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Abstract
AMP-activated protein kinase (AMPK) is a key cellular sensor of reduced energy supply that is
activated by increases in the cellular ratio of AMP/ATP. Phenformin and 5-aminoimida-zole-4-
carboxamide riboside (AICAR) are two drugs widely used to activate AMPK experimentally. In both
differentiated hippocampal neurons and neuroblastoma SH-SY5Y cells we found that these two
agents not only activated AMPK, but conversely greatly reduced the activating Ser/Thr
phosphorylation of Akt. This blockade of Akt activity consequently lowered the inhibitory serine-
phosphorylation of its substrates, glycogen synthase kinase-3a/b (GSK3a/b). An inhibitor of AMPK
(Compound C) did not block dephosphorylation of Akt and GSK3. Thus, both drugs widely used to
activate AMPK also caused dephosphorylation of Akt and of GSK3. The mechanism for Akt
dephosphorylation caused by phenformin, but not AICAR, was due to inhibition of growth factor-
induced signaling that leads to Akt phosphorylation. Stimulation of muscarinic receptors with
carbachol in SH-SY5Y cells also activated AMPK and transiently caused dephosphorylation of Akt.
These findings show that Akt dephosphorylation often occurs concomitantly with AMPK activation
when cells are treated with phenformin or AICAR, indicating that these drugs do not only affect
AMPK but also cause a coordinated inverse regulation of AMPK and Akt.
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1. Introduction
The responses of enzymes that sense cellular stress critically influences cell fate, which can
range from adaptation and recovery to debilitation and death. AMP-activated protein kinase
(AMPK) is one of these crucial stress-sensing enzymes, which is conveyed by its sensitivity
to AMP. Stressful or pathological conditions that provoke ATP depletion cause increases in
the amount of AMP bound to AMPK [1,2]. AMP binding to AMPK allosterically increases its
activity and, more importantly, facilitates the activating phosphorylation of AMPK on
threonine-172, which is mediated by LKB1 [3,4], and inhibits its dephosphorylation, thus
efficiently activating AMPK by multiple mechanisms [2]. Experimentally, two drugs are
widely used to specifically activate AMPK, 5-aminoimida-zole-4-carboxamide riboside
(AICAR) and phenformin. AICAR is an adenosine analog that is easily taken up by cells and
then is rapidly phosphorylated to form 5-aminoimidazole-4-carboxamide-1-D-
ribofuranosyl-5′-monophosphate, which mimics the activating effects of AMP on AMPK
[5-7]. In contrast, the mechanism by which phenformin activates AMPK is still unclear [1,2].

*Corresponding author at: Department of Psychiatry and Behavioral Neurobiology, Sparks Center 1057, University of Alabama at
Birmingham, Birmingham, AL 35294-0017, United States. Tel.: +1 205 934 7023; fax: +1 205 934 3709. E-mail address: jope@uab.edu
(R.S. Jope).

NIH Public Access
Author Manuscript
Biochem Pharmacol. Author manuscript; available in PMC 2006 October 20.

Published in final edited form as:
Biochem Pharmacol. 2006 May 28; 71(11): 1637–1647.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Like several other key enzymes that are activated by cell stress, AMPK can promote responses
to aid cellular recovery and survival following ATP depletion. Thus, AMPK promotes
catabolism to enhance ATP synthesis and reduces anabolism to spare ATP utilization.
Although these actions of AMPK support cell survival [8-13], activation of AMPK also has
been reported to promote apoptotic cell death [14-21].

Akt and GSK3 also are important enzymes that regulate many cellular functions in
physiological as well as pathological conditions. Akt is activated by dual phosphorylation on
Thr308 and Ser473 which is often a downstream consequence of phosphatidylinositol 3-kinase
(PI3K) activated by growth factor receptor signaling cascades or cellular stress [22]. Among
the most prevalent targets of Akt are the two isoforms of GSK3 which are inhibited by Akt-
mediated phosphorylation of an N-terminal serine, serine-9 in GSK3b or serine-21 in GSK3a
[23,24]. This coupling of Akt and GSK3 leads to inverse changes in their activities, when Akt
is activated by phosphorylation it maintains GSK3 in a serine-phosphorylated inhibited state,
and decreases in Akt activity lead to dephosphorylation and activation of GSK3.

