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We  review  the  form,  function  and  pharmacology  of  AMPK.
We  review  emerging  evidence  for  a role  of  AMPK  in  neuronal  plasticity  and  disease.
We  describe  the  potential  role  of AMPK  in  manipulation  of  pain  plasticity.
We  describe  novel  opportunities  to target  AMPK  for  pain  therapy.
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a  b  s  t  r  a  c  t

Chronic  pain  is  a  critical  medical  problem  afflicting  hundreds  of millions  of people  worldwide  with  costly
effects  on  society  and  health  care  systems.  Novel  therapeutic  avenues  for the  treatment  of  pain  are  needed
that  are  directly  targeted  to  the  molecular  mechanisms  that promote  and  maintain  chronic  pain  states.
Recent  evidence  suggests  that peripheral  pain  plasticity  is  promoted  and  potentially  maintained  via
changes  in  translation  control  that are  mediated  by  mTORC1  and  MAPK  pathways.  While  these  pathways
can  be targeted  individually,  stimulating  the  AMPK  pathway  with  direct  or  indirect  activators  achieves
inhibition  of these  pathways  via  engagement  of  a single  kinase.  Here  we  review  the form,  function  and
pharmacology  of  AMPK  with  special  attention  to  its  emerging  role  as a potential  target  for  pain  thera-
peutics.  We  present  the  existing  evidence  supporting  a role  of AMPK  activation  in  alleviating  symptoms
of  peripheral  nerve  injury-  and  incision-induced  pain  plasticity  and  the blockade  of  the  development  of
chronic  pain  following  surgery.  We  argue  that these  preclinical  findings  support  a strong  rationale  for
clinical  trials  of  currently  available  AMPK  activators  and  further  development  of novel pharmacological

strategies  for more  potent  and  efficacious  manipulation  of  AMPK  in  the  clinical  setting.  Finally,  we posit
that  AMPK  represents  a unique  opportunity  for  drug  development  in  the  kinase  area  for  pain  because  it
is pharmacologically  manipulated  via  activation  rather  than  inhibition  potentially  offering  a wider  ther-
apeutic  window  with  interesting  additional  pharmacological  opportunities.  Altogether,  the  physiology,
pharmacology  and therapeutic  opportunities  surrounding  AMPK  make  it an attractive  target  for  novel
intervention  for  chronic  pain  and  its prevention.
© 2013 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

The Institute of Medicine report on “Pain in America” published
n 2011 highlights the urgent need for a better understanding
f mechanisms that drive chronic pain and the development of
herapeutics that target these mechanisms for the improved man-
gement of clinical pain disorders [1]. Pain is the most prominent
eason that Americans seek medical attention and the lifetime
opulation incidence of chronic pain in this country is 33%. This
reates an enormous burden on medical care systems and soci-
ty and leads to human suffering. An important goal of research in
he pain area is to further understand mechanisms driving chronic
ain and develop therapeutic strategies to treat pain based on these
olecular insights. Herein we will focus on a novel target, AMP-

ctivated protein kinase (AMPK), which directly targets signaling
athways that are involved in promoting chronic pain through
he sensitization of peripheral nociceptors. This target is unique
mong kinases under investigation in the pain area because it can be
harmacologically targeted through an “agonist” based approach.
he mechanism also provides a unique opportunity for immediate
ranslation into the clinic because it can be engaged via activation
y clinically available drugs, metformin and phenformin.

AMPK is a ubiquitous kinase endogenously activated by AMP
nd ADP and exogenously regulated by a variety of pharmaco-
ogical entities including the widely prescribed anti-diabetes drug

etformin [20]. AMPK is best known as a target for intervention
n diabetes, largely due to the discovery that the kinase is a tar-
et, albeit indirectly, for metformin [92]. Work in the AMPK area
as accelerated dramatically in the past decade and it is now clear
hat the kinase may  play a central role in inflammation, cancer,
eurological degenerative disorders and in the area of this review,
ain. Accompanying advances in the basic understanding of AMPK
unction and its role in physiology have provided major inroads
nto pharmacological mechanisms for engaging AMPK activity [40].

hile drug discovery around most kinases has focused on inhibi-
ion of kinase activity, largely through active site inhibitors, the role
f AMPK as a negative regulator of other kinase pathways has long
ade it clear that pharmacological targeting of the kinase should

nvolve activation, rather than inhibition [20,40]. This gives AMPK
 somewhat unique position among kinases in the drug discovery
rea. The emergence of AMPK as a potential target for pain ther-
peutics is a relatively new development for the field, hence, our
urposes for this review are to (1) introduce the form and function
f the kinase, (2) to describe how the kinase can be targeted phar-
acologically and then (3) to describe the work suggesting that

argeting AMPK may  lead to beneficial effects in the treatment of
hronic pain.

