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AMPK activation—protean potential for boosting healthspan
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Abstract AMP-activated kinase (AMPK) is activated
when the cellular (AMP+ADP)/ATP ratio rises; it there-
fore serves as a detector of cellular “fuel deficiency.”
AMPK activation is suspected to mediate some of the
health-protective effects of long-term calorie restriction.
Several drugs and nutraceuticals which slightly and
safely impede the efficiency of mitochondrial ATP
generation—most notably metformin and
berberine—can be employed as clinical AMPK activa-
tors and, hence, may have potential as calorie restriction
mimetics for extending healthspan. Indeed, current evi-
dence indicates that AMPK activators may reduce risk
for atherosclerosis, heart attack, and stroke; help to
prevent ventricular hypertrophy and manage congestive
failure; ameliorate metabolic syndrome, reduce risk for
type 2 diabetes, and aid glycemic control in diabetics;
reduce risk for weight gain; decrease risk for a number
of common cancers while improving prognosis in can-
cer therapy; decrease risk for dementia and possibly
other neurodegenerative disorders; help to preserve the
proper structure of bone and cartilage; and possibly aid
in the prevention and control of autoimmunity. While
metformin and berberine appear to have the greatest
utility as clinical AMPK activators—as reflected by
their efficacy in diabetes management—regular inges-
tion of vinegar, as well as moderate alcohol consump-
tion, may also achieve a modest degree of health-
protective AMPK activation. The activation of AMPK
achievable with any of these measures may be potenti-
ated by clinical doses of the drug salicylate, which can
bind to AMPK and activate it allosterically.
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AMPK——cellular monitor of fuel availability

AMP-activated kinase (AMPK) is sometimes described
as the “fuel gauge” of the cell, inasmuch as it is activated
by an increase in the cellular ratio of AMP+ADP to ATP
(Xiao et al. 2011; Carling et al. 2011; Hawley et al.
2010). AMPK is a heterotrimer, consisting of «, {3,
and 'y subunits. Two distinct genes code for o subunits,
two for (3, and three for y; hence, seven genes contribute
to the various isoforms of this enzyme. The « subunit
develops serine/threonine kinase activity when its
Thr172 is phosphorylated by various upstream kinases.
The y subunit has a regulatory function; it contains four
tandem repeats of a “CBS” sequence (named after the
presence of such sites in cystathionine-{3-synthase)
numbered 1-4. CBS site 2 appears to remain empty,
whereas site 4 constitutively binds AMP. The y sub-
unit's regulatory function is exerted through CBS sites 1
and 3, each of which can reversibly bind either AMP,
ADP, or ATP. AMP binding to site 1 allosterically boosts
the kinase activity of the activated enzyme. At site 3,
binding of either AMP or ADP suppresses the ability of
phosphatases to remove the phosphate from Thr172 and
hence deactivate the enzyme (Xiao et al. 2011). The
chief activating upstream kinases targeting AMPK are
LKBI1, which is constitutively active and widely
expressed, and the calmodulin-dependent kinase kinases
(CaMKK), whose activity is stimulated by an increase
in free intracellular calcium. Acute activation of AMPK
is therefore seen when the (AMP+ADP)/ATP ratio rises,
or when intracellular free calcium rises—conditions
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which often signal cellular stress. Modulation of the
activity of the phosphatases which target Thr172 of the
« subunit—PP2A and PP2C—can also influence
AMPK activity (Wu et al. 2007).

A number of drugs, phytochemicals, and hormones
have the potential to activate AMPK. Many of these
agents boost the (AMP+ADP)/ATP ratio by impeding
the efficiency of mitochondrial electron transport (met-
formin, berberine, thiazolidinediones, dinitrophenol),
inhibiting mitochondrial ATP synthase (resveratrol,
quercetin) or inhibiting glycolysis (2-deoxyglucose)
(Hawley et al. 2010). Hormones and drugs which in-
crease intracellular free calcium can also function as
AMPK activators; for example, the ability of HDL
particles to activate AMPK in endothelial cells reflects,
in part, an increase in calcium influx that activates
CaMKK (Kimura et al. 2010). The compound 5-
aminoimidazole-4-carboxamide ribonucleoside
(AICAR) is converted intracellularly to an analog of
AMP which mimics AMP's activating impact on
AMPK. AMPK can also be activated allosterically by
certain agents which bind to it at a site distinct from its
AMP/ADP binding region. The drug A769662 works in
this way, and a recent study reveals that the phytochem-
ical drug salicylate can activate AMPK in a similar
manner (Cool et al. 2006; Hawley et al. 2012). A modest
degree of AMPK activation can be achieved with clin-
ically relevant concentrations of salicylate, and this ef-
fect is complementary to the activating impact of AMP.
The ability of the hormone adiponectin to activate
AMPK has recently been traced to the ceramidase ac-
tivity of the activated adiponectin receptor; ceramide
suppresses AMPK activity by activating PP2A
(Wu et al. 2007; Holland et al. 2011). Analogously,
lipoic acid has the potential to support AMPK activity
by countering oxidant-mediated activation of neutral
sphingomyelinase, whose product is ceramide
(Smith et al. 2008; Lee et al. 2005). Additionally, acti-
vation of the AdipoR1 receptor in myocytes has been
shown to provoke a calcium influx that activates AMPK
via calmodulin kinase kinase-f3 (Iwabu et al. 2010).

Since AMPK detects cellular energy deficit, its
raison d’etre is to boost the capacity of cells to generate
ATP via substrate oxidation while simultaneously sup-
pressing the activity of metabolic pathways which uti-
lize ATP (Hardie 2007). Hence, AMPK boosts mito-
chondrial biogenesis, aids mitochondrial antioxidant
protection, and increases expression and activity of glu-
cose transporters and glycolytic enzymes; concurrently,
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non-essential synthesis of proteins, lipids, and carbohy-
drates is decreased (Hardie 2007; Kukidome et al. 2006;
Colombo and Moncada 2009). However, some key
effects of AMPK—such as activation of the endothelial
nitric oxide synthase (eNOS) (Chen et al. 1999,
2009a)—do not readily fit into this paradigm. Perhaps
this reflects the fact that, in some instances, a short-term
increase in ATP expenditure can pay off in a subsequent
increase in capacity for ATP production—as when acti-
vation of eNOS induces an increase in tissue perfusion.

Are AMPK activators calorie restriction mimetics?

AMPK has been conserved throughout the evolution of
eukaryotes, and there is evidence that activation of
AMPK plays an obligate role in the life-extending ac-
tivity of caloric restriction in lower eukaryotes such as
yeast, worms, and flies (Canto and Auwerx 2011). Ev-
idence is currently conflicting as to whether the fuel
deficit stress induced by calorie restriction regimens in
rodents is sufficient to activate AMPK (Canto and
Auwerx 2011). Such activation may however occur
indirectly via upregulation of adiponectin production
in adipose tissue (Dolinsky et al. 2010). In any case,
there is good reason to suspect that chronic activation of
AMPK can serve as a calorie restriction mimetic in
mammals. AMPK boosts the activity of Sirtl, another
evolutionarily conserved enzyme which likewise is a
mediator of the life-prolonging impact of calorie restric-
tion in lower eukaryotes; AMPK does so by somehow
increasing the expression of nicotinamide phosphoribosyl
transferase (NAMPT), which is rate-limiting for the re-
generation of Sirt]’s obligate cofactor NAD+ (Fulco et al.
2008; Canto et al. 2009). In light of the overexuberant
media coverage generated recently by reports that the
wine phytochemical resveratrol may exert a pro-
longevity effect by activating Sirtl, it should be noted
that this activation now appears to be indirect, mediated
via resveratrol's impact on AMPK (Um et al. 2010; Canto
etal. 2010). (Pharmacokinetic studies show that absorbed
resveratrol is conjugated so rapidly in humans that it has
little clinical potential as a systemic AMPK activator
(Walle et al. 2004; Boocock et al. 2007).)

