 2,4-Dinitrophenol
FED	� Feeding
FAST	� Fasting
AcK	� Anti-acetyl lysine

Introduction

Reduction of nutrient intake without malnutrition has been 
proven to increase lifespan and/or healthspan across spe-
cies, from yeast to mammals [1–3]. Glucose restriction 
(GR) extends lifespan in C. elegans and delays senescence 
of human primary cells [4–6]. In nematodes, GR exerts this 
effect through the AMP-activated kinase (AMPK) AAK-2 
[4]. The nutrient-sensing AMPK pathway is evolutionarily 
conserved from invertebrates to mammals. In C. elegans, 
AAK-2, together with the Forkhead-box O (FoxO) tran-
scription factor DAF-16, is also required for lifespan and 
healthspan extension induced by other different dietary regi-
mens [7, 8]. In mammals, the AMPK-FoxO3A axis has a 
central role in the balance between energy-consuming and 
energy-producing pathways [9]. Recently, the FOXO3A 
locus was shown to be associated with longevity in geneti-
cally diverse groups of European and Asian descent, indi-
cating that FOXO3A is a modifier of general relevance that 
may play a role in many human populations [10–14].

FoxO3A plays a role in oxidative stress response and 
regulation of energy metabolism in a number of tissues by 
inducing specific activation of a coordinated transcriptional 
program encoding for genes involved in cell cycle arrest, 
cell death, cell metabolism, autophagy and stress resistance  
[9, 15, 16]. Interestingly, in C. elegans the AMPK-depend-
ent dietary restriction pathway does not stimulate nuclear 
accumulation of the FoxO homolog DAF-16 [7], indicating 
a functional cytoplasmic role for this transcription factor. In 
mammalian cells, FoxO3A has been reported to precipitate 
within the mitochondrial fraction together with SIRT3 [17]. 
However, the functional significance of such localization is 
still unclear. As SIRT3 is a mitochondrial sirtuin, reported to 
be the primary mitochondrial protein deacetylase [18], the 
evidence reported above suggests the existence of a previ-
ously unrecognized FoxO3A-SIRT3 interaction involved in 
mitochondrial signaling.

Here we report that FoxO3A mitochondrial import is 
regulated in response to glucose availability in an AMPK-
dependent manner. Into the mitochondria, SIRT3 mediates 
FoxO3A binding to mitochondrial DNA (mtDNA) and tran-
scription of mitochondrial-encoded core or catalytic subu-
nits of the OXPHOS machinery to increase respiration, thus 
sustaining energy metabolism. Our results reveal a novel 

mitochondrial arm of the AMPK-FoxO3A axis acting as a 
nutrient-sensing mechanism to sustain cellular metabolism.

Results

GR-dependent FoxO3A mitochondrial import leads  
to increased mitochondrial respiration

GR induces FoxO3A accumulation into the mitochondria of 
several established and primary cells, including murine C2C12-
derived terminally differentiated skeletal muscle cells (myo-
tubes), primary myotubes derived from adult skeletal muscle 
stem cells, human IMR90 primary fibroblasts, and NIH-3T3 
mouse embryonic fibroblasts (Fig.  1 and Supplementary 
Fig. 1), a phenomenon that was not observed after glutamine 
deprivation or oxidative stress (Supplementary Fig. 2).

These findings prompted us to evaluate the possibility 
that FoxO3A may bind mtDNA and regulate transcription 
of the mitochondrial genome. Indeed, two putative FHRE 
binding sites (FoxO binding sites) were identified from the 
in silico analysis of both mitochondrial DNA strands. Chro-
matin immunoprecipitation (ChIP) experiments revealed 
that upon reduction of glucose levels, FoxO3A was specifi-
cally enriched at these consensus sites located at the D-Loop 
regulatory region of both the light (FHRE#1) and the heavy 
strand (FHRE#2) of mitochondrial DNA in both C2C12-
derived myotubes and NIH-3T3 fibroblasts (Fig. 2a, b).

The mitochondrial genome encodes 13 polypeptides, 
which are essential components of the OXPHOS system 
as they constitute core or catalytic subunits of Complexes 
I (ND1, ND2, ND3, ND4, ND4L, ND5, and ND6), III 
(cytochrome b) and IV (COI, COII, and COIII) or are needed 
for the assembly of Complex V (ATPases 6 and 8), along with 
22 tRNAs and 2 rRNA subunits necessary for the translation 
of these polypeptides. Transcription of the mtDNA initiates 
at two sites, both located at the D-Loop region of the heavy 