. Role of AMPK in cellular metabolism

Anabolic processes, such as protein synthesis, are orchestrated

y upstream kinases that signal to the translation machinery [95]
uch as mammalian target of rapamycin complex 1 (mTORC1)
nd extracellular signal-regulated kinase (ERK) which signals via
itogen activated interacting kinases (MNK1 and MNK2) to the
 . . . .  . . .  . . . . .  .  . . .  .  . . . . .  . .  . . . . . . .  . . . . .  . . .  .  . . .  . . .  .  .  . . . . .  .  .  .  .  .  . . . . . . . . . .  .  . .  .  . 16

eukaryotic initiation factor (eIF) 4E. These kinases can be phar-
macologically targeted individually by selective inhibitors or they
can be negatively modulated by endogenous signaling factors that
act on these pathways [113]. A crucial kinase for negative regula-
tion of translation is the ubiquitous, energy-sensing kinase AMPK
(Fig. 1, [20]). Activation of AMPK by depletion of cellular nutrients
or through pharmacological intervention results in a dampening
of signaling to the translation machinery [113]. This is the natural
cellular response to energy deprivation wherein high AMP  levels
signal to AMPK thereby shutting down anabolic processes when
nutrient levels are low [20]. AMPK is not solely regulated by cellular
homeostatic mechanisms as it can also be targeted pharmacolog-
ically via a number of investigational compounds (e.g. AICAR and
A769662 [24]), natural products (resveratrol [27,110]) and by the
widely clinically available and safe drug metformin [79,92]. AMPK
negatively regulates mTOR via activation of mTOR’s negative reg-
ulator tuberous sclerosis complex 2 (TSC2) [25]. This results in a
profound inhibition of mTOR and its downstream targets involved
in translation control (e.g. eIF4E binding protein (4EBP) and ribo-
somal S6 kinase [25], Fig. 1). Activation of AMPK also negatively
regulates ERK activity induced by growth factors and cytokines
[54]. This likely occurs via phosphorylation of the insulin receptor
substrate 1 (IRS1) protein at Ser 794 [101]. Because IRS-1 is a critical
component of the signaling module of all tyrosine kinase receptors
(Trks) [6], AMPK activation is likely to hinder Trk signaling (Fig. 1).

AMPK activation is not exclusively linked to negative regulation
of protein synthesis. The kinase is also intimately associated with
changes in glucose handling, fatty acid metabolism and plays an
important role in the regulation of autophagy in cells. Hence, it is
clear that AMPK plays a central role in regulation of diverse aspects
of cellular metabolism. This central role likely emerges from AMPKs
essential position as a cellular sensor of AMP  and ADP. Because ATP
is used as the proximal energy source in all cells, this mechanism
is necessary to monitor cellular needs. Therefore, it appears that
AMPK is essential for the monitoring of ATP levels and the diver-
sion of cellular resources to the replenishment of ATP when cellular
stores are depleted [20].

3. Physiological and pharmacological activation of AMPK in
cells

To understand how AMPK is regulated it is necessary to
understand the structure of the kinase. AMPK is made up of three
subunits comprised of an �, � and � subunit [20]. There are two
isoforms of the � subunit, two  isoforms of the � subunit and three
� subunit isoforms. The � subunit contains the serine/threonine
kinase domain and the � and � subunits are involved in regulation
of the kinase containing subunit. Both the � and � subunits contain
phosphorylation sites but the key site for upstream regulation
appears to localize to the � subunit at threonine 172 which is phos-
phorylated by liver kinase B1 (LKB1). Phosphorylation of AMPK

is a key regulator of kinase activity and the central endogenous
regulator of AMPK, AMP, increases phosphorylation of the kinase.
While the precise mechanisms through which this occurs are still
not completely understood, it is clear that AMP  binding to the �
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Fig. 1. Regulation of ERK/mTOR signaling by AMPK. (A) mTOR and ERK signaling downstream of tyrosine kinase receptors (Trks). Star 1: IRS-1 stimulation via Trks leads
to  stimulation of PI3K and small GTPase signaling cascades resulting in activation of mTORC1 and ERK. Star 2: mTORC1 activation leads to phosphorylation of RS6K. RS6K
activation leads to negative feedback on IRS-1 resulting in a termination of signaling. Star 3: mTORC1 activation relieves 4EBP-mediated inhibition of translation resulting in
an  increase in gene expression. Star 4: ERK activation downstream of Trk signaling mediated by IRS-1 may  result in increased activity in Nav1.7 mediated by a direct action
of  ERK1. (B) Activation of AMPK by metformin, AICAR, A769662 or resveratrol results in AMPK-mediated inhibition of IRS-1 (star 1) resulting in blockade of Trk (or GP130)
signaling to ERK. AMPK activation likewise modulates TSC2 activity resulting in an inhibition of mTORC1 (star 2). This negative regulation of mTORC1 ultimately results in a
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ecrease in translation (star 3) due to maintenance of tonic inhibition of ribosome r
n  activity-dependent regulation of ERK and possibly a concomitant blockade of act

ubunit of the kinase protects the kinase from dephosphorylation
y a diverse array of phosphatases including protein phosphatase
PP) 1, 2A and 2C [20]. The AMPK activating tool compound AICAR is

 prodrug that is converted to the AMP  analog 5-aminoimidazole-
-carboxamide ribotide (AICA-ribotide or more commonly ZMP) in
ells. Because the AMP  site in AMPK also binds ZMP, AICAR mimics
he effects of high AMP levels to activate AMPK [48].