AMPK mimics the impact of the growth factor down-
regulation associated with calorie restriction by inhibiting
activity of the mammalian target of rapamycin complex 1
(mTORCT) (Shaw 2009). This complex, via phosphory-
lation of its targets p70 ribosomal S6 kinase 1 (S6K 1) and
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4EBP1, upregulates protein synthesis and plays a key role
in cell proliferation; its activity is suppressed by calorie
restriction (Chong et al. 2010; Blagosklonny 2010).
AMPK can also phosphorylate and thereby boost the
transcriptional activity of FOXO3a, which induces ex-
pression of a number of antioxidant enzymes and other
stress resistance proteins (Colombo and Moncada 2009;
Greer et al. 2007; Olmos et al. 2009).

By inhibiting mTORCI1 activity, and also via direct
phosphorylation, AMPK stimulates ULK1, a kinase
which is a key trigger for the process of macroautophagy
(Egan et al. 2011). This “cell cleansing” process is also
abetted by Sirtl and FOXO activity (Hariharan et al.
2010). Since macroautophagy rids the cell of aging,
potentially pro-oxidative mitochondria, it is
homeostatically appropriate that AMPK, Sirtl, and
FOXO3a also collaborate in promoting mitochondrial
biogenesis, largely by boosting the expression and pro-
transcriptional activity of PPAR~ycoactivator-1oc (PCG-
1) (Kukidome et al. 2006; Canto et al. 2010). The
efficiency of macroautophagy declines with increasing
age in mammals, and there is considerable speculation
that the upregulation of macroautophagy evoked by cal-
orie restriction in many tissues contributes crucially to the
life prolongation and “aging retardation” achieved by
such restriction (Bergamini et al. 1998; Cuervo 2008).
Indeed, concurrent upregulation of macroautophagy, mi-
tochondrial biogenesis, and expression of mitochondrial
antioxidant proteins—as promoted by AMPK
activity—could be expected to keep cells structurally
and functionally pristine, and is emerging as a central
motif in the pro-longevity impact of calorie restriction.
Not surprisingly, treatment of mice with the AMPK-
activating drug metformin has been shown to replicate a
number of the effects of long-term calorie restriction on
hepatic gene expression (Dhahbi et al. 2005).

At a systemic level, AMPK activation can modestly
lower serum glucose and insulin levels by downregulat-
ing hepatic gluconeogenesis (as discussed below) and
hence slowing hepatic glucose output; this reduction in
insulin can be expected to decrease IGF-I bioactivity by
upregulating hepatic production of IGFBP-1 (De Leo
et al. 2000; Jakubowicz et al. 2001; McCarty 2004).
These effects are similar to the impact of calorie restric-
tion on serum levels of glucose, insulin, and free IGF-
I—though more modest in magnitude.

Downregulation of insulin/IGF-I signaling (or the ho-
mologous pathways in lower organisms) is thought to be
the key mediator of the lifespan extension associated with

calorie restriction in eukaryotes (Bartke 2005). Such sig-
naling activates mTORC1 and S6K1, while inhibiting
FOXO activity; AMPK has a countervailing impact in
these regards. Agents or measures which inhibit
mTORCI1 or S6K1, or which activate AMPK, have in-
deed been reported to increase mean and maximal
lifespan in certain strains of rodents (Harrison et al.
2009; Selman et al. 2009; Anisimov 2010; Anisimov
et al. 2011; Baur et al. 2006). However, the survival-
prolonging impact of AMPK activators metformin and
resveratrol has not been observed in some healthy rodent
strains fed healthful diets, whereas it is more notable in
cancer-prone strains or in rodents fed diets that induce
obesity and insulin resistance (Smith et al. 2010; Pearson
et al. 2008). Nonetheless, an improvement in markers for
healthspan has been observed in resveratrol-treated mice
even when lifespan has not been influenced (Pearson et al.
2008). Hence, although it seems unlikely that AMPK
activation can replicate the full lifespan-lengthening im-
pact of calorie restriction, it may have considerable po-
tential for promoting increased healthspan, and arguably
might be able to amplify the longevity benefits of modest
degrees of daily calorie restriction or of more practical
dietary strategies (e.g., modified alternate-day fasting,
carbohydrate-concentrated diets) that episodically mini-
mize serum levels of glucose, insulin, and free IGF-I
(Varady and Hellerstein 2007; Johnson et al. 2006,
2007; McCarty 2013).

Indeed, independent of any impact of AMPK on the
aging process per se, there is considerable reason to
suspect that agents which can safely activate AMPK in
humans—most notably metformin and berberine (Zhou
et al. 2001; Musi et al. 2002; Lee et al. 2006; Turner
etal. 2008)—have the potential to boost healthspan via a
bewildering variety of protective effects: preventing
atherosclerosis, heart attack, and stroke; preventing car-
diac hypertrophy and aiding management of congestive
failure; ameliorating metabolic syndrome while antago-
nizing weight gain; reducing risk for type 2 diabetes and
aiding its metabolic control; reducing risk for many
cancers and improving the outcome of cancer therapies;
postponing or preventing onset of dementia and possi-
bly other neurodegenerative disorders; aiding preserva-
tion of cartilage and of bone density; and reducing risk
for, or aiding control of, autoimmune disorders. This
rather audacious claim is supported, in part, by epide-
miology and clinical trials focusing on metformin use in
diabetics; other pertinent support comes from rodent and
cell culture studies.
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Vascular protection

The first strong clue that metformin might have unusual
utility for promoting vascular health emerged from the
United Kingdom Prospective Diabetes Study, a prospec-
tive controlled study which examined long-term health
outcomes in obese diabetics randomly allocated to ther-
apy with metformin, a sulfonylurea, insulin, or dietary
control. Even though patients treated with metformin
achieved glycemic control no better than that achieved
by patients treated with sulfonylureas or insulin, their
mortality over 10 years of follow-up from myocardial
infarction, stroke, or all-causes was significantly lower
(UK Prospective Diabetes Study (UKPDS) Group
1998). Subsequent epidemiological studies have con-
cluded that, as compared to patients achieving compa-
rable metabolic control with other agents, metformin-
treated patients are less likely to die from MI, stroke, or
congestive failure (Scarpello 2003; Holman et al. 2008;
Tzoulaki et al. 2009; Masoudi et al. 2005; Roussel et al.
2010; Schramm et al. 2011).

Studies with rodents and cultured cells demonstrate
that metformin and other AMPK activators can act
directly on vascular endothelium, foam cells, and
cardiomyocytes in ways that could be expected to di-
minish risk for atherosclerosis, thrombotic events, and
ventricular hypertrophy. Much of this protection stems
from the ability of AMPK to activate eNOS via direct
phosphorylations of Ser633 and Ser1177; the activating
phophorylation of Ser633 is not duplicated by Akt ac-
tivity (Chen et al. 1999, 2009a). NO, in the modest
physiological concentrations produced by eNOS, is well
known to exert anti-atherosclerotic, antithrombotic,
vasodilatory, and antihypertrophic effects crucial for
preserving healthful structure and function of the vas-
cular system (Cooke 2004; Massion and Balligand
2007). Recent studies show that the activation of eNOS
induced by HDL and by adiponectin in endothelial
cells—thought to play a key role in the vascular protec-
tion afforded by these agents—is mediated via activa-
tion of AMPK (Kimura et al. 2010; Drew et al. 2004;
Deng et al. 2010). Likewise, the ability of exercise-
induced shear stress to stimulate eNOS and boost its
expression is mediated in part via AMPK; the impact on
eNOS expression requires AMPK-mediated induction
of the transcription factor kruppel-like factor 2 (Zhang
et al. 2006; Young et al. 2009).

