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1. Introduection

There ig an undeniable inner beauty in how organisms al all levels of
the evolutionary scale have {ound ways to transtate changes in envi-
ronmental conditions into fine melabolic adjustments. To do so, organ-
isms must sense environmenial conditions and trigger intracellular sig-
nalling and metabolic pathways, which act as a coordinated network 1o
translate this message and generale an integraied response thal allows
proper adaptation. A paradigmatic and illustrative example of these
coordinated actions can be found in the regulation of energetic
metaholism, Energy homeostasis requires the coordinated regulation of
energy inlake, storage and expenditure. In healthy individuals, fluctu-
ations i any of these processes are normally counterbalanced by veg-
ulation of the other two. In contrast, abnormalilies in the equilibrium of
the caloric equation lead to metabolic malfunctions,

Over Lhe past 50 years, the prevalence of a cluster of interrelated
melabolic diseases, including obesity, insulin resistance and type 2
diabetes has increased in dramatic proportions. Among the dilferent
diseases related o metabolic dysfunctions thal concern our modern
sociely, type 2 diabetes (T2DM) is rapidly becoming a world wide epi-
demie (1), To date, only 1-2% of the incidence ol fype 2 diabetes can
be attributed to genetic mutations, The other 98% is related io envi-
ronmental factors, mostly physical inactivily and excessive caloric
intake, which lead 1o mishalance of energy homeostasis (2).

2, Preventing melabolic discase by modifying lifestyle

In obesity, and all its derived metabolic and cardiovascular complica-
tions, we face a basie delect in Uhe energy balance, where energy intake
exceeds energy expenditure. Therefore, the most olwious way to com-
pensale this halance would be Lo decrease energy {caloric) intake or 1o
increase energy expenditure. Energy expenditure is composed by an
invariable component, which is our hasal metabolic rate, and a variable
energy expense, which depends on our amount of physical activity.
Consistently, il is intuitive o conclude that physical activity might be
linked 10 suseeptibility to metabolic discase.

The view that a healthy lifestyle is dirvectly linked o the rising inci-
dence of insulin resistance and type 2 dizbetes is nol new. Thirty years



ago, il was noted that the incidence of diabetes was reported 1o be
greater in groups of people who migrate from their native Land to a mod-
ern (Western) environment (3, 4), coupled with the finding that rural
dwellers have a lower prevatence of diabetes than their urban counter-
parts (5-7). In these investigations, differences in the prevalence of dia-
hetes were atiributed to differences in the level of habitual physical
activity, Cross-sectional and retrospective epidemiological studies
]
aclivity is strongly associated with impaired glucose tolerance. For
example, individuals with type 2 diabeles are less active (8, 9) and
reporl less physical activity over their lifetime than persons without

have subsequently provided direct evidence that a lack of physica
1 ¥ Ply

diabetes (8). Cross-sectional studies conducted in individuals without
type 2 diabetes have also demonstrated that after an oral glucose toler-
ance lesl (OGTT), hlood glucose and insulin coneentrations remain sig-
nificantly higher in less-active individuals compared 1o more-active
individuals (8, 10-14). The resalts of these investigations strongly con-
solidate ‘environmental’ factors rather than ‘genetic’ changes as the pri-
maty causalive {actor for the current diabesity epidemic.

Then, can a modification in lifestyle prevent the insulin resistant stale
that precedes type 2 diabetes? The answer is ‘yes.” Amongst others,
perhaps the most impressive resulls in support of the case for lifestyle
interventions were veported hy the Diabetes Prevention Program
Research Group (15), where > 3000 non-diabetic subjects aged > 25
years, with a body mass index (BMI) of > 24 and elevated fasting and
post-loadd plasma glucose concentrations were randomly assigned to
placebo (no intervention), drug (850 mg twice daily of metformin, the

drug most widely prescribed against type 2 diabelic patients), or
lifestyle modification. The goals for the lifestyle intervention were o
achieve and attain a reduction in body mass (BM) of 7% of initial BM
and 1o engage in al least 150 min/week of moderate-intensity physical
activity. The duration of the average follow-up was 2.8 years. Compared
with placebo the incidence of diabetes was reduced by 31% with met-
formin and 58% with the lifestyle intervention, with the magnitude of
improvements simifar in both men and women, and across racial and
ethnic groups. As inlended, the subjects who participated in the
lifestyle intervention were also characlerized by a significantly greater
loss in BM (5.6 vs 0.1 and 2.1 kg for lifestyle intervention, placebo and
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metformin, respectively). Taken collectively, the results of this clinical
trial and other similar studies (16, 17) strongly support the hypothesis
that it is possible to achieve a sustained improvement in insulin sensi-
tivity by a healthy lifestyle and moderate weight loss (Figure 1).
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Figure 1. Lifestyle conditions metabolic homeostasis. Whole body
energy homeostasis is composed by two different components: energy intake
and energy expenditure. Their balance is mandalory to prevent the develop-
ment of metabolic diseases.