Recent advances in pharmacological targeting of AMPK have
aken advantage of this feature of the � subunit in protecting the
inase from dephosphorylation. Two recently described, potent
nd efficacious AMPK activators, A769662 and OSU-53, appear
o bind allosterically to AMPK presumably causing the � subunit
o assume a conformation that protects the � subunit from pro-
ein phosphatase activity. In the case of A769662, specific subunit
nockdown studies have demonstrated that the mechanism of
ction of the compound at AMPK requires the presence of a specific

 subunit [24]. Likewise, OSU-53 has direct activity on AMPK that
ay  also be linked to inhibition of dephosphorylation, although

his has not been clearly elucidated to this point [60]. Hence a strat-
gy of activating AMPK directly via positive allosteric modulation,
erhaps through engagement of the � subunit, appears to offer a
otent and potentially selective mechanism for pharmacological
anipulation of AMPK without the requirement for stimulation of

pstream kinases [20]. Several other examples of positive allosteric
odulators have been described in the patent literature [40].
This pharmacological opportunity stands in contrast to two

ther major classes of AMPK activators, the biguanides (e.g. met-
ormin) and the polyphenols (e.g. resveratrol). Metformin and its
tructural analog, phenformin, have been used as first line treat-
ent for type II diabetes for decades. While metformin is still in
ide clinical use (in fact it is the most widely prescribed drug in
he world), phenformin has been pulled from the market in much
f the world due to toxicities. Although these drugs have been in
se for decades, their relation to AMPK has only recently been elu-
idated. Metformin is not a direct AMPK activator because it has
ment by 4EBP. Star 4: AMPK-mediated regulation of IRS-1 also results in a decrease
ependent modulation of Nav1.7 by ERK1.

no effect on the purified kinase [111]. Rather, metformin inter-
feres with mitochondrial function leading to activation of LKB1
and subsequent AMPK phosphorylation [92]. Polyphenols (includ-
ing resveratrol) may  act via a similar mechanism [10,27], however,
there is also evidence that, in neurons, AMPK activation by polyphe-
nols involves calcium/calmodulin-dependent protein kinase kinase
� (CaMKK�, [27]). Neither biguanides nor polyphenols have par-
ticularly potent actions at AMPK (EC50s of at least 100 �M levels
for short time courses) so these compounds also have other tar-
gets that may  be important for their physiological effects. A prime
example of this is SIRT1 and resveratrol. While there is still ample
controversy over the relative contribution of SIRT1 or AMPK for the
actions of resveratrol, it is now clear that AMPK plays an important
role in resveratrol’s effects [22,27,36,102].

4. Targets of AMPK phosphorylation

Activation of AMPK, either through raised cellular AMP  lev-
els or pharmacological activation sets off a diverse number of
cellular processes controlled largely through the regulation of
AMPK-mediated phosphorylation of downstream targets. One of
the best-known targets of AMPK, acetyl-CoA carboxylase (ACC),
plays an important function in AMPK’s regulation of fatty acid
synthesis [20]. Other direct targets are largely involved in the reg-
ulation of protein synthesis or pathways that ultimately regulate
protein synthesis. AMPK directly phosphorylates the negative reg-
ulators of mTOR, the tuberous sclerosis complex (TSC) proteins,
thereby enhancing their negative regulation of mTOR [25]. AMPK
also phosphorylates mTOR itself adding an additional level of neg-
ative mTOR regulation [20]. AMPK also phosphorylates IRS1 [48]
and AKT at negative regulatory sites [20]. This phosphorylation

is likely to play a key role in shunting of activation of feedback
signaling that occurs when mTORC1 is inactivated. These negative
phosphorylation events may  also play a key role in negatively reg-
ulating feedback signaling that can be engaged by pharmacological
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nhibition of mTORC1 with rapamycin or structural analogues sug-
esting that AMPK activators might be important co-therapeutics
or disease states, like cancer, where strong mTORC1 inhibition is
herapeutically desired. AMPK also phosphorylates a key target for
utophagy, Unc-51-like kinase (ULK1). This event is likely to play

 key role in AMPK’s ability to induce autophagy in a diverse array
f cell types [31]. Hence, AMPK phosphorylation targets provide a
echanistic rationale for AMPK regulation of fatty acid synthesis,

rotein synthesis and autophagy.
There is also strong evidence that activation of AMPK leads to

nhibition of mitogen activated protein kinase (MAPK) signaling
athways, including ERK [20,71,99]. This is important because the
RK pathway is linked to changes in neuronal excitability and is
nown to play an important role along the pain neuronal axis
o as an inducer of pain plasticity [65]. While the mechanisms
hrough which AMPK activation achieves inhibition of ERK activity
re still not completely understood, this is likely linked to AMPK-
ediated phosphorylation of IRS1 and concomitant inhibition of

mall GTPase signaling molecules that link Trk signaling to MAPK
ctivity.

. AMPK regulation of ion channels

While much work has focused on AMPK regulation of intra-
ellular signaling pathways, relatively few studies have examined
MPK regulation of ion channel function. Given the general energy
onservation role of the kinase during low glucose availability,
odulation of channel activity that ultimately leads to decreased

ellular activity might be predicted. One of the earliest identified
hannel targets of AMPK was the cystic fibrosis transmembrane
onductance regulator (CFTR). Phosphorylation of CFTR by AMPK
esults in a decrease in open probability [42] and also prevents
KA stimulation of the channel [55]. Several years following the
iscovery of CFTR modulation, it was found that AMPK negatively
egulates epithelial Na+ channel (ENaC) membrane expression,
lthough not through direct phosphorylation but through phos-
horylation of the ubiquitin ligase Nedd4-2 which then decreases
NaC expression [13,19]. AMPK can also increase KATP (Kir6.2)
hannel activity and membrane expression [98,108]. And AMPK
ppears to participate in increased BKCa channel expression in outer
air cells of the ear [35]. However, AMPK is known to contribute
o hyperpolarizing shifts in the voltage dependence of Nav1.5,
ecreased amplitudes of BKCa, TASK, and TREK channel currents,
nd decreased membrane expression of Kv7.1 and Kir2.1 channels
5], all effects that would presumably enhance cellular activity. So
he ultimate role of AMPK channel modulation in cellular activity
s not entirely clear.