Fig. 1   FoxO3A accumulates into the mitochondria upon GR. a, b, 
c Upon GR (LG), FoxO3A accumulates into the mitochondria as 
shown by immunofluorescence analysis (a) in murine C2C12-derived 
(LG 24  h) and primary satellite cell-derived myotubes (LG 36  h), 
and by immunogold labeling (b) in murine C2C12-derived myotubes 
and NIH-3T3-fibroblasts (LG 24 h) (black dots represent gold parti-
cles recognizing FoxO3A immunocomplexes). These data (n  =  3) 
were quantified by scoring the percentage of FoxO3A-positive cells 
and counting the number of gold particles per single mitochondria. 
Data are presented as mean ± SEM and significance was calculated 
with Student’s t test (c). d Cellular fractionation of murine NIH-3T3 
and human primary IMR90 fibroblasts shows mitochondrial enrich-
ment of FoxO3A under low glucose conditions (LG 16 and 24  h, 
respectively). The values indicated are the results of the densitometric 
analysis of FoxO3A normalized against the mitochondrial fractiona-
tion control VDAC (arbitrary units, HG =  1). Cellular fractionation 
controls: nuclei: PCNA; cytoplasm: GAPDH; mitochondria: VDAC. 
Asterisks non-specific band
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and light strands, yielding polycistronic messages. Mature 
mRNAs, rRNAs, and tRNAs are then released by cleavage 
[19]. FoxO3A signal-dependent mitochondrial localization 
and DNA binding coincided with the upregulation of all 13 
mitochondrial-encoded genes in glucose-restricted rodent 
C2C12-derived myotubes, primary myotubes, NIH-3T3 
fibroblasts, and human IMR90 primary fibroblasts (Fig. 2c, e, 

and Supplementary Fig. 3a, c, d). Increase of gene expression  
was time-dependent and was not associated with mitochon-
drial biogenesis, as revealed by quantification of the total 
amount of mitochondrial DNA at all time-points tested (Sup-
plementary Fig. 4a). Glucose-restricted cell lines and primary 
cells showed increased protein levels of the ND6 and COX 
I mitochondrial-encoded catalytic subunits of OXPHOS 
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complexes (Fig. 2d, f, and Supplementary Fig. 3b), indicating 
that these transcripts were effectively translated into proteins. 
Of note, genetic deficiency of the FoxO3A gene prevented 
GR-dependent increased transcription of mitochondrial-
encoded genes, as shown by gene expression analysis of glu-
cose restricted primary mouse embryonic fibroblasts (MEFs) 
derived from FoxO3A+/+ and FoxO3A−/− mice (Fig.  2g). 
Consistent with these findings, RNAi-mediated ablation of 
FoxO3A significantly impaired cell adaptation to GR by 
preventing induction of maximal mitochondrial respiratory 
capacity (Fig. 2h and Supplementary Fig. 4b).

AMPK mediates GR-dependent FoxO3A mitochondrial 
enrichment

Since the low-energy sensor AMPK is activated in response 
to decreased glucose levels (Fig. 3a), we tested whether its 
kinase activity was required for the mitochondrial import of 
FoxO3A. Of note, pharmacological blockade of AMPK by 
the chemical inhibitor compound C, or its genetic ablation 
by a specific siRNA targeted against AMPK1α (Supplemen-
tary Fig. 5a), prevented GR-dependent FoxO3A mitochon-
drial accumulation (Fig. 3b, d, e).

The role of AMPK was further evaluated by the use of 
AMPK agonists. Even in the presence of high glucose, AICAR, 
metformin or resveratrol triggered FoxO3A mitochondrial 
enrichment (Fig.  3c). AICAR ability to force FoxO3A into 
the mitochondria in high-glucose conditions required proper 
expression of AMPK, as shown by quantification of the immu-
nogold analysis performed on NIH-3T3 fibroblasts (Fig. 3d, e).

Concordant with the requirement of functional AMPK 
for proper GR-dependent FoxO3A accumulation into the 

mitochondria, the chemical inhibitor compound C prevented 
FoxO3A enrichment at both mtDNA consensus sequences 
FHRE#1 and #2 in myotubes (Fig.  4a). Moreover, genetic 
depletion of AMPK1α abrogated GR-dependent upregulation 
of mitochondrial genes (Fig. 4e and Supplementary Fig. 5a).

Chemical activation of AMPK by AICAR and resvera-
trol in fibroblasts and myotubes cultured in high glucose 
induced mitochondrial transcription (Fig.  4b, c) in the 
absence of significant changes in terms of mitochondrial 
biogenesis (Supplementary Fig. 5b, c). Importantly, AMPK 
activation failed to induce mitochondrial gene expression 
in FoxO3A−/− cells (Fig.  4d). Similarly, siRNA-mediated 
AMPK knock-down interfered with AICAR-dependent 
upregulation of mitochondrial genes (Fig.  4e and Supple-
mentary Fig. 7a, b).