Independent evidence on how modifying lifestyle and the energy bal-
ance can impact on global health and even on lifespan comes from the
studies on caloric restriction (CR). CR is usually defined as a moder-
ate (normally, 20-40%) reduction in caloric intake as compared with an
ad libitum diet, without compromising the maintenance of all essential
nutrients. Around 70 ago, McCay and colleagues published a milestone
report showing that CR increases maximal longevity in rats (18). From
then on, multiple lines of evidence indicate that the effects of CR on
lifespan extension stretch all along the evolutionary scale. Up to a 50%
increase in maximum lifespan has been reported in caloric restricted
yeasl, rotifers, spiders, worms, flies, fish, mice and rats (19). There are
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two ongoing studies on the effects of CR in Rhesus monkeys. While the
final outcome and conclusions of these experiments may still take a few
decades to be realized, currenl data alveady indicate that caloric
restricted monkeys are protecied from many age-associated pathophys-
jological changes, such as e development of insulin resistance and
type 2 diabetes (20, 21), atherosclerosis (22), and reductions in their
basal metabolic rate (23), hody temperature {24}, oxidative damage (25)
and senescence of the immune system (26). Despite only having very
preliminary evidence hased on swrogate measures on how CR may
impact on human longevity, most available data sets indicate that CR
exerts similar adaptive responses in humans as in laboratory animals,
reducing the risk of developing age-associated pathological complica-
tions, including obesity and issulin resistance.

3. What is the molecular basis for metabolic disease?

Svidence gathered during the last decade indicates that alterations in
lipid metsholism may have a central role in the onset of T2DM. First,
insulin resistant slates are commonly linked with a decreased effi-
ciency Lo use fally acids as an energy source in skeletal muscle (27-29).
This, in turn, redirects the fatty acid flux toward storage, leading to the
increased eclopic lipid deposition, Evidence for this has been oblained
in a wide array of experimental models of human insulin resistance
(30-32), 10 the point that intramuscular triglyceride aceamulalion has
heen recognized as one of the most consistent markers of whole-body
insulin resistance (33). Together, these observations led to the hypoth-
esis thal defects in the abilily to use fat mass as an energetic substrate
(lipid oxidative function) and the subsequent decrease in energy
expenditire may contribute to the metabolic dysfunctions observed
both in insulin resistant states, T2DM and aging. Fatty acids, the build-
ing blocks of triglyceride, are oxidized in a specific cellular compart-
ment named mitochondria. The number and size of mitochondria per
cell is variable, depending on the tissue and circumstance, and they
constituie the main energy factories of the cell. Confirming that the
oxidative capacity of the tissues might be compromised in pathophysi-
ological stales, two seminal studies by Gerald Shulman’s lab demon-
straled thal two differenl populations with high susceplibility to
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develap T2DM, ie. lean, healthy offspring of lype 2 diahetic parents
and an elderly population, displayed impaired mitochondrial function
in skeletal muscle (34, 35). Subsequent studies reporting altered mito-
chondrial {function in T2DM patients further confirmed these observa-
tions (36, 37).

At the molecular level, the oxidative dysfunction displayed in T2DM
subjects may find an explanation in a coordinated decrease in the
expression of genes involved in lipid oxidation and mitochondrial
metabolism in skeletal muscle, as demonstrated by gene-clustering
approaches (38, 39). Furthermore, changes in gene expression are also
correlated with changes in muscle oxidative phenotype (35, 40).
Hence, obese and diabetic individuals display lower ratios of type 1
muscle fibers, which display high mitochondrial content and oxidative
rales, relative Lo Lype b fibers, which have a glycolytic nature. The lat-
ter observation is important since insulin sensitivity is positively cor-
related with the oxidative capacity of the muscle (41). Considering the
major role of muscie in whole-hody glucose disposal (42), increased
glyeolytic muscle mass may contribute into decreased whole-hody
insulin sensitivity. For these reasons, it seems logical that regulation of
mitochondrial oxidative capacity may hold promise as a preventive and
therapeutic strategy 1o reduce the burden of T2DM and its associated

diseases.