Activation of NF-kappaB and increased production
of oxidative stress via NAPDH oxidase complexes
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contribute importantly to the inflammatory
endotheliopathy that is conducive to atherogenesis and
thrombosis. In many studies, AMPK activation has been
shown to downregulate NF-kappaB activation and oxi-
dative stress in various types of cells; the precise mech-
anisms responsible require further clarification
(Salminen et al. 2011a). In part, this effect reflects the
fact that Sirtl activity (as stimulated by AMPK) impairs
the transcriptional activity of NF-kappaB by removing
an activating acetyl group from p65 (Yeung et al. 2004).
A recent study with mouse and human endothelial cell
cultures has demonstrated that AMPK«2 can modestly
reduce proteasome activity; this likewise results in a
downregulation of NF-kappaB activation (Wang et al.
2010). (A similar effect of AMPK on proteasomes has
been reported in fibroblasts (Viana et al. 2008).) This
downregulation of NF-kappaB, in turn, results in de-
creased expression of various components of the
NAPDH oxidase complex (Wang et al. 2010). The
possibility that AMPK may also exert a more rapid
inhibitory impact on NADPH oxidase, possibly by sup-
pressing PKC-mediated membrane translocation of
p47phox, requires more evaluation (Alba et al. 2004;
Ceolotto et al. 2007; McCarty et al. 2009; Piwkowska
et al. 2010). Another recent study found that AMPK o2
impedes NF-kappaB activation in endothelial cells via
direct phosphorylations of IKK-f; these
phophorylations impede IKK-f3's ability to phosphory-
late IkB and thereby promote nuclear translocation of
NF-kappaB (Bess et al. 2011). Whether these findings
can be generalized to other types of cells remains to be
determined; in any case, it is clear that AMPK can
downregulate NF-kappaB activity via several indepen-
dent mechanisms, the importance of which may vary
dependent on cell type. AMPK-mediated proteasomal
inhibition can also help to preserve the proper coupling
of eNOS (thereby warding off an increase in oxidative
stress and a loss of NO production) by slowing
proteasomal degradation of GTP cyclohydrolase in ox-
idatively stressed endothelial cells; this latter enzyme is
rate-limiting for the production of eNOS's essential co-
factor, tetrahyrobiopterin (Wang et al. 2009).

With respect to the role of foam cells in atheroscle-
rosis, several studies—with one contrary exception
(Li et al. 2009)—report that agents which activate
AMPK tend to boost cholesterol efflux and prevent lipid
accumulation in foam cells exposed to oxidized LDL
(Li et al. 2010a; Lee et al. 2010a; Guan et al. 2010). A
related report indicates that AICAR-mediated AMPK
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activation suppresses the macrophage proliferation in-
duced by exposure to oxidized LDL (Ishii et al. 2009).

AMPK has the potential, like statins, to inhibit HMG-
CoA reductase; (Ching et al. 1996) nonetheless, metfor-
min therapy appears at best to have a modest impact on
serum levels of LDL. Yet the AMPK activator berberine
is notably clinically effective for lowering serum LDL
cholesterol (Kong et al. 2004; Abidi et al. 2005; Cicero
et al. 2007; Zhang et al. 2008a). This effect appears to be
independent of any inhibition of HMG-CoA reductase;
rather, it reflects an increase in the half-life of LDL
receptor mRNA. Fortunately, this effect is complementa-
ry to the stimulatory impact of statins on transcription of
this mRNA, such that combined use of statins and ber-
berine can achieve a very marked lowering of LDL levels
(Kong et al. 2008). It is not clear whether AMPK has
anything to do with this fortuitous benefit of berberine.

Studies examining the impact of AMPK activation on
models of ventricular hypertrophy and congestive failure
were prompted by epidemiological studies demonstrating
that diabetics experiencing heart failure were at lower risk
for mortality if they were treated with metformin
(Masoudi et al. 2005; Roussel et al. 2010). In rodent
studies of cardiac pressure overload, concurrent treatment
with AICAR, metformin, or berberine has reduced ven-
tricular hypertrophy; conversely, mice which are geneti-
cally deficient in AMPK-«2 or in LKB1 expression are
more prone to ventricular hypertrophy in the context of
overload (Fu et al. 2011; Beauloye et al. 2011; Benes
et al. 2011; Zhang et al. 2011a, 2008b; Li et al. 2007
Hong et al. 2002, 2003). The protection afforded by
AMPK 1in this regard reflects not only an effect on car-
diomyocyte hypertrophy, but also an antifibrotic effect
(Beauloye et al. 2011; Zhang et al. 2008b). Although the
downregulatory impact of AMPK on protein synthesis
might play some role in this effect, there is evidence that
increased eNOS activity also plays a prominent role;
(Zhang et al. 2011a) indeed, it is well established that
effective NO activity tends to prevent cardiac hypertro-
phy (Massion and Balligand 2007).

In a randomized clinical trial enrolling 156 patients
with congestive heart failure, patients received berberine
or placebo in addition to standard management
(Zeng et al. 2003). After 8§ weeks, improvements in
ventricular ejection fraction, exercise capacity, and fre-
quency of premature ventricular complexes were nota-
bly better in the berberine group. At a 2-year follow-up,
mortality in the berberine group was about half as high
as in the placebo group (7 vs. 13, p<0.02). This appears

to be the first formal clinical trial which evaluated an
AMPK activator in chronic congestive heart failure—in
patients most of whom were not diabetic.

However, excessive constitutive activation of AMPK
in the heart can have a severely detrimental impact. The
Wolff-Parkinson—White syndrome is a genetic cardio-
myopathy characterized by ventricular pre-excitation,
tachyarrhythmias, and cardiac hypertrophy. This syn-
drome has been found to reflect various inherited muta-
tions of the y2 subunit of AMPK which cause constitu-
tive activation of this kinase (Gollob et al. 2001; Arad
et al. 2003; Oliveira et al. 2003). This cardiac pathology
appears to be largely attributable to an AMPK-driven
over-accumulation of glycogen in cardiomyocytes,
reflecting increased glucose uptake and glycogen syn-
thase activation; this massive increase in glycogen may
induce a feedback inhibition of this otherwise constitu-
tive AMPK activity (Hardie 2011). Since such a syn-
drome has not been described in patients using pharma-
ceutical AMPK activators, clinical doses of these agents
presumably activate AMPK to a much lesser degree
than do the activating y2 mutations that characterize
the Wolff—Parkinson—White syndrome; moreover,
AMPK is still susceptible to physiological regulation
in the presence of these drugs. Much of the favorable
influence of AMPK activation on vascular health is
likely mediated by its impact on metabolic syndrome,
which we now examine.

Controlling metabolic syndrome and diabetes

A key cause of metabolic syndrome is inflammation in
visceral adipocytes (Phillips and Prins 2008). As these
adipocytes hypertrophy, they tend to become oxidative-
ly stressed and develop an inflammatory phenotype
associated with increased production and secretion of
cytokines such as IL-6 and TNF-alpha, and decreased
secretion of the protective adipokine adiponectin
(which, as noted, can activate AMPK). The efficiency
of insulin signaling in these adipocytes is impaired, and
the resulting upregulation in adipocyte lipolysis floods
the body with excessive levels of free fatty acids, most
notably during post-absorptive metabolism when free
fatty acids are not needed as fuel. This free fatty acid
overexposure leads to the accumulation of triglycerides
and other types of “ectopic fat” in tissues such as skel-
etal muscle, vascular endothelium, hepatocytes, and
beta cells (Unger et al. 2010; Rasouli et al. 2007).
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Certain of these ectopic fat metabolites, such as cer-
amide and diacyglycerol, activate signaling pathways
that promote oxidative stress, insulin resistance, and
inflammation in the tissues that harbor them. Hence,
metabolic syndrome is often associated with insulin
resistance of skeletal muscle fibers, inflammatory dys-
function of vascular endothelium, nonalcoholic
steatohepatitis, and, in beta cells, glucolipotoxicity that
ultimately may precipitate beta cell “failure” and type 2
diabetes. These effects can be exacerbated by increased
exposure to adipose-derived pro-inflammatory cyto-
kines and by diminution of adiponectin activity. The
characteristic perturbations of serum lipids seen in met-
abolic syndrome are largely a consequence of increased
free fatty acid flux into hepatocytes, which results in
hepatic secretion of an increased number of VLDL
particles and apoB molecules (Julius 2003).