A FoxO3A/SIRT3/mtRNAPol protein complex is  
assembled on mtDNA to regulate gene expression  
upon GR

The activity of FoxO proteins is modulated by the interaction 
with cofactors, including sirtuins. Previous data showed that 
FoxO3A co-precipitates with the primary mitochondrial pro-
tein deacetylase SIRT3 in mitochondrial fractions of mam-
malian cells [17]. SIRT3 has been shown to efficiently dea-
cetylate FoxO3A. This activity does not appear to be required 
for FoxO3A mitochondrial localization, but is needed for the 
regulation of FoxO3A DNA binding ability [17, 20], thus 
resembling the role of SIRT1 in the positive regulation of 
FoxO-dependent transcription in the nucleus [21].

ChIP experiments performed in myotubes and fibro-
blasts showed that FoxO3A and SIRT3 were co-recruited 
together with mtRNAPol to mtDNA in a GR-dependent 
manner (Fig. 5a, b). Accordingly, co-immunoprecipitation 
studies revealed that mtRNAPol immunocomplexes are 
enriched in both FoxO3A and SIRT3 in glucose-restricted 
fibroblasts (Fig. 5c). The relevance of SIRT3 recruitment on 
mtDNA in response to GR was supported by genetic stud-
ies. Indeed, glucose restricted SIRT3-deficient MEFs failed 
to upregulate mitochondrial transcription (Fig. 6a). Of note, 
sirtuin activity was required for GR-dependent expression 
of the mitochondrial genome (Fig. 6b and Supplementary 
Fig.  5d), but not for FoxO3A mitochondrial localization 
(Fig.  6c). Indeed, nicotinamide (NAM) significantly pre-
vented FoxO3A binding to mitochondrial DNA (Fig. 6d and 
Supplementary Fig. 6), and increased its acetylation levels 
(Fig. 6e, left panel) without affecting the amount of FoxO3A 
and SIRT3 bound to mtRNAPol (Fig. 6e, right panel).

FoxO3A binds to mtDNA in muscle of fasted mice

To get further insight into the GR-dependent mechanism 
described in muscle cells and fibroblasts in vitro, we 

Fig. 2   GR-dependent FoxO3A mitochondrial import leads to 
increased mitochondrial respiration. a, b Under GR conditions (LG 
12 h), FoxO3A binds to two different target sites (FHRE#1: 14,963–
15,110  bp; FHRE#2: 15,400–15,469  bp) on mitochondrial DNA in 
C2C12 myotubes (n =  5) (a) and NIH-3T3 fibroblasts (n =  5) (b). 
Signal specificity is confirmed by the analysis of a distal region not 
containing FHRE sites (NON FHRE, 8,653–8,768  bp). Unrel unre-
lated antibody (anti-IgG). Data are presented as mean ± SEM and sig-
nificance was calculated with Student’s t test. c–g GR (LG) induces 
the upregulation of mitochondrial genes both at the RNA (c, e, n = 5) 
and the protein level (d, f, n  =  3) in C2C12-derived (c LG 12  h,  
d LG 24 h) and primary satellite cell-derived myotubes (e LG 36 h,  
f LG 48 h). Upregulation of mitochondrial genes upon GR (LG 24 h) 
is blunted by the absence of FoxO3A in primary MEFs (n = 5) (g). h 
Upon genetic ablation of FoxO3A using a specific siRNA, GR (LG 
36  h) fails to induce an increase in DNP-uncoupled mitochondrial 
endogenous respiration in murine NIH-3T3 fibroblasts (left panel 
n =  9, right panel n =  6). Data are presented as mean ± SEM and 
significance was calculated with Student’s t test. (c, e, g) black bars 
ATPase 6 and 8 genes, white bars COI, COII and COIII genes, grey 
bars ND1, ND2, ND3, ND4, ND4L, ND5, and ND6 genes, light grey 
bar cytochrome b gene. The dotted line corresponds to the expression 
levels detected in cells cultured in standard glucose conditions (HG). 
Data are presented as mean ± SEM, *p < 0.05
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subjected mice to overnight fasting (18  h), a procedure 
known to significantly lower plasma glucose levels [22]. 
Indeed, skeletal muscles represent the “storage” for post-
prandial peripheral glucose disposal, being responsible for 

the uptake of the majority of the ingested carbohydrates 
[23, 24]. Consistent with our findings in both established 
cell lines and primary cultures, overnight fasting drives acti-
vation of AMPK in Tibialis-EDL muscles (Supplementary 
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Fig.  8), and we detected upregulation of mitochondrial-
encoded genes in glycolytic, oxidative and mixed type skel-
etal muscles of fasted mice (Fig. 7a). Importantly, FoxO3A 
and mtRNAPol were both significantly enriched at FHRE#1 
and FHRE#2 of mtDNA in skeletal muscle of fasted mice 
(Fig.  7b), and co-immunoprecipitation studies revealed 
that mtRNAPol immunocomplexes are enriched in both 
FoxO3A and SIRT3 during fasting (Fig. 7c).

These data suggest a physiological role for the 
mtFoxO3A-SIRT3 complex in skeletal muscles and are in 
agreement with the observation that this tissue increases its 
oxidative metabolism in fasting conditions.