4., The resveratrol studies

All the studies described above elearly show that the roots of metabolic
disease are, in the vast majority of cases, derived from a disequilibrium
in the energy intake vs. energy expenditure balance and that lifestyle
modifications can, 1o a greal extent, prevent and ameliorate metabolic
discase. However, this idea is nol easy to put inlo practice. Indeed,
weslern societies are not prone lo easily change their habits in terms of
diet or physical activity. For this purpose, there has heen a strong phar-
macological interest in understanding the molecular basis by which
e and i developing

physical activity and CR prevent metaholic dis
compounds that could artificially promote similar effects.

in 2006, two key reports indicated thal resveratrol {Rsv), a natural
compound derived from the skin of red grapes, could promote lifespan
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in high-fat fed rodents and prevent against metabolic disease (43, 44).
Until then, Rsv was known for ils anticancerous and antioxidant prop-
erlies, In Jower eukaryotes (yeast and worms), Rsv promoted lifespan
extension to the same extent as calorie restriction (45}, Therefore, il
was long speculated that Rsv could act as a “calorie restriction”
mimetic.

What are the effects of Rsv in mammals? The study performed by
Lagouge et al. (2000) in our lab demonstrated that Rsv increased the
amount of mitochondria in key tissues such as skeletal muscle and
brown adipose tissue. This allowed an increased use of fat as energy
substrate, which rendered the animals leaner and healthier. The higher
mitochondrial metabolic capacity provided by Rsv also led to other
interesting phenotypes. For example, mice fed with Rsv had a higher
endurance performance and could ran Lwice as much as their control
littermates. Subsequent studies by other laboratories have shown that
the ability of Rsv to increase mitochondrial metabolism does not only
preveni against metabolic disease, bul also against oxidative damage
and cancer {46}, Tt is important 1o note that also calorie restriction and
physical aclivily prevents oxidative stress and cancer susceplibility,
{urther supporting the concept that Rsv could be a natural compourd
with the ability 1o mimie the heneficial effects of lifestyle interventions.

5. Developing ideas to find the molecular basis for resveratrol
aclion

The astonishing results provided by the Rsv studies prompled the
gquestion of how did Rsv work at the molecular level. In 2003, it was
proposed that Rsv could directly interact and activate SIRTE {47).
SIRTI is an enzyme that mediates NAD+-dependent deacetylation of
targel substrates, mostly gene transeription faclors and melaholic
enzymes {48}, Interestingly, SIRT1 is one of the mammalian homologs
of Sir2, a protein previously described to strongly affect lifespan in
yeast and worms, and one of the most likely candidales mediating the
effects of CR on lifespan in these organisms {45), However, previous 1o
the Rsv studies, a number of labortatories indicated that, while SIRTI
is generally more active in cells after Rsv treatment, the activation of
SIRTT was not direct (49, 50).
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In early 2007, professor Johan Auwerx and myself speculated that the
question of how Rsv and CR work should actually be expanded 1o how
do energy siresses like exercise promote henelicial effects. Indeed, on
a superficial level, many would consider intuitive to make the state-
ment that exercise is a good thing. However, still 1o these days, the

answer Lo the question of how exactly az the mechanistic level is exer
cise beneficial for human health is not obvious.

Upon suck questions, we reasoned that hoth CI} and exercise constitule
energy stresses, led by the limiling nutrient availability and by an
increased energy demand, respectively. Therefore, we concluded that it
could be likely that the beneficial effecis rendered by both interven-
tions could he mediated by a convergent cellular sensor of energy
stress. Expanding this hypothesis, we speculated that whatever Rsv
did, it should converge at some point in the activation of this “energy
sepsor”, explaining why it promotes similar beneficial effects on
health.