The extent to which AMPK can suppress inflamma-
tion and oxidative stress in hypertrophied visceral adi-
pocytes, and restore effectiveness of adipocyte insulin
signaling, remains unclear. Several reports that serum
IL-6 levels decline during metformin or berberine ther-
apy in diabetics are suggestive of an anti-inflammatory
impact; (Zhang et al. 2008a; Bulcao et al. 2007; Luque-
Ramirez and Escobar-Morreale 2010; Fidan et al. 2011)
however, metformin usually does not influence
adiponectin levels (Phillips et al. 2003; Sharma et al.
2006; Tarkun et al. 2010). A small amount of evidence
suggests that metformin may improve the insulin sensi-
tivity of adipocytes in diabetics (Abbasi et al. 1997,
1998). Whether or not AMPK helps “get to the root”
of visceral adipocyte dysfunction, it clearly can mimic
the antilipolytic impact of insulin on adipoyctes. Cate-
cholamines and other agonists that boost cAMP in adi-
pocytes stimulate lipolysis owing to a PKA-mediated
phophorylation and activation of the hormone-sensitive
lipase. Insulin antagonizes this effect by activating a
cAMP phosphodiesterase (3B) which opposes the
catecholamine-induced rise in cAMP and, hence, pre-
vents activation of PKA and its downstream target
hormone-sensitive lipase (Wijkander et al. 1998).
AMPK likewise antagonizes catecholamine-mediated
activation of hormone-sensitive lipase, but in a different
way: by phosphorylating Ser565 on this lipase, it ren-
ders the lipase a poor substrate for the activating phos-
phorylations catalyzed by PKA (Garton and Yeaman
1990; Watt et al. 2006). This likely explains why diurnal
levels of serum free fatty acids tend to be suppressed by
therapy with metformin or berberine (Abbasi et al. 1997,
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1998; Gu et al. 2010). Evidently, since excess free fatty
acid exposure is a key mediator of the complications of
metabolic syndrome, this downregulatory impact of
AMPK activation on serum free fatty acids can be
notably protective.

Fortunately, the decrease in adipocyte lipolysis asso-
ciated with metformin or berberine therapy does not tend
to promote weight gain, likely because one of the key
effects of AMPK is to boost the efficiency of mitochon-
drial fatty acid oxidation. AMPK accomplishes this, in
the short term, by decreasing malonyl-CoA levels via an
inhibitory phosphorylation of the enzyme acetyl-CoA
carboxylase and an activating phosphorylation of
malonyl-CoA decarboxylase (Park et al. 2002; Dagher
et al. 2001). Malonyl-CoA is not only an obligate sub-
strate for fatty acid and cholesterol synthesis, but also
functions as an allosteric inhibitor of carnitine
palmitoyltransferase-I, rate-limiting for the transfer of
fatty acids into the mitochondrial inner matrix and fatty
acid oxidation (McGarry et al. 1978). Hence, AMPK
activity tends to disinhibit fatty acid oxidation via its
impact on malonyl-CoA. In the longer term, AMPK
may increase the maximal capacity of tissues for fatty
acid oxidation by promoting mitochondrial biogenesis.
AMPK also acts to channel free fatty acids towards
oxidation by suppressing activity of glycerol-3-
phosphate acyltransferase, a key mediator of triglyceride
synthesis (Park et al. 2002; Muoio et al. 1999). Hence,
when metabolic syndrome exposes tissues to excessive
levels of free fatty acids, AMPK tends to route these fatty
acids to oxidation, rather than to conversion to triglycer-
ides or the ectopic fat metabolites that are pathogenic.

In short, AMPK activation has the potential to min-
imize the adverse impact of ectopic fat by slowing
adipocyte release of free fatty acids, and also by reduc-
ing the propensity of the fatty acids that are released to
be converted to pathogenic metabolites. This mecha-
nism may help to explain why metformin can help to
prevent or postpone the onset of type 2 diabetes in at-
risk subjects, as demonstrated in the Diabetes Preven-
tion Program (Knowler et al. 2002)—it may lessen the
exposure of beta cells to the ectopic fat metabolites that
promote beta cell failure (El-Assaad et al. 2003; Zhou
et al. 2009; Gao et al. 2011).

The most important factor in the improved diabetic
glycemic control imparted by metformin appears to be a
downregulation of hepatic gluconeogenesis that lessens
hepatic glucose output and hence helps to moderate
fasting glucose levels (Kirpichnikov et al. 2002). This
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reflects the fact that AMPK suppresses transcription of
the genes coding for the key gluconeogenic enzymes
phophoenolpyruvate carboxykinase and fructose-
diphosphatase. AMPK achieves this by phosphorylating,
and thereby inhibiting the activity of, two coactivators
(CREB binding protein and CRTC2) required for efficient
transcription of these genes (He et al. 2009; Koo et al.
2005). Metformin's inhibition of CREB binding protein
precisely mimics the impact of insulin in this regard
(He et al. 2009). AMPK also boosts the synthesis of the
orphan nuclear receptor “small heterodimer partner,”
which likewise interferes with the transcription of these
key genes (Kim et al. 2008; Lee et al. 2010b). And AMPK
promotes the phosphorylation and nuclear exclusion of
type Ila histone deacetylases (HDAC 4, 5, and 7) which
support the contribution of FOXO factors to the transcrip-
tion of genes coding for gluconeogenic enzymes such as
glucose-6-phophatase (Mihaylova et al. 2011). The fact
that AMPK works in so many complementary ways to
suppress gluconeogenesis may explain why metformin
therapy has such a notable clinical effect on this metabolic
process. Berberine likewise suppresses gluconeogenesis in
diabetic rats; (Xia et al. 2011) its clinical utility for glyce-
mic control appears to be quite comparable to that of
metformin (Zhang et al. 2008a; Gu et al. 2010).

A moderate improvement in the efficiency of insulin-
mediated glucose uptake in skeletal muscle also contrib-
utes to metformin's favorable impact on diabetic control;
berberine therapy appears to have a comparable effect
(Giannarelli et al. 2003; Wei et al. 2012). Potentially,
AMPK activity in skeletal muscle may boost insulin-
mediated glucose uptake by various complementary
mechanisms. Nuclear HDACS5 suppresses the transcrip-
tional activity of MEF2, a key mediator of the transcrip-
tion of the GLUT4 gene; by promoting the phosphory-
lation and nuclear exclusion of HDACS5, AMPK can
upregulate GLUT4 expression (McGee et al. 2008). By
inhibiting mTORC1, AMPK downregulates the feed-
back reduction of insulin sensitivity induced by Akt—
mTORC1—p70SK6-IRS-1 signaling (Liu et al. 2010). A
reduction in membrane cholesterol induced by AMPK
may enhance GLUT4 activity (Habegger et al. 2012).
And AMPK can promote the membrane translocation of
GLUT4 downstream from Akt by phosphorylating
AS160, potentially giving AMPK the ability to promote
glucose uptake independent of insulin activity (Cartee
and Wojtaszewski 2007; Musi and Goodyear 2003).
AMPK may also alleviate the adverse impact of fatty
acid overexposure on muscle insulin sensitivity by

promoting mitochondrial biogenesis and fatty acid oxi-
dation (Hardie 2011; Jager et al. 2007; Attane et al.
2012), by suppressing adipocyte lipolysis, and, in the
longer term, promoting a reduction in adipose stores
(as discussed below). Which of these effects is most
important clinically for metformin's favorable impact
on insulin sensitivity is not yet clear.

Weight control

AMPK activators may also help to prevent metabolic
syndrome by reducing risk for weight gain. Diabetolog-
ists are well aware that metformin therapy tends to
promote a modest degree of weight loss, whereas ther-
apy with sulfonylureas or insulin tends to promote
weight gain, often exacerbating the underlying problem
(Meneghini etal. 2011). Of the newer diabetes therapies,
GLP-1 agonists also tend to lower body weight; it is not
likely to be accidental that they also activate hepatic
AMPK (Meneghini et al. 2011; Ben-Shlomo et al.
2011). Metformin also promotes weight loss in the
context of polycystic ovary syndrome and has also been
employed with some success to prevent weight gain in
patients treated with certain antipsychotic agents
(Harborne et al. 2005; Nieuwenhuis-Ruifrok et al.
2009; Praharaj et al. 2011). Hence, there is no reason
to suspect that weight control benefits of AMPK activa-
tion will be confined to diabetics (Desilets et al. 2008).