Discussion

The results presented in this paper support a model where 
GR triggers AMPK activation, which is required for 
FoxO3A mitochondrial enrichment and SIRT3-dependent 
FoxO3A transactivation of mitochondrial-encoded core or 
catalytic subunits of the OXPHOS machinery, finally lead-
ing to increased respiration to sustain energy metabolism 
(Fig. 8). Interestingly, GR has been proven to increase lifes-
pan in worms by inducing mitochondrial respiration in an 
AMPK-dependent manner [4] and primary human cells  
[5, 6]. Moreover, recent studies have shown that restric-
tion of nutrients increases mitochondrial activity in several 
organisms, and that blocking respiration prevents nutrient 
restriction-driven lifespan extension [25].

Our findings uncover an unprecedented mechanism that 
supports mitochondrial energy production during nutrient 
restriction and links the mitochondrial AMPK-FoxO3A-
SIRT3 pathway to the beneficial effects of limiting nutrient 
intake in mammals. The intracellular trafficking of FoxO 
proteins is regulated by phosphorylation, a mechanism that 
is evolutionarily conserved from invertebrates to humans 
[15]. Indeed, Akt, SGK, CK1, DYRK1A, and IKKα, 

directly phosphorylate FoxOs allowing their binding to the 
14-3-3 nuclear export protein. On the other hand, JNK1 
phosphorylates the 14-3-3 protein thus inhibiting its bind-
ing to FoxOs and promoting their nuclear localization [15].

As a further mechanism of regulation, AMPK phospho-
rylates FoxO in response to the activation of the energy sen-
sor pathway both in nematodes and mammalian cells [26]. 
In nematodes, AMPK targets six residues of FoxO/DAF-16 
(T166, S202, S314, S321, T463, S466) and the AMPK-
FoxO axis is sufficient and required for dietary restriction-
dependent healthspan and lifespan extension [7, 27]. Indeed, 
these effects are suppressed in AMPK-defective strains and 
strongly reduced in FoxO mutant nematodes. Furthermore, 
this pathway is also required for oxidative stress resistance, 
which is tightly linked to lifespan extension. Of note, in  
C. elegans the AMPK-mediated FoxO-dependent beneficial 
effects of dietary restriction are not reliant on a transcrip-
tional role of FoxO, which shows a cytoplasmic localization 
and fails to localize into the nuclei. Conversely, the oxida-
tive stress response requires FoxO-dependent transcription 
of sod-3 [27]. These evidences indicate that in nematodes 
FoxO exerts its role in lifespan extension in two different 
ways, one requiring cytoplasmic localization and the other 
implying nuclear translocation, which are both regulated 
by the activity of AMPK. Mammalian FoxO3A also has 
six residues targeted by AMPK in vitro (T179, S399, S413, 
S555, S588, S626), five of which are located to the transac-
tivation domain [7, 27]. Importantly, it has been shown that 
a FoxO3A construct carrying substitution of all six residues 
with unphosphorylatable amino acids partially retains the 
ability (16 %) to be phosphorylated by AMPK, suggesting 
the existence of additional phosphor-sites in its sequence. 
This FoxO3A mutant was found to be severely impaired in 
nuclear transcriptional activity, but maintained the ability 
to move between the nucleus and the cytoplasm depending 
on external cues. Our previous studies unveiled that AMPK 
activity is also required for FoxO3A nuclear accumulation 
in response to increased energy demand, at least in colorec-
tal and ovarian cancer cells [9, 28–30].

These findings suggest that AMPK might directly phos-
phorylate additional FoxO3A sites, which may be important 
for mitochondrial import in response to restriction of nutri-
ent availability across species.

Once into the mitochondria, FoxO3A forms a com-
plex with SIRT3 and mtRNAPol to activate transcription. 
SIRT3 is the primary mitochondrial protein deacetylase 
[18] and has been shown to efficiently deacetylate FoxO3A 
[20]. Our data revealed that SIRT3 activity is not required 
for FoxO3A mitochondrial localization nor is it necessary 
for its interaction with mtRNAPol and SIRT3; however it 
is needed for mtDNA binding. Indeed, NAM significantly 
increased FoxO3A acetylation and prevented its recruitment 
on FHRE sites in the D-loop regulatory region. These data 

Fig. 3   AMPK mediates GR-dependent FoxO3A mitochondrial 
enrichment. a GR (LG) induces phospho-activation of AMPK in 
NIH-3T3 fibroblasts (LG 24  h) and C2C12-derived myotubes (LG 
12 h). b GR-dependent mitochondrial accumulation of FoxO3A sig-
nificantly decreases upon pharmacological inhibition of AMPK using 
compound C(CC) in NIH-3T3 fibroblasts (LG 16  h). c Exogenous 
activation of AMPK using AICAR, metformin or resveratrol induces 
FoxO3A accumulation into the mitochondria in NIH-3T3 fibroblasts. 
d FoxO3A accumulates into the mitochondria in response to GR and 
AMPK exogenous activation (AICAR), while AMPK ablation by a 
specific siRNA prevents FoxO3A accumulation even in low glucose 
(LG 24 h) or in the presence of an AMPK-activator (AICAR) in high 
glucose (HG 24  h), as shown by immunogold labeling of NIH-3T3 
fibroblasts (black dots represent gold particles recognizing FoxO3A 
immunocomplexes). e These data (n = 3) were quantified by scoring  
the percentage of FoxO3A-positive cells and counting the number  
of gold particles per single mitochondria. Data are presented as 
mean ± SEM and significance was calculated with Student’s t test
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are in accordance with the proposed role of acetylation in 
the impairment of FoxO-chromatin interaction [21].