6. AMP-activated protein kinase comes in

Given the rational above desceribed, we hecame interested in the AMIP-
activated protein kinase (AMPK). The AMPK is a conserved fuel-gauge
that has probably played a major role in the maintenance of intracellu-
lar energy balance during eukaryotic evolution. Mammalian AMPK is a
Ser/Thr kinase that is divectly activated by alterations in the cellular
AMP/ATP ratio. Hence, perturbations in this ratio due o either defects
in energy production or Increased energy consumption will activate the
kinase. Once aclivated, AMPK switches on catabolic pathways 1o pro-
duce ATP while simultancously shutting down energy-consuming
anabolic processes. In order 1o perform these actions, AMPK can
guickly regulate metabolic enzymes through divect phosphorylation,
but, additionally, AMPK also has long-term effects at the transcriptional
level in order to adapl gene expression to energy demands, Hence, upon
energy deficiency, AMPK will enhance the expression of genes related
1o glucose transport and glycolysis (51, 52) and mitochondrial respira-
tion {53) while down-regnlating lipid synthesis genes (54).

The above paragraph clearly indicates that AMPK 1s a very likely can-
didate to explain Rsv action. Therefore we decided to test whether Rsv
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could aclivaie AMPEK. Confirming our expeclalions, treatment of mus-
cle cells with Rsv increased AMPK activity within a few minutes (553).
Importantly, the activity of SIRTL, the previcusly speculaled candidate
targel for Rsv, took 4-6 hours to increase (55), indicating that, unlike
AMPK, the activation of SIRT is a really distal effect. 1t is also impor-
tant to mention that Rsv only activated AMPK in living cells, but not
in test tube using the isolated proteins. indicating that the activation
was not direct (44). The question was then, how does resveratrol acti-
vate AMPK? The answer relies in studies indicating that resveratrol
binds and mildly inhibits the ATP synthase complex in the mitochon-
dria {56), Therefore, Rsv treaiment rvapidly but mildly Jowers ATP syn-
thesis, erealing a minor energy stress, unable to compromise cell sur-
ess response. This observation

vival, but enough to activate energy st
was recently confirmed by a report showing that AMPK forms unable
to detect changes in AMP/ATP levels do not become active upon Rsv
treatment (57). From these experimenis we concluded that Rsv potently
and rapidly activates AMPK activation, and that AMPICactivation con-
stitules the most proximal signalling event described to date upon Rsv
treatment. Importantly, exercise also activates AMPK, further veinfore-
ing the idea that AMPK could ¢ ()]]Hllllli(‘ the nodal link by which
energy siresses promoled heneficial effects on health,

7. Downstream of AMPK (I): SIRTI

The next step, however, was to understand how AMPK activation trans-
lated into heneficial health effects. Tt was long know that AMPK acti-
vation promoted mitochondrial biogenesis, which could explain it. But
how did AMPK increase mitochondrial number? The first key observa-
tion we made was that not only Rsv, but also any other AMPK acliva-
Lor we Lested in the Taboratory increased, in a matter of hours, SIRT]
activity (55). This happened not only in cell based tests, but also in
mice. For example, when we pharmacologically activated AMPK on
mice, we had a consequent increase in SIRTL activity in a matter of
hours (55). These findings were also expanded to physiclogical situa-
tions in experiments where muscle AMPK was aclivated hy exercising
mice until exhaustion. A single bout of exercise was enough 1o con-
comitantly increase SIRTI activity a few hours after the cessation of
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exercise (53). These results proved that activation of AMPK is system-
atically {ollowed by the activation of SIRT1 in cells and tissues. This
hypothesis was then fully confirmed by two different genetic
approaches. Iirst, we used a constitutively active form of AMPK to
demonstrate that SIRTY could get active in response o AMPK activa-
tion in the absence of stress or pharmacological agents (35), For our

second approach, we collaborated with the laboratory of Prof. Juleen R.
Zierath in the Karolinska Instituie {Stockhelm, Sweden), and used
transgenic mouse lacking the g3 subunit of AMPK, which is the pre-
dominant one in glycolytic skeletal muscle.  Our results showed that
es such as fasting and exercise led 1o SIRT1 activa-
tion in glycolylic skeletal muscle, this did not happen i mice lacking
the AMPKg3 subunit (58). Furthermore, SIRTT was not activated in
response 1o Rsv in muscles from AMPIg3 knock-out mice (58). All the
above findings clearly indicate that activation of SIRT1 is a down-
stream event of AMPK activation,