All of the effects of AMPK on ion channels described above
ave been documented in non-neuronal cells or cell lines. While
any of these channels are present in neurons and could be sub-

ect to similar regulation by AMPK, whether direct modulation
f channels by this kinase occurs in neurons is largely unknown.
t the time of this writing, only a single study has examined
irect AMPK effects on channels in neurons. In rat hippocampal
eurons, activation of AMPK caused hyperpolarizing shifts in K+

hannel currents, an effect that was abolished by including anti-
odies against Kv2.1 in the recording pipette [47]. A direct effect
f AMPK on Kv2.1 was also confirmed in this study in HEK cells
here direct phosphorylation of Kv2.1 was observed as were sim-

lar shifts in channel properties to those in neurons. Thus, there is
recedence for the concept that AMPK activation in neurons can

ampen excitability, in this case via increased K+ channel activity.
learly, more study is required to determine whether and which
hannels are directly modulated by AMPK within the nervous
ystem.
e Letters 557 (2013) 9– 18

The potential also exists that AMPK activation can indirectly
modulate channel activity or expression in neurons. As mentioned
above, AMPK phosphorylates Nedd4-2, which is present in neu-
rons and may lead to modulation of expression of multiple channel
types on neuronal membranes. Nedd4-2 is known to interact with
numerous channel types including voltage gated Na+ channels,
KCNQ channels, and ClC-2 chloride channels [16] suggesting that
an AMPK/Nedd4-2 modulatory mechanism may  occur in neurons
although this has not been tested experimentally.

Another potential indirect modulatory mechanism mediated by
AMPK is via the decrease in ERK activity described above. ERK
modulation of several channel types has been documented includ-
ing Kv4.2 [4,90], a K+ channel subtype contributing to transient
outward or A-type K+ currents, and Cav2.2 channels [67] mediat-
ing N-type Ca2+ current and the target of the analgesic ziconotide.
Another is Nav1.7, a channel thought to contribute to amplification
of generator potentials to near threshold for action potential firing.
ERK is known to phosphorylate Nav1.7 on specific residues on an
intracellular loop of the channel [97]. We  have recently published
that ERK1 specifically interacts with Nav1.7 after IL-6 exposure
[107]. ERK phosphorylation of Nav1.7 mediates an increase in
action potential firing and a decrease in latency to first action
potential in sensory neurons stimulated with depolarizing ramp
current injections [97]. Importantly for the purposes of this review,
Nav1.7 is linked to human pain conditions wherein loss-of-function
results in insensitivity to pain while gain-of-function causes ery-
thromelalgia and paroxysmal extreme pain disorder [28]. Hence,
genetic evidence clearly demonstrates an important role for Nav1.7
in human pain disorders. Other lines of evidence implicate Nav1.7
in acquired pain states. Inhibition of Nav1.7 with small molecules
decreases sensory neuron excitability [33,89]. Genetic deletion of
Nav1.7 in mice leads to marked decreases in acute and inflamma-
tory pain [75] although neuropathic pain is unaffected [74]. Despite
a lack of evidence for a neuropathic pain phenotype in Nav1.7 con-
ditional knockout mice, pharmacological inhibition of Nav1.7 with
several distinct classes of inhibitors leads to a reduction of allo-
dynia in preclinical neuropathic pain models [45,46,63,100]. Hence,
human clinical findings and pharmacological inhibition of Nav1.7
creates a compelling rationale for targeting Nav1.7 in human pain
disorders. We  have recently shown that AMPK activators both
decrease ERK phosphorylation and decrease excitability of sensory
neurons in response to ramp currents, an effect consistent with
decreased phosphorylation of the voltage-gated sodium channel
Nav1.7 [71]. Although not a direct effect of AMPK on Nav1.7, the
negative regulation of ERK activity nonetheless contributes to the
overall decrease in neuronal excitability due to AMPK (Fig. 1).

6. AMPK as a regulator of neuronal function, plasticity and
neurodegeneration

As noted above, AMPK is known to affect several ion channel
targets. Although relatively few studies have examined the effect
of these targets in neurons, there is a wealth of emerging evidence
that AMPK activation plays a significant role in important neuronal
processes. The mTORC1 pathway is now an extensively studied tar-
get for the regulation of activity-dependent protein synthesis and
neuronal plasticity [53]. Emerging evidence suggests that AMPK
activation induces an effect on neuronal plasticity via mTORC1. For
instance, activation of AMPK suppresses mTORC1 activity induced
by long-term potentiation (LTP) and therefore negatively regulates
LTP [85]. It still not known if this manifests as a physiological conse-

quence of pharmacological activation of AMPK at clinically relevant
doses of AMPK activators, such as metformin. This is somewhat
unlikely given that metformin is so widely used and this potential
side effect is not reported in the clinical literature.
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AMPK activity in specific brain regions, in particular the
ypothalamus, has been shown to play an important role in feed-

ng behavior [14]. In this regard, it is clear that hypothalamic AMPK
esponds, both negatively and positively to a variety of hormones
hat play a key role in brain-mediated metabolic functions. For
nstance, thyroid hormone is a negative regulator of hypothalamic
MPK and this negative regulation plays a key role in metabolic
hanges induced by hyperthyroidism [64]. Similarly, the orexigenic
ormone leptin strongly suppresses hypothalamic AMPK activity.
n the other hand, ghrelin stimulates hypothalamic AMPK activity