Increased hepatic fatty acid oxidation may be a key
mediator of metformin's impact on weight control. Effi-
cient hepatic fatty acid oxidation sends a satiety signal to
the brain via the vagus nerve; this mechanism likely
contributes to the satiety associated with prolonged
fasting (Scharrer 1999; Leonhardt and Langhans 2004;
St-Onge and Jones 2002). Moreover, it is intriguing to
note that expression of a constitutively active form of
AMPK 2 in mouse liver induces uncoupling protein-2
(UCP-2)—possibly owing to increased function of
Foxo3a and PGC-1alpha, which drive its transcription
in endothelial cells (Olmos et al. 2009; Foretz et al.
2005; Xie et al. 2008). Arguably, this effect could be
exploited to transform the liver into a thermogenic
organ—in which uncoupled oxidation of fatty acids
yields CO, and heat—when used in conjunction with
other strategies that boost hepatic fatty acid oxidation
(McCarty 2001a, 2005).

AMPK also suppresses hepatic de novo lipogenesis,
via inhibition of the transcription and posttranslational
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processing of the key transcription factor for lipogenic
enzymes, SREBP-1¢ (Zhou et al. 2001; Yap et al. 2011;
Li et al. 2011). While this effect helps to explain the
utility of AMPK activators for preventing obesity in
rodents, it is less likely to be of importance in humans,
in whom hepatic de novo lipogenesis tends to be of
minor significance (Hellerstein 1999).

A recent Japanese study has found that regular vine-
gar ingestion can promote modest weight loss in obese
subjects (Kondo et al. 2009a). This is pertinent in light
of the fact—as discussed below—that vinegar (acetic
acid) has the potential to activate hepatic AMPK
(Kondo et al. 2009b). Vinegar also induced UCP-2 in
mouse liver—an effect which was blocked by inhibition
of AMPK (Kondo et al. 2009b).

The weight loss associated with metformin therapy is
typically modest. This reflects the fact that metformin
therapy often has a countervailing positive impact on lean
mass (Rodriguez-Moctezuma et al. 2005; Lee et al. 2011;
Ibanez et al. 2002). Possibly pertinent to this phenome-
non is the fact that type Ila histone deacetylases interact
with the key myogenic transcription factor MEF2 to
inhibit its transactivational function (Lu et al. 2000). As
we have noted, AMPK phosphorylates these
deacetylases, promoting their export from the nucleus.
Hence, AMPK positively regulates MEF2 activity,
boosting the synthesis of myogenin (Fu et al. 2013).
Myogenesis from resident pericytes contributes to muscle
repair and growth throughout life (Dellavalle et al. 2011).
Conversely, AMPK has the potential to promote autoph-
agic degradation of muscle proteins (Sanchez et al. 2012),
so the net impact of modest AMPK activation on muscle
mass will reflect the balance of countervailing effects. It
would be of interest to study the impact of AMPK
activators on age-related sarcopenia.

Preventing and controlling cancer

A number of recent epidemiological studies have found
that diabetics using metformin, as opposed to alternative
therapies, are at lower risk for cancer, including specif-
ically breast, prostate, and colorectal cancer (Evans et al.
2005; Libby et al. 2009; Currie et al. 2009; Wright and
Stanford 2009; Landman et al. 2010; Bodmer et al.
2010; Bowker et al. 2010; Zhang et al. 2011b; Decensi
et al. 2010). It is likely that AMPK's inhibitory impact
on mTORCT activity plays a major role in this effect.
Other circumstances which likewise decrease mMTORCI1
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activity—elevated adiponectin levels, rapamycin thera-
py, and plant-based diets or superior muscle insulin
sensitivity (associated with low serum levels of insulin
and free IGF-I)y—have also been linked to lower cancer
risk in epidemiological analyses (McCarty 2011). This
likely is because mTORC1 works in various ways to
promote cellular proliferation and inhibit
apoptosis—effects which could be expected to promote
the accumulation of mutations in, and aid the survival
of, pre-cancerous stem cells.

mTORCI phosphorylates 4EBP-1, thereby freeing
the translation initiating factor elF4E from inhibitory
binding (Gingras et al. 2001). eIF4E functions to expe-
dite the translation of a number of “weak” mRNAs
which otherwise would be translated to a minimal ex-
tent. Some of these mRNAs are handicapped by com-
plex hairpin structures in their 5" UTRs; others are
characterized by a specific nucleotide structure in their
3" UTRs and require binding to eIF4E to achieve extra-
nuclear transport. Among these weak mRNAs are some
which code for proteins that promote
proliferation—cyclin D1, c-myc, and ODC—and others
that block apoptosis—survivin, Bel-2, Bel-xL, Mcl-2,
and dadl (McCarty 2011; Culjkovic et al. 2007;
Mamane et al. 2004; De and Graff 2004; Graff et al.
2008). Hence, mTORCI1, acting via elF4E, upregulates
the expression of a number of proteins which are con-
ducive to cancerous transformation. Intriguingly, over-
expression of elF4E in fibroblasts and other cell lines
has been shown to promote transformation in vitro
(Smith et al. 1990). The weak mRNAs whose transla-
tion is expedited by mTORCI also code for a number of
proteins that render transformed cells more aggressive in
their behavior and more chemoresistant—including
HIF-1, the key driver of the Warburg phenomenon in
cancer; (Thomas et al. 2006; Semenza 2007; McFate
et al. 2008; Faubert et al. 2013) not surprisingly, consti-
tutive activation of mMTORC1, and/or overexpression of
elF4E, is observed in a high proportion of advanced
malignancies (De and Graff 2004).

Additionally, there is recent evidence that mTORC1
very rapidly upregulates the activity of Gg-coupled
receptors that can promote proliferation in some cell
types by somehow activating the Raf-MEK-Erk1/2
pathway (Kisfalvi et al. 2007). Hence, insulin, IGF-I,
and various other growth factors have the potential to
boost the mitogenic response to various hormones and
cytokines that activate such receptors. Metformin, via
AMPK, has been shown to antagonize this effect
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(Rozengurt et al. 2010; Kisfalvi et al. 2009). Since this
effect of mTORCI] is rapid in onset, modulation of
protein translation is clearly not involved; the direct
target of mTORCI1’s activity in this regard has not yet
been defined.

Another AMPK target which may influence cancer
risk and progression is p53. p53 activity is lost during
the progression of many cancers, probably reflecting the
fact that such a loss promotes genetic lability and cell
proliferation, while blunting the apoptotic response to
cytotoxic agents (Chari et al. 2009; Athar etal. 2011). In
this regard, it is notable that AMPK can confer an
activating phosphorylation to p53 at Ser15 (in humans),
the same site targeted by the activating kinase ATM;
(Jones et al. 2005) this can help to fulfill AMPK's energy
conservation mission by slowing cell cycle progression.
AMPK interacts at least additively with the DNA dam-
age response in activation of p53 (Sanli et al. 2010).
Inasmuch as downregulation of p53 activity promotes
cancer progression, it is tempting to speculate that the
upregulation of p53 mediated by AMPK could play a
role in cancer prevention or control.

The high cancer risk of people afflicted with the
genetic disorder Peutz—Jeghers syndrome can be viewed
as indirect evidence that AMPK functions as a tumor
suppressor. This disorder reflects heterozygosity for
loss-of-function mutations of LKB1, whose best-
known role is to activate AMPK (Mehenni et al.
1998). People with this syndrome are at greatly in-
creased risk for colonic polyps and a host of cancers;
by age 60, 60 % have developed cancer of some sort,
and this increases to 85 % at age 70 (Hearle et al. 2006).
Intriguingly, in mice that are heterozygous for loss of
PTEN, a concurrent genetic deficiency in LKBI activity
markedly accelerates onset of cancer, whereas adminis-
tration of metformin or other AMPK activators notably
slows cancer induction in PTEN-deficient mice
(Huang et al. 2008). These findings likely reflect a key
role for mTORCI1 activity in modulation of cancer risk,
as PTEN deficiency upregulates this activity, whereas
LKB1-AMPK inhibit it.