While examining the effects of treatments that activate AMPK we noted concomitant changes
in the phosphorylation states of Akt and GSK3. The results show in two neuronal model
systems, mouse differentiated immortalized hippocampal cells and human neuroblastoma SH-
SY5Y cells, that in addition to activating AMPK, dephosphorylation of Akt and GSK3 also
occurred after treatment with either phenformin and AICAR, but by different mechanisms.

2. Materials and methods
2.1. Cells and treatments—Human neuroblastoma SH-SY5Y cells were grown in RPMI
1640 medium containing 10% horse serum (Life Technologies, Gaithersburg, MD), 5% fetal
clone II (Hyclone, Logan, UT), 2 mM L-glutamine, 100 U/ml penicillin, and 100 μg/ml
streptomycin (Life Technologies) in humidified, 37 °C chambers with 5% CO2. Immortalized
hippocampal neurons [25] (generously provided by Dr. M.F. Mehler, Albert Einstein College
of Medicine) were differentiated by incubation for 2-3 days at 39 °C in Neurobasal media
containing B27 supplement [26] prior to experimental manipulations. Where indicated, cells
were treated with 10 mM phenformin, 3 mM 5-aminoimidazole-4-carboxamide riboside
(AICAR), 20 mM LiCl, 300 μM carbachol (Sigma, St. Louis, MO), 40 μM Compound C
(generously provided by Dr. Gaochao Zhou, Merck Research Laboratories, Rahway, NJ), or
50 ng/ml insulin-like growth factor-1 (IGF-1) (Serologicals, Purchase, NY).

2.2. Immunoblotting—Cells were washed twice with PBS, and lysed in lysis buffer (20 mM
Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM sodium orthovanadate, 100
μM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 5 μg/ml pepstatin,
50 mM NaF, 1 nM okadaic acid and 0.5% NP-40). The lysates were sonicated for 10 s on ice,
centrifuged at 16,000 × g for 15 min, and supernatants were collected. Protein concentrations
were determined using the bicinchoninic method (Pierce, Rockford, IL). Cell lysates were
mixed with Laemmli sample buffer and placed in a boiling water bath for 5 min. Proteins (10-20
μg) were resolved in 7.5% SDS-polyacrylamide gels, and transferred to nitrocellulose. Blots
were probed with antibodies to phospho-Ser9-GSK3b, phospho-Ser21-GSK3a, phospho-
Tyr279/216-GSK3a/b, total GSK3a/b, phospho-Thr308-Akt, phospho-Ser473-Akt, total Akt,
phospho-Ser79-acetyl-coenzyme A carboxylase (ACC), phospho-Thr172-AMPK, or total
AMPK (Cell Signaling Technology, Beverly, MA). Immunoblots were developed using
horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG (Bio-Rad
Laboratories, Hercules, CA), followed by detection with enhanced chemiluminescence.

2.3. Enzyme activities—Akt activity was measured after immunoprecipitation of Akt from
100 μg protein, using a non-radioactive Akt activity assay kit according to the manufacturer’s
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instructions (Cell Signaling Technology). GSK3b activity was measured as described
previously [27] after immunoprecipitation of GSK3b from 100 μg protein. Immobilized
immune complexes were washed twice with lysis buffer and twice with kinase buffer (10 mM
MOPS, pH 7.4, 1 mM EDTA, 10 mM magnesium acetate, 20 mM magnesium chloride, 1 mM
dithiothreitol, 1 μg/ml aprotinin, 1 mM benzamidine, 50 mM b-glycerophosphate, 0.1 mM
okadaic acid, 1 mM sodium orthovanadate, and 0.5 mM NaF). Kinase activity was measured
by mixing immunoprecipitates with 30 ml of kinase buffer containing 125 mMATP,1.4 mCi
[g-32P]-ATP, and 0.1 μg/ml recombinant tau protein (Panvera, Madison, WI). The samples
were incubated at 30 °C for 15 min, and 25 mlof Laemmlisample buffer was added to each
sample to stop the reaction. Samples were placed in a boiling water bath for 5 min, and proteins
were separated in 7.5% SDS-polyacrylamide gels. The gels were vacuum-dried, exposed to a
phosphoscreen overnight, and quantitated using a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA). The efficiencies of immunoprecipitations were determined by
immunoblotting with appropriate antibodies.