This newly identified FoxO3A function could be part 
of a coordinated nuclear-mitochondrial gene expression 
program involved in nutrient sensing. Indeed, a number 
of nuclear receptors and a few other nuclear transcription 
factors have been detected into the mitochondria. As a 

general principle, it seems that the activity of mitochon-
drially localized transcription factors affects mitochon-
drial transcription, energy yield and mtDNA integrity in 
a way that complements their known nuclear role rather 
than disclosing new or unrelated functions. The emerging 
picture suggests the existence of coordinated nuclear/mito-
chondrial activities that regulate transcription of genes 
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serving common functions [31]. In agreement with this 
view, nuclear FoxO3A appears as a master regulator of the 
expression of fundamental genes required for proper mito-
chondrial activities and functions, such as PGC1α, SOD 
and catalase [9].

Our results might have important implications from 
a pharmacological point of view. Indeed, they reveal that 
AMPK activators, now proposed as calorie restriction (CR) 
mimetics [32] or exercise mimetics [33], might also act 
through this new arm of the AMPK biological functions. 
CR, a dietary regimen restricting calorie intake without mal-
nutrition, is able to enhance animal lifespan. CR not only 
increases average lifespan, but also prolongs maximum 
lifespan and extends healthspan—defined as the number of 
years an organism can live without any major chronic dis-
ease. The positive effects of CR are conserved throughout 
evolution from nematodes to mice [1–3]. Of note, circum-
stantial evidences indicate that some of the beneficial effects 
of CR also apply to humans [34].

CR mimetics are drugs or chemical compounds which 
reproduce the effects of calorie restriction by activating 
physiological mediators, such as AMPK [32, 35]. One of 
the most important CR mimetics is the anti-diabetic drug  
metformin, which is considered a receptor sensitizer in 
muscle and fat cells and causes the drop of circulating  
glucose levels and the balancing of fat metabolism, with a 
final effect of body weight loss. Furthermore, metformin 
also reduces gluconeogenesis and inhibits excessive absorp-
tion of glucose by the gut, thus contributing to the overall 
glucose-lowering effect. Another AMPK activator proven to 

Fig. 5   A 
FoxO3A/SIRT3/mtRNAPol 
protein complex is assembled 
on mtDNA upon GR.  
a, b FoxO3A, mtRNAPol, 
and SIRT3 are co-recruited on 
mitochondrial DNA upon GR as 
shown by chromatin immuno-
precipitation (ChIP) experi-
ments in C2C12 myotubes  
(a n = 3, LG 12 h) and NIH-
3T3 fibroblasts (b n = 3, LG 
16 h). Unrel unrelated antibody 
(anti IgG). Data are presented 
as mean ± SEM * p < 0.05. c 
mtRNAPol immunocomplexes 
are enriched in both FoxO3A 
and SIRT3 in glucose-restricted 
NIH-3T3 fibroblasts upon GR 
(LG 16 h) as shown by  
co-immunoprecipitation 
analysis

Fig. 4   AMPK mediates the GR-dependent FoxO3A mitochondrial 
transcriptional program. a Inhibition of AMPK using compound 
C(CC) abrogates GR-dependent FoxO3A binding to mitochondrial 
DNA at both its target sites (FHRE#1: 14,963–15,110 bp; FHRE#2: 
15,400–15,469  bp) in myotubes (n  =  3). Unrel unrelated antibody 
(anti-IgG). Data are presented as mean ± SEM and significance was 
calculated with Student’s t test. b, c Exogenous activation of AMPK 
using AICAR or resveratrol promotes the upregulation of mitochon-
drial genes in C2C12-derived myotubes (b n  =  3) and NIH-3T3 
fibroblasts (c n = 3) in standard culture conditions (HG 24 h). d The 
AMPK activator AICAR (HG 24  h) fails to induce mitochondrial 
gene expression in primary MEFs derived from FoxO3A−/− mice 
(n  =  3). e siRNA-mediated AMPK knock-down interferes with 
FoxO3A-dependent upregulation of mitochondrial genes induced by 
low glucose (LG 24 h) and addition of AICAR (HG 24 h) in NIH-3T3 
fibroblasts (n = 3). The dotted line corresponds to the expression lev-
els detected in cells transfected with a control siRNA and cultured in 
high-glucose conditions. b–e black bars ATPase 6 and 8 genes, white 
bars COI, COII and COIII genes, grey bars ND1, ND2, ND3, ND4, 
ND4L, ND5, and ND6 genes, light grey bar cytochrome b gene. 
The dotted line corresponds to the expression levels detected in cells 
cultured in standard glucose conditions (HG). Data are presented as 
mean ± SEM, *p < 0.05