29]. Hence, hypothalamic AMPK plays a central role in the regula-
ion of hypothalamic function by peripheral hormones.

There is also strong evidence that AMPK plays an important role
n protection of brain neurons from excitotoxicity and may  be an
mportant target for the alleviation of neurodegenerative disorders
96]. Several studies have now shown that AMPK activators sup-
ress neurotoxicity associated with factors that are increased in
he brains of humans with Alzheimer’s disease. Activation of AMPK
ith resveratrol stimulates increased clearance of amyloid � pro-

ein in preclinical models, an affect linked to autophagy induction
ia AMPK activation [102]. There is also evidence that AMPK acti-
ation may  be linked to neuroprotection in Huntington’s disease
81] and to protection against axonal degeneration in diabetes [88].
ence, in addition to pain, the topic of this review, AMPK activators
ay  have use in a variety of neurological disorders.

. Rationale for targeting AMPK in pain

The unique positioning of AMPK as a negative regulator
f mTORC1-mediated, activity-dependent protein synthesis and
ther signaling pathways that are linked to chronic pain make this
inase an ideal target to harness an endogenous regulatory mech-
nism that may  dampen nociceptor excitability and sensitization
77]. Two major targets for AMPK are the mTORC1 pathway and

APKs. Both of these targets play an important role in pain plas-
icity. The role of MAPKs has been extensively reviewed [49,65,77],
ence, we will not touch on this topic here except where there is
irect evidence for AMPK-mediated negative regulation of MAPKs

n pain. The mTORC1 pathway and its role in activity-dependent
rotein synthesis, on the other hand, has only recently received
ttention in the field so we will briefly review the evidence for a
ole of mTORC1 in pain plasticity here.

Over the past decade, work from our and other laborato-
ies has clearly demonstrated that translation control of gene
xpression is a key factor in initiation and maintenance of pain
ypersensitivity in a wide range of preclinical pain models
15,34,38,50,70,71,86,87,99]. This work has shown that trans-
ation control, via mTORC1 contributes to the basal sensitivity
f a subset of nociceptors [50] and, perhaps more importantly,
ontributes to local changes in gene expression in response to
njury [15,34,38,50,87,99] or specific algogens [70,99] to promote
ociceptive hypersensitivity. This latter point demonstrates an

mportant role for local, activity-dependent translation in periph-
ral nociceptive plasticity [86]. This is a crucial distinction because
ctivity-dependent translation is controlled by a specific set of
inases, mainly mTORC1 and MAPKs, that provide therapeutic
pportunities for pharmacological intervention [95]. In fact, there
s already compelling evidence that mTOR is a key kinase con-
rolling plasticity in the nociceptive system [38,50,62,71,87,93].
ecause these experiments have largely relied on rapamycin, a
pecific inhibitor of mTORC1, these effects appear to be linked to

ranslation control, the major function of mTORC1. Unfortunately,
hile local, short-term inhibition of mTORC1 leads to blockade of
ain hypersensitivity, we have recently shown that long-term inhi-
ition of mTORC1 (either pharmacologically or genetically) leads to
e Letters 557 (2013) 9– 18 13

feedback activation of ERK causing nociceptive hypersensitivity
[72]. These feedback mechanisms in mTORC1 signaling have long
been recognized [39] and have almost certainly contributed to the
failure of mTORC1 inhibitors in several cancer clinical trials [21].
Hence, although mTORC1 is an obvious target for pain therapeutics
due to its mechanistic importance, it is unlikely that clinicians will
advantageously target this specific mechanism because of its side-
effect profile (which includes immune suppression). Importantly,
this rapamycin-induced nociceptive hypersensitivity is alleviated
by AMPK activators due to their ability to suppress feedback-
signaling emerging from prolonged direct inhibition of mTORC1.

The picture emerging from this body of work is that activity-
dependent translation control, either controlled by mTORC1 or
ERK/MNK/eIF4E, plays a key role in the hypersensitivity developing
in the nociceptive system following injury. However, pharmaco-
logical targeting of these pathways must be carefully controlled
due to the extensive feedback kinase signaling networks activated
by targeting individual kinases. In this regard, it is potentially
advantageous to utilize “agonists” of a kinase that can nega-
tively regulate activity-dependent translation and block feedback
signaling mechanisms. Based on the extensive work described
above in other systems, one kinase, AMPK, fits this potential thera-
peutic opportunity. To this end, we  have recently shown that AMPK
activators reduce peripheral nerve injury-induced allodynia and
decrease excitability of sensory neurons in vitro [69]. We  have also
shown that resveratrol, a natural product AMPK activator, reduces
incision-induced allodynia in mice via an AMPK-mediated mecha-
nism [99]. These findings create a compelling case for the further
exploration of AMPK activators for the treatment of a variety of
chronic pain states.