while eneygy stres

As mentioned ahove, SIRT1 is an enzyme that mediates NAD#-depen-
dent deacetylation of 1arget substrates. The Km of SIRT1 for NAD+ is
around the physiological intracellular levels of NAD+, meaning that an
increase in inlracellular NAD* levels would allow higher SIRTT activ-
ity (59). Importantly, both physiological and pharmacological activation
of AMPK were atways followed by an increase in intracellular NAD+ at
timings thal perfectly matched those of SIRT1 activation (55). There-
fore, changes in NAD+ constituted a plansible mechanism by which
AMPK increases SIR'F1L activity. We subsequently identified two dif-
ferent strategies by which AMPK influences NAD+ homeostasis, First,
AMPK activation promotes a rapid shift to the use of fal as major
energy source and NADH reoxidation 1o NAD+ in the mitochondria,
Consolidating this hypathesis, the blockage of {faity acid oxidation was
enough 1o prevent AMPK-induced increases in NAD* levels {(35). On a
longer time {rame, Vittorio Sartorelli’s (60} and our lab (55) reported
that AMPK increases the expression of an enzyme called Nampt, which
resynthesizes NAD+ from its hreakdown produet, nicolinamide, {urther
sustaining the AMPK on NAR levels.

Next, we aimed 1o test whether the activation of SIRTE by AMPK par-
ticipated in the actions of AMPK on mitochondrial biogenesis. To do
that, we generated cellular models in which SIRTL was either sub-
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stantially reduced (knock-down) or completely ablated (knock-out).
In both models, the ability of AMPK to increase the expression of
genes related Lo fal oxidation or mitochondrial enzymes was largely
blunted (55), indicating thai SIRTT is a cntical mediator of the
melabolic effects of AMPK. To further sustain our findings we evalu-
ated oxygen consumption (as a readout of mitochondrial metabolism)
and lipid oxidation in these models, In both cases, the deficiency of
SIRT eritically impaired the action of AMPK {(55). More precisely,
AMPK activation shifled glucose for fal as main fuel for mitochon-
drial oxidation. Tn the absence of SIRT1, AMPK was unable to shift
substrates (535). The ability to shift from glucose to fal is crucial in
several physiological scenarios, such as fasting and exercise. During
fasting or energy deficits, the limiting glucose availability must be
compensated by an increase in mitochondrial fatty acid oxidation in
skeletal muscle and other peripheral tissues to preserve hlood glu-
cose levels to supply glucose-dependent tissues, such as the brain or
red blood cells. Similarly, after exercise, skeletal muscle relies on fat
oxidation in order 1o fully restore glycogen stores. The lack of this
metabolic flexibility to correctly adapt to energy demands and nutri-
ent availabilily constitutes a burden on energy homeostasis, and is
speculated to he one of the major causes ultimately leading to
metaholic disease (33).

8. Downstream of AMPK (II): PGC-1o and FOXOs

Finally, how does activation of the AMPK/SIRTL axis translate into
changes in the gene expression of mitochondrial and lipid oxidation
genes? SIRT1 is an enzyme that catalyzes the deacetylation of a num-
ber of transeriptional regulators. Amongst them, we initially hecame
interested in the peroxisome proliferator-activated receptor gamma
(PPARg) coactivator-1a (PGC-10). PGC-1ct was originally cloned as a
cold-inducible coactivator of PPARg in brown adipose tissue (61), but
it has emerged as a polent coactivalor of a plethora of transeription fac-
tors impacting on whole body energy expenditure (see (62) for review).
The heauty in PGC-Ta is that, once active, it coordinates the expres-
sion of genes related 1o ipid oxidation and mitochondrial metabolism.

Mustrating this concepl, muscle-specific PGC-1a transgenic animals
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display increased mitochondrial number and function, as well as a
higher relative amount of oxidative fihers (63). Conversely, mice with a
muscle-specific deletion of PGC-1ot show abnrormal glucese homeosta-
sis linked to a moderate reduction in the number of oxidative {ibers,
decreased endurance capacity and mitochondrial gene expression (64),
Altogether, these data provide compelling evidence that PGC-1¢t is a
key regulator of mitochondrial hiogenesis.