The contributions of mTORCI signaling to cancer
aggressiveness, and of subnormal p53 activity to cancer
progression, suggest that AMPK activation may be a
rational strategy for cancer management, and indeed,
there is burgeoning interest in metformin as an adjunc-
tive agent in cancer therapy (Jalving et al. 2010; Micic
et al. 2011; Dowling et al. 2011). Much of this interest
was prompted by several epidemiological studies which

have concluded that diabetic cancer patients receiving
metformin therapy tend to have better prognoses than
those receiving alternative diabetes therapies;
(Jiralerspong et al. 2009; Tan et al. 2011; Lee et al.
2012) this effect may contribute to a reduction in total
cancer mortality in diabetics using metformin (Bo et al.
2012). While metformin has obvious potential for
slowing cancer growth, there is also new evidence that
metformin may specifically target cancer stem cells that
are thought to be largely responsible for cancer
chemoresistance and recurrence; metformin may change
the differentiation state of these cells and/or make them
more susceptible to cytotoxic drugs (Hirsch et al. 2009;
Iliopoulos et al. 2011; Vazquez-Martin et al. 2011;
Vazquez-Martin et al. 2010). Hence, it is hoped that
metformin, employed as an adjuvant to chemotherapy
regimens, may increase chances for a cure, or at least
notably enhance the contribution of such regimens to
survival time.

While Western oncologists are focusing on metformin
as a cancer therapy adjuvant, quite a number of Chinese
studies have demonstrated cancer-retardant or cancer-
preventive activity for berberine, in vitro and in mice
(Sun et al. 2009; Tang et al. 2009; Diogo et al. 2011).
AMPK activation, rather than metformin per se, is emerg-
ing as a key strategy for prevention and control of cancer.

The modest reduction in serum insulin and free IGF-I
achievable with AMPK activation can also be expected
to downregulate mTORCI activity, complementing the
more direct impact of AMPK in this regard (McCarty
2004). Moreover, low insulin and free IGF-I should
decrease Akt activity in many tissues; Akt works in a
number of ways to suppress apoptosis and thereby raise
cancer risk (Song et al. 2005).

AMPK may have a more specific role to play in the
prevention of post-menopausal breast cancer. It is now
appreciated that the predominant source of the estrogen
that drives cancer induction post-menopausally is the
aromatase activity of breast stroma (Simpson et al.
2005). AMPK activation has recently been shown to
inhibit the transcription of aromatase in breast stroma. In
these stromal cells, aromatase transcription is driven by
a CREB/CRTC2 complex; AMPK phosphorylates the
coactivator CRTC2 in a way that promotes its eviction
from the nucleus, thereby preventing transcription of the
aromatase gene (Brown et al. 2009; Brown et al. 2010).
In this formulation, the elevated serum levels of estrogen
in obese post-menopausal women are seen as a red
herring; rather, the nexus between obesity, estrogen,
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and elevated breast cancer risk is driven by leptin, which
suppresses AMPK activity in breast stroma by
downregulating LKB1 (Brown et al. 2009; Geisler
et al. 2007).

Preventing neurodegenerative disorders

The ability of AMPK to promote macroautophagy sug-
gests that AMPK activation may have potential for
preventing or controlling neurodegenerative disorders
characterized by intraneuronal or extracellular accumu-
lation of toxic protein aggregates. It stands to reason that
autophagy, the “house cleaning” strategy of our cells,
should be of particular importance to maintaining the
healthful structure and function of long-lived, difficult-
to-replace cells such as neurons (Banerjee et al. 2010;
Xilouri and Stefanis 2010; Puyal et al. 2011; Jimenez-
Sanchez et al. 2012). Indeed, transgenic mice with se-
verely impaired capacity for neuronal autophagy devel-
op neurodegeneration at an early age, and dysfunctional
neuronal autophagy is often observed in neurodegener-
ative disorders (Banerjee et al. 2010; Hara et al. 2006).
On the other hand, overwhelmingly intense activation of
autophagy can contribute to neuronal death when not
properly balanced by biosynthesis (Li et al. 2010b).
These considerations have led some researchers to sug-
gest that AMPK-mediated upregulation of autophagy
may have greater net utility in the early stages of neu-
rodegenerative disorders, than in their advanced stages
(Salminen et al. 2011b). In other words, AMPK activa-
tion is best viewed as a preventive rather than therapeu-
tic strategy for addressing neurodegeneration.

With respect to Alzheimer's risk, AMPK activators
have been shown to decrease extracellular amyloid-beta
accumulation, owing to increased autophagic degradation
of this protein (Vingtdeux et al. 2010; Vingtdeux et al.
2011). How AMPK influences amyloid-beta production
per se has been the subject of conflicting reports
(Marambaud et al. 2005; Chen et al. 2009b; Won et al.
2010), but in any case, upregulation of autophagy can
suppress deposition of amyloid-beta aggregates. Indeed,
in transgenic APP/PS1mice prone to amyloid deposition,
resveratrol administration reduced amyloid deposition in
the brain globally; this effect was significant in the cortex
though not the hippocampus (Vingtdeux et al. 2010).

With respect to tau phosphorylation, a key factor in
the formation of the neurofibrillatory tangles character-
istic of Alzheimer's, AMPK appears to have equivocal

@ Springer

effects. Sirtl activity opposes such phosphorylation, so
AMPK has the potential to block tau phosphorylation
via Sirtl activation (Salminen et al. 2011b; Greco et al.
2009; Min et al. 2010). On the other hand, AMPK also
has the potential to phosphorylate tau directly
(Thornton et al. 2011). It is not yet clear which of these
mechanisms is predominant during the evolution of
Alzheimer's.

The ability of AMPK to boost eNOS activity in the
cerebral microvasculature may also aid Alzheimer's pre-
vention, in light of recent evidence that NO of vascular
origin acts to impede the synthesis of amyloid-beta by
suppressing expression of the BACEI protease required
for its production (Austin et al. 2010). This intriguing
finding may help to rationalize the numerous studies
demonstrating that people with elevated cardiovascular
risk factors—risk factors that would be expected to
compromise vascular NO bioactivity—are at increased
risk for Alzheimer's as they age (Monsuez et al. 2011).
Hence, the favorable impact of AMPK activation on
vascular health may tend to reduce risk for dementia,
both by limiting stroke risk, and by helping to control
cerebral amyloid-beta production.

Activated microglia, via production of peroxynitrite
and various pro-inflammatory cytokines and prostanoids,
are suspected to contribute to the pathogenesis of many
neurodegenerative disorders (Brown 2007). In light of the
anti-inflammatory potential of AMPK as noted above, it
is reasonable to suspect that AMPK activation might be
protective in this regard, and indeed, several studies dem-
onstrate that AMPK activators can exert anti-
inflammatory effects on cultured microglia. The ability
of berberine-activated AMPK to suppress induction of
iNOS and Cox-2 in LPS or interferon-y-exposed microg-
lia might at least partially reflect the fact that AMPK
phosphorylates and triggers the intranuclear transport of
HuR, a protein which upregulates the translation of iNOS
and Cox-2 mRNAs by binding to AU-rich regions in
their 3' URLSs, thereby enhancing the half-life of these
mRNAs; loss of cytoplasmic HuR therefore decreases the
protein expression of iNOS and Cox-2 (Lu et al. 2010;
Wang et al. 2002, 2004; Di et al. 2005; Linker et al. 2005;
Sengupta et al. 2003).

(Parenthetically, it should be noted that the ability of
AMPK to downregulate iNOS translation suggests a
role for AMPK activators in the prevention of septic
shock. Indeed, berberine administration has been report-
ed to enhance survival in a murine model of
endotoxemia (Li et al. 2006). A further corollary is that
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the suppressive impact of AMPK activators on Cox-2
induction may contribute to the cancer-preventive po-
tential of these agents; the marked cancer prevention
associated with daily low-dose aspirin use is likely
attributable to partial inhibition of Cox-2
(Rothwell et al. 2010).)