8. Neuropathic pain and AMPK

The first evidence for a role of AMPK in pain modulation came
from studies in animals with traumatic injury to peripheral nerves
[71]. As noted above, it was already known that mTORC1 activ-
ity [7,38,76], and translation control in general [86,87], plays an
important nerve injury-induced excitability and allodynia. To this
end, we demonstrated that peripheral nerve injury (PNI) induces
a fundamental reorganization of the translation machinery in the
peripheral nervous system such that signaling pathway mediators
(e.g. mTOR and ERK) and their downstream partners (4EBP and
eIF4E) are increased. Moreover, RNA binding proteins and upstream
regulators of translational machinery signaling are increased by
PNI and these molecular events are linked to an increase in
nascent protein synthesis in the sciatic nerve. We  then asked if
treatment with AMPK activators led to a decrease a PNI-induced
allodynia in rats and mice. Both metformin and A769662 signif-
icantly reduced nerve injury-induced allodynia after 2–3 days of
systemic treatment. Remarkably, a 7 day treatment with either of
these compounds leads to a resolution of neuropathic allodynia that
is not reversed following cessation of treatment, even in animals
with long-standing PNI (up to 60 days, [71,72]). Hence, these find-
ings suggest that prolonged treatment with AMPK activators had
disease-modifying properties on neuropathic allodynia. Because
metformin treatment also reduces the PNI-induced increase in
nascent protein synthesis in the peripheral nerve we hypothesize
that these effects are functionally linked to a restoration of protein
synthesis homeostasis following prolonged treatment.

This does not mean that AMPK stimulation with metformin
or other AMPK activators leads to a complete block of protein

synthesis in peripheral nerves or other tissues. In terms of over-
all protein synthesis rate, metformin simply normalizes this to
rates seen in uninjured nerves [71]. Moreover, proteomic profil-
ing of injured sciatic nerves after PNI indicates that metformin
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hanges the proteomic profile of the injured nerve such that certain
ene clusters associated with increased excitability are decreased
hereas clusters associated with regeneration are increased [73].

his may  be associated with an emerging role, as discussed above,
or AMPK activation in neuroprotection. In this regard, we found
hat apolipoprotein E (ApoE), a gene associated with Alzheimer’s
isease is increased by nerve injury and further increased by met-
ormin treatment. In fact, in naïve mice, metformin treatment
ncreases ApoE expression in the peripheral nervous system [73].
ecause ApoE is associated with functional recovery of peripheral
ervous system function after injury [61], this finding may  suggest
hat in addition to metformin’s anti-allodynic effects the drug may
lso promote functional recovery after PNI.

Importantly, AMPK activators also have profound effects on
ensory neurons in culture, both in terms of signaling path-
ays and excitability. Treatment of dorsal root ganglion (DRG)

r trigeminal ganglion (TG) neurons in culture leads to a time-
nd concentration-dependent inhibition of mTORC1 signaling and,
n some cases, a reduction of ERK activity [71]. And as described
bove, AMPK activators reduce the excitability of these neurons
n response to ramp-evoked spiking protocols [71], an effect con-
istent with voltage-gated sodium channel modulation. The time-
nd concentration-dependence of these events are correlated with
iochemical signaling events suggesting an AMPK-mediated effect.
herefore, AMPK activation reverses neuropathic allodynia and
athologies in protein synthesis rates in response to PNI and
odifies signaling pathways and excitability in relevant neuronal

ystems in vitro.
An important question arises with respect to these findings

rom the long-standing use of metformin in the clinic for type II
iabetes. Type II diabetes is a well-known cause of chronic neuro-
athic pain due to the toxic effects of prolonged hyperglycemia on
eripheral nerves. Does metformin have an influence on diabetes-

nduced painful neuropathy? In many ways this is a confounded
xperiment because metformin is glucose lowering and would
herefore be expected to reduce the incidence of diabetic neu-
opathy due to its anti-hyperglycemic effects. There are, however,
ays to address this question when comparing metformin to other

nti-hyperglycemics. Interestingly, one study has shown that the
ncidence of diabetic neuropathic pain is reduced in patients treated

ith metformin versus those treated with insulin [84]. While more
ork is clearly needed to understand how this effect might be
ediated or if it can be reproduced in different or larger popula-

ions, the finding suggests that an anti-neuropathic pain signature
or metformin might already be present in a large clinical popula-
ion. Another key piece of evidence comes from two case reports
howing that treatment with metformin for newly diagnosed type
I diabetes reverses previously established chronic pain conditions
nrelated to type II diabetes [58,59]. While only prospective tri-
ls with metformin in non-diabetic populations will be able to
etermine the potential clinical utility of this drug, several recent
rials with metformin for cancer suggest that this common and
afe drug can achieve success in the clinic for non-traditional
ses.