◂
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Fig. 6   SIRT3 activity was required for GR-dependent expression of 
the mitochondrial genome. a Upregulation of mitochondrial genes 
upon GR (LG, 24 h) is blunted by the absence of SIRT3 in primary 
MEFs (n  =  5). b–d Sirtuin inhibition using nicotinamide (NAM) 
reduces the upregulation of mitochondrial genes (b n  =  5) and 
FoxO3A binding to mtDNA (i.e., FHRE#1) (d n =  3) in myotubes 
(LG 12  h), but not its accumulation into the mitochondria in NIH-
3T3 fibroblasts (c) upon low-glucose conditions (LG 24 h). Data in d 
are presented as mean ± SEM and significance was calculated with 
Student’s t test. e Co-IP performed in glucose-restricted (LG 24  h)  

primary IMR90 human fibroblasts. mtRNAPol immunocomplexes 
were blotted with an anti-acetyl lysine antibody (AcK), then stripped 
and re-blotted with anti-mtRNAPol, anti-FoxO3A, and anti-SIRT3 
antibodies. a, b black bars ATPase 6 and 8 genes, white bars COI, 
COII, and COIII genes, grey bars ND1, ND2, ND3, ND4, ND4L, 
ND5, and ND6 genes, light grey bar cytochrome b gene. The  
dotted line corresponds to the expression levels detected in cells 
cultured in standard glucose conditions (HG). Data are presented as 
mean ± SEM, *p < 0.05
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be a potent CR mimetic is resveratrol [36], a polyphenol plant 
chemical. In yeast, it stimulates Sir2 and extends lifespan by 
70 %. In humans, it reduces the risk of age-related chronic 
pathologies, such as cardiovascular diseases and cancer.

Based on our findings, we speculate that pharmacological  
targeting of the AMPK-mtFoxO3A-SIRT3 pathway to 
induce expression of the mitochondrial genome could thus 
be exploited to help preventing and/or treating age-related 
diseases, since aging is also characterized by the accumula-
tion of heteroplasmic mtDNA mutations [37].

Materials and methods

Cell culture and reagents

NIH-3T3, IMR90, and primary mouse embryonic fibro-
blasts (MEFs) were maintained in DMEM high glucose 

(HG), without pyruvate; C2C12 myoblasts were cultured 
as previously described [38]. All cell lines were glucose 
restricted by using DMEM 0.75 mM (LG). The final glu-
cose concentration in the HG and LG medium should be 
considered as 40 and 15.75 mM, respectively, according to 
Li and Tollefson [6]. All culture media were supplemented 
with 10 % FBS and penicillin–streptomycin (Sigma). Pri-
mary satellite cells were obtained as previously described 
[39]. Compound C (5 μM), Nicotinamide (10 mM), AICAR 
(5  mM), Metformin (4  mM), Resveratrol (150  μM), and 
H2O2 (100 μM) were all from Sigma.

Immunofluorescence and immunogold labeling

For immunofluorescence analyses, cells were seeded on glass 
coverslips and treated as indicated. At the end of the treat-
ment Mitotracker-red (Invitrogen) was added directly to the 
culture medium following manufacturer’s instructions. Cells 