Interestingly, PGC-1a activity is erucially regulated by its acetylation
status. When highly acetylated, the activity of PGC-1e is rather low.
However, upon deacetylation, PGC-1at ability to bind and coactivate
transeription factors related to energy metabolism is dramatically
increased (65). To date, SIRT1 is the only enzyme described to date
with the ahility to deaceiylate PGC-10. As expected from the fact that
AMPK activates SIRT1, AMPK activation also culminated in PGC-1o
deacetylation, and therefore, transeriptional activation of genes related
to mitochondrial and lipid metabalism. Furthermore, we demonstrated
that, in models of defective AMPK activity, PGC-I¢t activation upon
energy siress is strongly compromised (58), disabling cells and animals
1o adapt to environmental nuirient availability and energy require-
ments, Also confirming our observations, it has been recently
described that the action of AMPK on these genes is blunted in mice
lacking PGC-1o (06).

However, it must be mentioned that the impact of AMPK/SIRTL on
transeriptional regulators is not limited 10 PGC-1o. We have also
reported that the AMPK/SIRT] axis of action also impacts on the fork-
head family of transeripton [actors (FOXO0s). Upon AMPK activation,
FOXOL and FOX03 become deacetylated by SIRTL (55, 58). FOX0s
are critical regulators not only of Hpid metabolism but also of anti-oxi-
danl protection. Consequent with this role, AMPK aclivation, as hap-
pens with Rsy, is linked to an increase in the expression of detloxifica-
lion enzymes, bke superoxide dismutase 1 and 2 (50D1-2) and
calalase. Another interesting point on FOX0s is that, like SIRTY and
Rsv, its activity Is crucially linked to Hifespan extension in lower mam-
mals (67). Moreover, and unlike in mammals, yeast and worms do not
have PGC-lo, and, in this organisms, FOXO acts as the main tran-
scriptional regulator of the adaptations aimed 1o shift between carbo-
hydrate and lipid fuels (67).



9. Phosphorvlation and deacetylation — the double hit hypothesis
1 ¥ ¥ ¥i

While performing our research on the AMPK/SIRT1/PGC-1oc axis, one
manuscript from Bruce Spiegelman’s lab described that AMPK could
phosphorylate and activate PGC-1ot (68). This work was apparently atl
odds with ours, as such direct phosphorylation would negate the role for
SIRTL in the axis of action. However, 1l inspired us 1o dig deeper and
understand how all these pieces could fit together.

To solve this apparent discrepancy, we used mutant forms of PGC-1o
where the Serd38 and Thr!77 residues phosphorylable by AMPK were
mutated to alanine. This PGC-1a mutant, therefore, cannot be phos-
phorylated by AMPK. To our surprise, when this mutant form of PGC-
1orwas expressed, AMPK could not trigger PGC-10 deacetylation and
remained inactive. We initially wondered whether the expression of this
mutant would be affeeting the ability of AMPK 10 increase NAD+ or
SIRTL activity. However, none of these were the cases, as NAD+
increased normally upon exposure 1o AMPK agonists, and SIRT1 activ-
ity was higher in the cells, as could be manifested by the deacetylation
of other substrates, such as FOXOs. Consequently, these results indi-
cale that phosphorylation of PGC-Tor is necessary lo target it for
deacetylation. To fully test whether the lack of activity of the mutant
was due Lo the defective phosphorylation per se or hecause it could not
be deacetylated, we used a mutated form of PGC-1ot where the 13
acetylable lysine residues of PGC-100 are converted 1o arginine, mak-

ing it impossible to acetylate it, or, in other words, being a constitu-
tively deacetylaied mutant, We then took this “non-acetylable” (NA)
mutant form of PGC-1a and, additionally, mutated the two AMPK
phosphorylable residues 1o alanine, generating a “non-phosphory-
lable”="non acetylable™ (NP-NA) mutant. I’ phosphorylation deler-
mined activation of PGC-1at, this (NP-NA) mutant would be inactive.
In contrast, it deacetylation was the main driver of activily, the NP-NA
mutant would be active. Our results indicated that the NP-NA mutan
was as sirongly active as the NA mutant, concluding that deacetylation
is the main driver of PGC-1a activity, while phosphorylation acts as a
mechanism o targel PGC-1o for deacetylation.