Recently salicylate has been shown to activate AMPK [44].
nterestingly, while salicylate and other NSAIDs show little effi-
acy for neuropathic pain when given systemically, small trials
ave suggested that topical salicylate, where concentrations can
each much higher levels than can be tolerated systemically, is
ffective for certain types of localized neuropathic pain [56]. The
echanism of action of salicylate has not been explained for this

pparent clinical action. Several other NSAIDs also demonstrate

fficacy for neuropathic pain when given at high concentrations
opically [68]. It is not known if this salicylate effect is medi-
ted by AMPK or it other NSAIDs have a generalized action on
MPK.
e Letters 557 (2013) 9– 18

9. Post-surgical pain and AMPK

Despite the proliferation of analgesics and the development of
innovative pharmacological strategies to treat post-surgical pain,
chronic pain still occurs in up to 50% of surgical patients [51,52]
and up to a quarter of all chronic pain patients suffer from per-
sistent pain because of a prior surgery [26]. This chronic pain can
be debilitating in 2–10% of this population [51,52] highlighting
the importance of gaining a better understanding of chronic pain
following surgery and developing novel therapeutics. Population-
based studies suggest that both pre-surgery pain state and acute
post-surgical pain are predictors of chronic pain following surgery
[43,52,82]. Surveys of hospital care of post-surgical pain demon-
strate clear deficiencies in adherence to protocols and utilization
of multimodal analgesia, however, the occurrence rate of these
shortcomings (∼15% [12]) are incongruent with the notion that
this is the primary reason that surgery patients develop chronic
pain (as high as 40–50% in some populations [51,52]). Furthermore,
this area is still highly reliant on opioid analgesics and this class
of drugs is fraught with serious side-effects, potential for exac-
erbation of chronic pain (as has been shown preclinically with
fentanyl [57]) and abuse liabilities. As a result, it is not clear whether
chronic post-surgical pain is due to inadequate treatment of acute
post-surgical pain or whether the currently available therapeutics
used to treat acute post-surgical pain do not prevent the transition
to chronic pain. Novel therapeutics that directly target molecu-
lar events responsible for driving incision-induced pain and its
chronification may  relieve the burden that this problem presents
for patients, clinicians and healthcare systems [91].

The development of a preclinical model for post-surgical pain,
the hindpaw incision model [17,18], has greatly enhanced our
understanding of how endogenous mediators released as a result
of incision lead to activation and sensitization of nociceptors. Two
of the major endogenous mediators released following incision are
NGF and IL-6 [23]. Of these, the effects of NGF are best understood
as NGF is clearly increased at the site of incision and its release is
directly linked to post-surgical pain and nociceptor sensitization
[9,104,105,109]. These findings led to the view that anti-NGF ther-
apies might be useful in the treatment of post-surgical pain and, by
extension, in avoiding the transition to chronic pain after surgery
[109]. While the fate of anti-NGF trials remains to be seen, mech-
anisms that target downstream mediators of NGF might also find
clinic utility for the treatment of post-surgical pain.

NGF and IL6 lead to engagement of the mTORC1 and ERK path-
ways, respectively, in nociceptors and their axons [70]. Engagement
of these pathways is functionally linked to the development
of mechanical allodynia [70] and to the presence of persistent
nociceptive sensitization to subsequent noxious stimuli follow-
ing recovery from the initial NGF and/or IL-6 injection [8]. A role
for ERK in the sensitization of nociceptors is well established
[32,49,66,78,112] but a critical role for mTORC1 has only recently
been recognized as described above [8,38,50,70,86,87].

We hypothesized that AMPK activators might represent a
unique class of drugs for the attenuation of post-surgical pain and
the prevention of chronic pain brought on by surgery. Regional
application of local anesthetics has long been a mainstay of
post-surgical pain control and recent treatments (e.g. capsaicin
instillation) have successfully demonstrated that targeting the
activity of peripheral nociceptors at the site of incision is a viable
approach for the alleviation of post-surgical pain [2,3]. Along
these lines, we evaluated whether local treatment with resveratrol
would alleviate incision-induced allodynia and hyperalgesic prim-

ing. Resveratrol, given locally at the time of incision and/or 24 h
following incision, leads to a significant reversal of incision-induced
allodynia in either treatment regime. Moreover, it completely
blocks the development of hyperalgesic priming suggesting an
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mportant protective effect from the development of susceptibil-
ty to a chronic pain state following surgery [99]. Resveratrol also
ompletely blocked the allodynic effects of IL-6 and/or NGF in mice
uggesting a role of AMPK in alleviating pro-nociceptive signaling
nduced by these important pain-promoting factors. In vitro studies
evealed that resveratrol potently activates AMPK in sensory neu-
ons and inhibits mTORC1 and ERK activity leading to a reduction
f cap-dependent translation. These effect of resveratrol were not
ediated by SIRT1 as they were unaffected by SIRT1 modulators

99]. Hence, resveratrol shares biochemical properties with other
MPK activators in vitro and inhibits allodynia development in vivo
onsistent with properties of metformin and A7689662 described
bove. Interestingly, several previous investigations have demon-
trated an anti-hyperalgesic property of peripherally administered
esveratrol but none had investigated its precise mechanism of
ction [11,37,83,106]. The available biochemical evidence points in
he direction of AMPK. While more work is needed in this area, the
vailable evidence points to an important opportunity for AMPK as

 preventive measure for the development of chronic post-surgical
ain.