Fig. 7   FoxO3A binds to 
mtDNA in muscle of fasted 
mice. a The transcription of 
mitochondrial genes increases 
in fasted mice (FAST 18 h) in 
both glycolytic (tibialis/EDL, 
n = 5), oxidative (gastrocne-
mius/soleus, n = 5) and mixed 
type (quadriceps, n = 10) 
skeletal muscles. black bars 
ATPase 6 and 8 genes, white 
bars COI, COII, and COIII 
genes, grey bars ND1, ND2, 
ND3, ND4, ND4L, ND5, and 
ND6 genes, light grey bar 
cytochrome b gene. The dotted 
line corresponds to the expres-
sion levels detected in fed mice. 
b FoxO3A and mtRNAPol are 
both enriched at regulatory sites 
of mtDNA in tibialis and EDL 
skeletal muscles of fasted mice, 
as shown by ChIP experiments 
(n = 3). Data are presented 
as mean ± SEM, *p < 0.05. 
c In vivo co-immunoprecipi-
tation analyses revealed that 
mtRNAPol immunocomplexes 
are enriched in both FoxO3A 
and SIRT3 in tibialis and EDL 
skeletal muscles during fasting 
(FAST 18 h)
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were fixed in 4  % paraformaldehyde, permeabilized using 
0.1 % Triton X-100 and incubated with the primary antibody 
(anti-FKHRL1, Santa Cruz Biotech or Millipore) at room 
temperature. The secondary antibody was Alexa Fluor 488 
(Invitrogen); nuclei were counterstained using TO-PRO3 
(Invitrogen). Images were acquired using a Zeiss LSM-5  
Pascal confocal microscope. For pre-embedding gold labe-
ling, cells were fixed with 4 % formaldehyde and 0.005 % 
glutaraldehyde, washed, incubated with the primary antibody 
(anti-FKHRL1, Santa Cruz Biotech) overnight, and then 
with Nanogold conjugated Fab fragments of the secondary  
antibodies (Nanoprobes) for 2  h. Nanogold particles were 
developed using the Gold-enhance kit (Nanoprobes). EM 
images were acquired from thin sections under a Philips Tecnai 
10/12 electron microscope (Philips) using an ULTRA VIEW 
CCD digital camera (Soft Imaging Systems GmbH). Quanti-
fication of gold particles was carried out using the AnalySIS 
software (Soft Imaging Systems GmbH) and systematic ran-
dom sampling methods [40]. Briefly, for each experimental 
condition 20 cells were analyzed. In each cell, 15 areas (mean 
3  ×  106  nm2) were randomly selected. Data presented in 
the Results section were obtained by scoring the percentage 
of FoxO3A-positive cells and counting the number of gold  
particles per single mitochondria.

Cellular fractionation, immunoblot analysis  
and co-immunoprecipitation studies

Cellular fractionation was performed by using the Qpro-
teome Mitochondria Isolation KIT (Qiagen) following 
manufacturer’s instructions. Immunoblots were carried 
out as previously described [28]. For immunoprecipita-
tion (IP) studies, mitochondria were lysed in IP lysis buffer 
(150 mM NaCl, 50 mM Tris pH 7.5, 0.3 % CHAPS, 1 mM 
EDTA, 1 % NP40, 10 % glycerol, 1 % Triton X-100 with the 
protease inhibitors 1  mM phenylmethylsulphonylfluoride, 
5  mM NaF, 1  mM Na3VO4, 1.5  μM pepstatin, 2  μM  
leupeptin, 10 μg/ml aprotinin, 1 mM NaB, 40 μM bestatin).  
The lysates were cleared by centrifugation and then incu-
bated overnight at 4 °C with 1 μg of anti-mtRNAPol (Santa 
Cruz Biotechnology) covalently bound to Protein G-Sepha-
rose (GE Healthcare). Immunocomplexes were washed 
extensively and boiled in Laemmli sample buffer before 
SDS-PAGE and western blot analysis. Anti-actin (Sigma), 
anti-phosphoAMPK (Thr172), anti-AMPK (all from Cell 
Signaling), anti-β-tubulin, anti-mtRNAPol (all from Santa 
Cruz Biotechnology), anti-SIRT3 (Abcam or Cell Signal-
ing), anti-ND6, anti-COX I (all from Invitrogen) and anti-
FKHRL1 (Santa Cruz Biotechnology or Upstate or Cell 
Signaling) were used as primary antibodies. HRPO-conju-
gated antibodies (GE Healthcare) were used as secondary 
antibodies and revealed using the ECL-plus chemilumines-
cence reagent (GE Healthcare). The densitometric evalua-
tion was performed by ImageJ software.

Quantitative real-time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen) 
following manufacturer’s instructions. Samples were then 
treated with DNAase-1 (Ambion). Total RNA (1–4 μg) was 
retro-transcribed using High Capacity DNA Archive Kit 
(Applied Biosystems) following manufacturer’s instruc-
tions. PCRs were carried out in triplicate using an ABI 
7500HT machine (Applied Biosystems). The following PCR 
conditions were used for all experiments: 95 °C for 10 min, 
followed by 40 cycles at 95 °C for 15 s and 60 °C for 60 s. 
Quantitative normalization of the cDNA in each sample was 
carried out by amplification of β-actin, GAPDH and 18S 
as internal controls. Relative quantification was done using 
the ΔΔCT method. Primer sequences are described in the 
Online Supplementary Material.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation analysis was conducted 
as previously described [38, 39] with minor modifications. 
Briefly, formaldehyde (Sigma) was added directly to tissue 
culture medium to a final concentration of 1 %. Cross-linking 