When thinking a little deeper on the implications of the above results,
one Finds oul in fael a beautiful model of action. It 1s somehow intuitive,
but generatly eluded, that SIRT1 is a deacelylase that can targel a large
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variely of proteins, from histones to transeription factors to metabolic
enzymes. Considering how tightly cellular functions and gene expres-
sion are coordinated, it would be extremely unlikely that, upon SIRT1
activation, SIRT1 unspecifically deacetylated all possible substrates.
Of note, many SIRT1 substrate proteins regulate functions unrelated to
energy homeostasis or AMPK action. Therefore, there must be some
way by which AMPK indicates SIRT1 who to deacetylate at a given
moment. Our results on PGC-1at indicate that phosphorylation on sub-
strates can be a way to make a substrate “recognizable” for SIRT1, and,
therefore, a way to specify SIRT1 action. Consequently, we deciphered

Resveratrol / Exercise / Nutrient restriction
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l +— SIRT1 ————
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Mitochondrial and lipid
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Figure 2, Translating energy stress into gene expression. Scheme illul-
strating the convergent actions of diverse forms of energy stress (exercise,
nutrient deprivation) and drugs, such as resveratrol or metformin. All these
inputs converge in the activation of AMPK, which triggers an increase in
NAD+, in turn activating SIRT1. Activated AMPK also phoshorylates PGC-1¢x
and primes it for subsequent deacetylation by SIRT1. The impact of AMPK
and SIRTI on the acetylation status of PGC-1lat and other transcriptional reg-
ulators, such as the FOXO family of transcription factors, will then modulate
mitochondrial function and metaholism.
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the cascade of se quemm] events by which energy stress increases mito-
chondrial hiogenesis and oxidalive sivess resistance, namely: changes

in AMP/ATE vatio are sensed hy AMPK, which, from one side, acti-
vates SIRT1 by increasing NAD+ and, from the other, phosphorylates
PGC-10. The phosphorylation of PGCla allows recognition hy SIRTL,
which then deacetylates PGC-T1o. Once deacetylated, PGC-1ol can
then coaclivate the transcription factors regulating mitochondrial and
lipid oxidation genes promoters (Figure 2).

10. Implications and {future perspectives

In the work deseribed above, we identify how energy stresses derived
from low nutrient availability (fasting or glucose limitations) or high
energy consumption (exercise) are sensed and translated into the acti-
vation of specific gene expression programs aimed 1o adapt to these cir-
cumstances. Afier the publication of this work in two seminal papers
(55, 58), a number of different laboratories have not only confirmed our
findings, but actually also identified the AMPK/SIRTI/PGC-100 axis as
the key moleeular mechanisms by which hormones like leptin (69},
adiponectin - (70) and fibroblast growth factor 21 (71) control mito-
chondrial gene expression. Therefore, the implications of our findings
expand beyond energy stress and constitute a key mechanism by which
also different hormones control metabolism.

Both AMPK and SIRT1 are highly conserved enzymes. That means that
they exist in all eukaryotic erganisms to day, Consequently, the axis of
action we deserihed constitutes a fundamental regulalory pathway con-
served in organisms and aimed to respond 1o changes in nuliient avail-
ability. As mentioned above, PGC-1at is nol present in lower cukary-
otes. However, other franscription faclors related to energy metabolism
da. We have previously mentioned that FOXOs are also deacetylated by
SIRT1 upon AMPK activation. In parallel to our invesligations, another
lab reported thal FOXOs can be directly phosphorylated hy AMPK
(72). The double effect of AMPK on FOXOs biology suggests that, as
with PGC-1a, there might exist a double hit on them, in which AMPK
phosphorylation might target FOXO for deacetylation.

On a pharmaceutical edge, AMPK activation probably explains the
heneficial actions of some anti-diabetic drugs, principally metformin,
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the most widely prescribed anti-diabetic drug. It is surprising that,
given the promising perspectives of using AMPK activators on the bat-
tle against metaholic disease, very little was known on how AMPK reg-
ulated gene expression (Figure 3). Our work constitutes one of the first
detailed analyses on how AMPK regulates transcriptional events.
Additionally, the identification of the downstream events of the path-
way also provides a number of novel targets and strategies to develop
new pharmacological agents.

Figure 3. AMPK-SIRT1-PGC-1¢. conform a molecular path whose
activation allows a flexible response to an ever-changing nutrient
environment. AMPK is activated upon a number of metabolic stresses and
leads to SIRTT activation, which allows transcriptional adaptation through the
coactivator PGC-1ct. The road symbolizes the hierarchical activation of these
proteins during the adaptation and how further downstream events linking this
path to its final goal (transeriptional changes on mitochondrial genes- the
mountain) are yel to be fully explored/perceived. (Road picture kindly pro-
vided by Roger Orpinell)
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