In the case of post-surgical pain, it can again be asked why
 role for metformin in inhibition of the development of chronic
ain induced by surgery has not already been indicated due to its
idespread use. Here it is important to note that metformin has

een contra-indicated for decades in the 48 h around surgery due
o risk of possible lactic acidosis. This clinical guideline is based
argely on case reports and is not supported by population-based
tudies [41,94,103]. In fact, there is strong evidence that recent
etformin ingestion is not a risk factor after cardiac surgery and
ay  actually be beneficial due to its cardioprotective qualities [30].
ence, several investigators have suggested that risk of lactic acid-
sis be evaluated before discontinuation of metformin for surgery
30,94]. While this controversy is clearly still unresolved, we  wish
o make several points: (1) the existing evidence does not abso-
utely rule out the use of metformin as a treatment for post-surgical
ain [30,94], (2) it is unlikely that this rare effect of metformin is
n AMPK class effect as metformin directly inhibits mitochondrial
espiratory complex 1 [80] and (3) surgery offers unique opportuni-
ies for local application of drug, as we have already demonstrated
reclinically with resveratrol.

0. Pharmacological opportunities for AMPK in pain

Based on the preclinical findings discussed above, we propose
hat there are several important opportunities for targeting AMPK
n the clinic for the treatment of chronic pain. The most obvious
s to design and conduct prospective trials for metformin or phen-
ormin (in countries where it is available) for neuropathic pain or
ost-surgical pain. Although these drugs have been widely used
s anti-hyperglycemics for type II diabetes, there are no indica-
ions that they cause hypoglycemia in individuals with normal
lucose handling capacity, therefore it is unlikely that they will
ause adverse effects in a normoglycemic populations. Moreover,
here is already some evidence that these compounds might be
ffective for neuropathic pain based on the lower incidence of neu-
opathic diabetic pain in patients taking metformin [84] and limited
ase reports for other types of chronic pain [58,59]. This rationale
nd evidence aside, metformin and phenformin are only weak acti-
ators of AMPK and it is as yet unclear that they reach therapeutic
evels in relevant tissues (e.g. peripheral nervous tissue) in humans.
here are several strategies that might be employed to achieve

etter AMPK activation in the clinic for the alleviation of chronic
ain.

One route would include the further development of posi-
ive allosteric modulators for AMPK. These compounds exist (e.g.
e Letters 557 (2013) 9– 18 15

A769662 and OSU-53) and we have shown efficacy for A769662
in neuropathic pain models [71]. This compound also profoundly
reduces mTORC1 and ERK activity and excitability in peripheral
sensory neurons. A wide variety of potential positive allosteric
modulators have been published in the patent literature [40]. The
developmental stage of these compounds is unclear, as is their clin-
ical safety profile. However, in our view, this class of compounds
holds great potential in the pain arena for several important rea-
sons. (1) These compounds are generally at least 100 times more
potent in activating AMPK than metformin and they have clear
advantages in terms of efficacy [40]. (2) They can target specific
subunits (e.g. �2 for A769662) therefore achieving strong AMPK
activation in certain tissues while avoiding potentially negative
effects in other tissues that have unique AMPK subunit expression
like skeletal muscle [20,40]. (3) Indirect activators of AMPK have
diverse targets arising largely from their lack of potency [20,40]
whereas direct AMPK activators offer the opportunity for very spe-
cific AMPK-mediated effect because they target the kinase through
allosteric binding. (4) Finally, these compounds have “agonist”-like
properties at AMPK [40] suggesting that clinically meaningful tar-
get engagement may not require full target coverage as is so often
the case for the antagonist or active site inhibitor approach. Hence,
the therapeutic window for this class of compounds may be broader
than would otherwise be expected for kinase inhibitors.

A final pharmacological opportunity arises from the diverse
mechanisms and pharmacology through which AMPK can be acti-
vated. It is formally possible that allosteric activators of AMPK
will have dose-limiting toxicities due to the ubiquitous nature
of AMPK (ignoring the possibility for subunit-specific activation
in only desired tissues). Having noted this, it is possible that
combining indirect and direct AMPK activators will be able to
achieve pharmacological synergism. Indirect activators enhance
AMPK phosphorylation whereas direct allosteric activators pro-
tect the kinase from dephosphorylation via � or � subunits. Based
on this mechanistic understanding, it is possible that combin-
ing upstream LKB1 or CaMKK� activation with indirect activators
leading to enhanced AMPK phosphorylation will synergize with
protection from dephosphorylation with direct activators in terms
of enhancement of AMPK activity. While this idea has not been
tested it does reveal several interesting therapeutic scenarios. The
most obvious is oral treatment with metformin (an indirect acti-
vator) combined with local treatment with a direct activator at the
site of pain or surgery. If synergism can be achieved at AMPK, this
treatment regime would be expected to promote strong local AMPK
activation while sparing AMPK activation systemically that might
lead to undesired side effects.

11. Concluding remarks

The past decade has seen enormous growth in our under-
standing of the physiology and pharmacology of AMPK. A growing
understanding has paralleled these advances that cellular processes
that are under the control of AMPK play a key role in sensitizing pain
pathways following peripheral injury. These same pathways may
also play a key role in the development of chronic pain that often
persists after the resolution of injury induced by the precipitating
insult. Therefore, the evidence presented above suggests that AMPK
stands in a prime position for the development of novel therapeu-
tic strategies for the treatment and/or prevention of chronic pain.
Clearly time will tell, but we  look forward to exciting discoveries in
this area of work in the coming years.
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