Fig. 8   The AMPK-FoxO3A-SIRT3 pathway induces mitochon-
drial transcription and respiration upon GR. A representative scheme 
depicted to summarize the findings of this work. Activation of AMPK 
by glucose restriction (GR) or AMPK agonists lead to FoxO3A 
mitochondrial enrichment. Into the mitochondria, SIRT3 mediates 
FoxO3A binding to mtDNA and transcription of mitochondrial-
encoded core or catalytic subunits of the OXPHOS machinery, result-
ing in increased mitochondrial respiration
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was allowed to proceed for 15 min at room temperature and 
then stopped by the addition of glycine to a final concentra-
tion of 0.125 M (Sigma). Cross-linked cells were scraped, 
washed with PBS, and then lysed in CLB (10 mM Tris pH 
8.0, 10  mM NaCl, 0.2  % NP40) plus protease inhibitors 
(1 mM phenylmethylsulphonylfluoride, 5 mM NaF, 1 mM 
Na3VO4, 1,5  μM pepstatin, 2  μM leupeptin, 10  μg/ml  
aprotinin, 1  mM NaB, 40  μM bestatin). The mitochon-
drial fraction was enriched by differential microcentrifuga-
tion and lysed by incubation in mitochondrial lysis buffer 
(50 mM Tris–Cl pH 8.1, 10 mM EDTA, 1 % SDS) or puri-
fied using the Qproteome™ Mitochondria Isolation KIT 
(QIAGEN). The chromatin solution was sonicated, cleared 
by centrifugation and the supernatant was divided into  
aliquots. 1  % of the supernatant was taken as input. Four 
micrograms of antibody per point were used to immunopre-
cipitate chromatin-bound complexes. Immunoprecipitation 
was performed on a rotating platform overnight at 4 °C. Anti-
FoxO3A and anti-mtRNAPol were purchased from Santa 
Cruz, the SIRT3 antibody was raised in rabbits against the 
(C)DLMQRERGKLDGQDR epitope conjugated to KLH at 
the added cysteine (Covance Research Products); monoclo-
nal anti-HA (12CA5) or IgG were used as unrelated antibod-
ies. Immunocomplexes were pulled down using protein G 
(GE-Healthcare). Following extensive washing, bound DNA 
was reverse cross-linked, purified using phenol:chloroform 
(Sigma) and analyzed by quantitative real-time PCR as pre-
viously described. Primer sequences are described in the 
Online Supplementary Material.

RNA interference

NIH3T3 or IMR90 cells were seeded in a 30-mm dish and 
transfected with 50 nM siRNA using RNAiMAX (Invitro-
gen) following manufacturer’s instructions. Specific siRNAs  
(Validated Stealth-oligos, Invitrogen) against FoxO3A and 
AMPK [28] were used:

siFoxO3A

5′CCAAGACCUGCUUGCUUCAGACUCA3′;
5′UGAGUCUGAAGCAAGCAGGUCUUGG3′

siAMPK1alpha

5′GAGGAGAGCUAUUUGAUUA 3′
5′UAAUCAAAUAGCUCUCCUC 3′

On-TARGET-plus control siRNAs (Thermo Scientific) 
were used as control.

Measurement of respiration rates in intact cells

Respiration of intact cells was measured polarographically 
with a Clark-type oxygen electrode in a water-jacketed 

chamber (Hansatech Instruments) and magnetically stirred 
at 37 °C as previously described [41]. Briefly, exponentially 
growing cells were collected by trypsinization and trans-
ferred into the polarographic chamber at 2 × 106 cells/ml in 
TD Buffer (0.137 M NaCl, 5 mM KCl, 0.7 mM Na2HPO4, 
25  mM Tris/HCl, pH 7.4), previously air-equilibrated at 
37 °C. Resuspended cell samples were read directly (basal 
endogenous respiration) and after addition of 45  μM 
2,4-dinitrophenol (DNP) (uncoupled endogenous respira-
tion). These rates were inhibited by over 95 % with antimy-
cin A (50 nM). Optimal DNP concentration was determined 
after titrating the effect of the uncoupler on cellular respira-
tion as in Villani et al. [42].

Animal care and use

Male pure strain C57/Bl6J mice were bred on a 12-h light/
dark cycle and fed standard diet. Mice between 8 and 
10 weeks of age were assigned to two experimental groups: 
one with free access to food, the other fasted for 18  h. 
Each different experimental group (fasted/fed) included at 
least five mice. To minimize the effect of circadian varia-
tion on gene expression profile, mice were sacrificed at the 
beginning of the light cycle during three consecutive days; 
on each separate day mice from the different experimen-
tal groups were sacrificed simultaneously. Muscles were 
isolated and snap frozen in liquid nitrogen and stored at 
−80 °C until RNA extraction. EDL, anterior tibialis, soleus, 
gastrocnemius and quadriceps femoris skeletal muscles 
were chopped into small pieces with a razor blade and then 
disaggregated using a Medimachine (Becton–Dickinson). 
Cells were harvested and processed for IP and ChIP experi-
ments as described above. Procedures involving animals 
and their care were conducted in conformity with the insti-
tutional guidelines that are in compliance with national and 
international laws and policies.

Statistical analysis

Results are expressed as mean ± SEM and n ≥ 3. Student’s 
t test was used to define p values. A p value <0.05 was 
considered statistically significant. Multiple comparisons 
are accounted for via the Hochberg’s method using PROC 
MULTTEST in SAS [43].
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