Although risks for dementia and cognitive dysfunc-
tion are increased in diabetics, so far little epidemiology
has focused on the impact of specific diabetic therapies
on dementia risk. However, one recent study has found
that, as compared to diabetic not receiving drug therapy,
those receiving metformin were about 25 % less likely
to develop dementia (Hsu et al. 2011). Dementia risk
also trended slightly lower in patients receiving sulfo-
nylureas, so it is not clear whether the apparent protec-
tion associated with metformin reflected a specific im-
pact on the brain, or simply superior glycemic control.
The impact of metformin therapy on risk for Parkinson's
disease has not yet been examined.

Preserving cartilage and bone

Diabetics treated with metformin have been found to be
at decidedly lower risk for fractures than those treated
with thiazolidinediones (Vestergaard et al. 2005;
Rejnmark 2008). In part, this reflects an adverse effect
of the latter—but there is growing reason to suspect that
metformin and AMPK exert a favorable effect on bone
density and structure. Metformin exposure in vitro pro-
motes osteoblastic differentiation and
behavior—increasing alkaline phosphatase activity and
type 1 collagen production (Jang et al. 2011; Cortizo
et al. 2006; Kanazawa et al. 2008). These effects appear
to be contingent on the AMPK-mediated induction of
the short heterodimer partner orphan nuclear receptor
cited above. Concurrently, metformin antagonizes oste-
oclast development by reducing osteoblast production
of RANKL, while increasing production of osteopro-
tegerin (a decoy receptor for RANKL) (Mai et al. 2011).
Suppression of RANKL expression and osteoclast de-
velopment has also been seen with berberine and other
AMPK activators (Hu et al. 2008; Lee et al. 2010c).
Moreover, both metformin and berberine have demon-
strated favorable effects on bone density and structure in
ovariectomized rats and in other rodent models of bone
loss (Mai et al. 2011; Gao et al. 2010; Li et al. 1999). In
light of the fact that the bone protective effects of
estrogen are thought to be mediated largely by induction

of eNOS in osteoblasts, it is pertinent to recall that
AMPK can activate this enzyme directly
(Armour et al. 2001; Samuels et al. 2001).

AMPK may also aid in the preservation of cartilage
in the context of osteoarthritis. Cartilage loss in osteo-
arthritis is believed to reflect a catabolic impact of
cytokines, most notably IL-1, on chondrocytes, associ-
ated with increased production of collagenolytic metal-
loproteinases and downregulation of the tissue inhibitor
of metalloproteinases (Pelletier et al. 1993). Oxidative
stress, NF-kappaB activation, and iNOS induction are
key mediators of these effects (Lo et al. 1998; Grange
et al. 2006; Ahmad et al. 2011; Pelletier et al. 1998,
1999). It is reasonable to suspect that AMPK might act
to oppose these effects, and indeed, a recent study has
found that AMPK activators notably suppress the cata-
bolic response of chondrocytes to IL-1 or TNF-x expo-
sure; notably, chondrocyte production of MMP-3,
MMP-13, and NO was suppressed (Terkeltaub et al.
2011). Conversely, knockout of AMPKa with small
interfering RNA exacerbated the catabolic response of
chondrocytes to IL-1 and TNF-«. Chinese researchers
have reported a very analogous anticatabolic response
when IL-1-treated chondrocytes are exposed to berber-
ine; in addition, they report that intra-articular adminis-
tration of berberine provides protection from cartilage
damage in rats concurrently given intra-articular injec-
tions of IL-1 (Hu et al. 2011). So far, no epidemiological
studies have addressed the impact of metformin therapy
on cartilage status in diabetics.

If indeed AMPK activators can protect the healthful
structure and function of the vasculature, bones, and
cartilage, they may be viewed more generally as bene-
ficial for the health of connective tissues. Such a view
would be highly consistent with the thesis that AMPK
activation has “anti-aging” potential.

Controlling autoimmunity

AMPK activation may have potential for controlling
autoimmune disorders driven by autoreactive Thl or
Th17 lymphocytes. In the murine model of multiple
sclerosis, experimental autoimmune encephalomyelitis
(EAE), metformin, berberine, and AICAR have been
shown to be highly protective (Nath et al. 2009a; Qin
et al. 2010; Ma et al. 2010; Nath et al. 2005). Some of
this protection appears to stem from inhibition of
NF-kappaB activation and costimulatory protein
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expression in antigen-presenting cells, which lessens the
ability of these cells to activate autoreactive Thl and
Th17 helper lymphocytes (Qin et al. 2010). Indeed,
when EAE was induced in mice concurrently treated
with berberine, adoptive transfer of Th17 cells from
these mice to untreated mice completely failed to induce
EAE in the recipients; transfer of Th1 cells induced only
an attenuated syndrome (Qin et al. 2010). Importantly,
berberine treatment did not influence the relative num-
ber of CD+4FoxP3+ regulatory T cells. The likelihood
that AMPK plays a physiological role in controlling
autoimmunity is suggested by the fact that EAE is an
especially aggressive syndrome in AMPK«1-null mice
(Nath et al. 2009b).

It seems unlikely that EAE will be the only autoim-
mune disorder in which AMPK activation is protective.
Indeed, berberine and AICAR have been shown to
ameliorate murine models of colitis, and metformin is
protective in a mouse model of autoimmune arthritis
(Nath et al. 2009a; Zhou and Mineshita 2000; Lee
et al. 2010d; Bai et al. 2010a, b; Kang et al. 2013).
Clinically, metformin treatment of diabetes decreases
serum levels of 1L-17, a trophic factor for Th17 cells
(Sumarac-Dumanovic et al. 2013). Further research ad-
dressing the immunomodulatory potential of AMPK
activation appears indicated.

The Akt-mTORCI pathway is known to negatively
regulate the genesis of Treg cells (Haxhinasto et al.
2008). Other factors being equal, the inhibitory impact
of AMPK on mTORCI1 activity might therefore be
expected to upregulate Treg generation—a phenomenon
that in fact has been demonstrated in a mouse asthma
model (Michalek et al. 2011).

Nonetheless, skepticism regarding a clinical role for
AMPK activators in the control of autoimmunity is
warranted, in light of the fact that there appear to be
few if any reports that metformin therapy alleviates
autoimmune disorders in diabetics. However, the possi-
bility that it exerts a subtle effect in this regard cannot be
ruled out at present; investigating its impact on disorders
driven primarily by TH17 cells might be fruitful.

Practical strategies for implementing AMPK
activation
The hypothesis that AMPK activators may, at least in

some measure, confer health benefits comparable to those
seen with sustained calorie restriction, prompts an inquiry
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into the range of health effects that might flow from
chronic AMPK activation. The data cited above suggest
that such activation may indeed reduce risk for athero-
sclerosis, heart attack, and stroke; reduce risk for ventric-
ular hypertrophy while aiding control of congestive fail-
ure; ameliorate the severity of metabolic syndrome, re-
duce diabetes risk, and improve diabetic control; help to
prevent weight gain; decrease risk for a number of types
of cancer and serve as a worthwhile adjunct to cancer
chemotherapy; reduce risk for dementia and possibly
other neurodegenerative disorders; help to preserve the
proper structure and function of bone and cartilage; and
possibly help to prevent or control certain autoimmune
disorders. The scope of these potential benefits is so vast
that it does indeed lend credence to the notion that AMPK
activation has “anti-aging” activity that may promote a
notable augmentation of healthspan. Hence, it is of some
importance to define practical measures which can up-
regulate AMPK activation in humans.

Metformin is the world's most widely used diabetic
drug, typically administered in a dose of 500-850 mg
twice daily. About a third of patients who use it experi-
ence some GI upset, which tends to become less signif-
icant over time; risk of GI side effects appears to be
minimized if patients are started on a low dose that
gradually is escalated. Otherwise, metformin is safe
and well tolerated; the risk for lactic acidosis that
prompted the banning of the related biguanide drug
phenformin appears to be almost nonexistent with pre-
scribed doses of metformin (Salpeter et al. 2010). For
nondiabetics who seek to employ AMPK activation as a
long-term health promotion strategy, metformin has the
disadvantage that it is available only by prescription.

Berberine, on the other hand, is a natural compound,
found in a number of medicinal herbs, that is currently
available in its pure form as a nutraceutical in the USA.
It is widely used in China for diabetes management.
Typical dose regimens are 500 mg two to three times
daily, or 300 mg three times daily; these are reported to
achieve an improvement in glycemic control roughly
comparable to that seen with metformin—accompanied
by a greater reduction in LDL cholesterol (Zhang et al.
2008a; Gu et al. 2010). A clinical study in which dia-
betics received 500 mg twice daily noted that a small
minority of patients experienced significant constipa-
tion; otherwise, berberine was well tolerated. In a study
employing 500 mg three times daily, GI side effects
were more common and sometimes necessitated dose
reduction (albeit many of the affected patients were also
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taking metformin and/or acarbose). As in the case of
metformin, GI symptoms tend to diminish over time.
Berberine is not efficiently absorbed, and innovations in
delivery—microemulsification or cyclodextrin inclu-
sion complexation—might enable lower doses to pro-
vide worthwhile benefit (Gui et al. 2008; Battu et al.
2010). Berberine may have considerable potential as a
“life extension” nutraceutical.

Resveratrol, a polyphenol found in red wine and many
other foods, has recently been widely promoted in the
USA as an aging-retardant nutraceutical, owing to reports
that it activates Sirtl in cell cultures and improves sur-
vival in obese mice. Unfortunately, in humans, it is con-
jugated rapidly and completely following absorption;
despite reasonably efficient absorption, orally adminis-
tered resveratrol does not appear to achieve sustained
serum levels of free resveratrol sufficient to inhibit mito-
chondrial ATP synthase and thereby activate AMPK
(Walle et al. 2004; Boocock et al. 2007). Consistent with
this, several recent controlled clinical studies have failed
to observe an impact of oral resveratrol on insulin sensi-
tivity, blood pressure, body composition, or other clinical
parameters; in addition, AMPK activity in skeletal mus-
cle or adipocytes was not influenced (Yoshino et al. 2012;
Poulsen et al. 2013). However, oral resveratrol might
have the potential to transiently activate AMPK in the
intestinal mucosa. Resveratrol, as well as the AMPK
activators metformin, berberine, AICAR, and acetic acid
(see below), have been shown to boost intestinal produc-
tion of the incretin hormone glucagon-like peptide-1
(GLP-1), which in turn stimulates hepatic AMPK activ-
ity; (Ben-Shlomo et al. 2011; Dao et al. 2011; Mulherin
et al. 2011; Yu et al. 2010; Freeland and Wolever 2010)
moreover, GLP-1 may exert protective effects on other
tissues as well (Huisamen et al. 2008; Hattori et al. 2010;
Villanueva-Penacarrillo et al. 2011). Perhaps this ratio-
nalizes the modestly favorable results of resveratrol sup-
plementation (150 mg daily) reported in a recent clinical
study (Timmers et al. 2011).

As noted, salicylate can bind to AMPK and activate it
allosterically in a way that is complementary to the im-
pact of AMP (Hawley et al. 2012). However, this effect is
modest—the submillimolar concentrations of free salicy-
late that can be achieved with feasible clinical regimens
of this drug (bearing in mind that 80-90 % of plasma
salicylate is protein bound) appear capable of increasing
enzyme activity by about 10-15 %. This may explain
why the diabetic glycemic control achieved with salsalate
therapy tends to be less impressive than that seen with

metformin or berberine—and much of the glycemic re-
duction it does achieve may be mediated by downregu-
lation of TkappaB kinase activation (Goldfine et al. 2010;
Faghihimani et al. 2013; Yin et al. 1998). Nonetheless,
employing salsalate in conjunction with either metformin
or berberine may be an attractive option for managing
diabetes, vascular disorders, or cancer; (McCarty 2010;
Pierce et al. 2009; Lesniewski et al. 2011; McCarty and
Block 20006) these agents may complement each other
with respect to AMPK activation, NF-kappaB inhibition,
and control of oxidative stress.

Remarkably, vinegar—dilute acetic acid—can also
activate AMPK in some tissues. This likely reflects the
fact that the initial step of acetate metabolism, in which
acetate is phosphorylated, generates AMP in the pro-
cess. Vinegar-mediated activation of AMPK has indeed
been demonstrated in the liver of vinegar-fed rats, and in
human endothelial cells in vitro (Kondo et al. 2009b;
Sakakibara et al. 2006, 2010; Li et al. 2013). This effect
will presumably be more transitory than that of AMPK-
activating drugs, as acetate is rapidly oxidized following
ingestion. Nonetheless, oral vinegar administration has
exerted some intriguing effects, both in rodents and in
clinical studies, that arguably are attributable to AMPK
activation. In light of the favorable impact of metformin
on weight control, it is interesting to note that vinegar
administration suppresses weight gain in rats fed a high-
fat diet and aids glycemic control in diabetic mice;
(Kondo et al. 2009b; Sakakibara et al. 2006) moreover,
in a placebo-controlled clinical trial, obese subjects
ingesting 15-30 ml vinegar daily achieved modest but
statistically significant weight loss compared to those
receiving placebo vinegar (Kondo et al. 2009a). More-
over, in post-menopausal women, vinegar administra-
tion boosts flow-mediated vasodilation, an effect likely
attributable to AMPK-mediated phosphorylation of
eNOS (Sakakibara et al. 2010). Regular vinegar use
may modestly improve glycemic control in human dia-
betics, and inclusion of vinegar in meals acutely lowers
the postprandial glucose response, apparently by
slowing the absorption of starch or polysaccharides
(Johnston et al. 2009; Ostman et al. 2005; Johnston
et al. 2010). These observations are intriguing in light
of the common folkloric belief that apple cider vinegar
can confer wide-ranging health protective benefits. And
it is reasonable to speculate that some of the protective
health benefits associated with moderate regular inges-
tion of alcohol may in fact be mediated by the acetic acid
evolved by ethanol metabolism—and hence by AMPK
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(McCarty 2001b). (Unfortunately, these are often
counterbalanced by adverse effects of acetaldehyde
and ethanol per se.) Moreover, other short-chain fatty
acids generate AMP when metabolized and, hence, can
activate AMPK (Peng et al. 2009). It recently has been
credibly proposed that AMPK activation mediated by
the short-chain fatty acids stemming from colonic me-
tabolism of dietary fiber may be largely responsible for
the favorable impact of high-fiber diets on control of
metabolic syndrome; (Hu et al. 2010) conceivably, this
phenomenon might also impact risk for colorectal can-
cer (Tang et al. 2011). Regular use of vinegar, fiber-rich
diets, and moderate alcohol consumption may represent
wholly nutritional strategies for evoking, to a modest
degree, some of the health protection afforded by
AMPK activation.

In assessing the research literature on clinical AMPK
activators such as metformin and berberine, it is impor-
tant to bear in mind the plasma concentrations of these
agents which are clinically achievable. The plasma con-
centration of metformin that appears to be safe and effec-
tive is about 0.5-2.0 mg/l, or 4-16 uM (Scheen 1996).
The therapeutic plasma concentration of berberine ap-
pears to be a bit under 1 pM (Zeng and Zeng 1999). Cell
culture studies which employ concentrations in substan-
tial excess of these values—as many if not most do—may
or may not be clinically pertinent, as high concentrations
could overdrive AMPK activation and perhaps influence
additional targets. (Note however that in short-term stud-
ies, supraphysiological concentrations of metformin may
be appropriate, as cellular uptake of metformin can be
slow (Hawley et al. 2010).) And one must bear in mind
that, even in clinical concentrations, metformin and ber-
berine might have targets of action in addition to AMPK.
For example, activation of atypical PKCs is suspected to
contribute to metformin's impact on glucose uptake in
skeletal muscle (Turban et al. 2012). Clinical doses of
berberine modulate cytochrome p450 activities (Guo
et al. 2012), and the fact that berberine suppresses LDL
cholesterol more effectively than metformin has yet to be
satisfactorily explained.
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