3. Results
3.1. Phenformin treatment activates AMPK and reduces the phosphorylation of
Akt and GSK3—To test if activators of AMPK have a regulatory influence on Akt and GSK3,
differentiated hippocampal neurons were treated with the AMPK activator phenformin and the
regulatory phosphorylations of Akt and GSK3 were measured using immunoblot analyses with
phospho-specific antibodies to Akt or to each of the two isoforms of GSK3. Treatment with
10 mM phenformin caused a rapid, time-dependent increase in the phosphorylation of Ser79-
ACC (Fig. 1A), a well-characterized substrate of AMPK [28] that is widely used as a detector
of AMPK activation [29-33]. The phenformin-induced increase in phospho-Ser79-ACC was
evident within 10 min of treatment and was maintained for 120 min. Phenformin treatment
also increased the level of phospho-Thr172-AMPK, confirming the activation of AMPK,
whereas the level of AMPK protein did not change although its migration became more diffuse
with the appearance of a slower migrating band after phenformin treatment (Fig. 1A). These
results are consistent with several studies that have reported that phosphorylation of ACC is a
sensitive marker of AMPK activity, often more sensitive even than increased levels of phospho-
Thr172-AMPK [29-33], and verify that phenformin treatment activated AMPK in
differentiated hippocampal neurons.

Phenformin treatment of differentiated hippocampal neurons also caused large changes in the
phosphorylation levels of Akt and GSK3. Activation of Akt is mediated by dual
phosphorylation on Thr308 and Ser473. Phenformin (10 mM) treatment caused a time-
dependent decrease in the phosphorylation of Akt at both sites (Fig. 1B). Phenformin treatment
did not alter the total level of Akt except after the longer treatment times where there was a
modest decline. Considering the reduced phosphorylation of Akt caused by phenformin
treatment we also examined the serine-phosphorylation of the two isoforms of GSK3 which
are known to be substrates of Akt [34]. Phenformin treatment caused decreases in the inhibitory
serine-phosphorylation of both GSK3 isoforms with a time course similar to the decreased
phosphorylation of Akt (Fig. 1C). The tyrosine phosphorylation levels and total amounts of
both GSK3 isoforms were unchanged by phenformin treatment (Fig. 1C). In accordance with
the reduced phosphorylation levels of Akt and GSK3b, the activity of Akt decreased and the
activity of GSK3b increased following phenformin treatment (Fig. 1D), confirming that the
phosphorylation levels of Akt and GSK3 reflect their enzymatic activities. Thus, phenformin
treatment of differentiated hippocampal neurons caused reduced phosphorylation of Akt and
consequently reduced serine-phosphorylation of GSK3.

To test if these effects of phenformin were evident in proliferating cells which are most
commonly used in studies of AMPK, we used another neuronal model system, proliferating
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human neuroblastoma SH-SY5Y cells. The responses to phenformin were much slower in SH-
SY5Y cells than in differentiated hippocampal neurons. Treatment with 10 mM phenformin
increased the phosphorylation of ACC after 2 h and it remained highly phosphorylated for 5 h
although with some diminution in intensity at the longer treatment times (Fig. 2A). A similar,
though weaker, increase in phospho-Thr172-AMPK also occurred after phenformin treatment,
while the total protein level of AMPK remained constant. These results verify that phenformin
treatment caused a long-lasting activation of AMPK in SH-SY5Y cells. Substantial reductions
in the phosphorylation of Akt on both Ser473 and Thr308 were evident after phenformin
treatment in a time-dependent manner (Fig. 2B). Matching the reduced phosphorylation of Akt,
the phosphorylation of Ser9-GSK3b and Ser21-GSK3a were greatly reduced following
treatment with phenformin (Fig. 2C). The tyrosine-phosphorylated and total protein levels of
GSK3b and GSK3a initially were unchanged before diminishing after 5 h of treatment.

To test if phenformin reduced Akt phosphorylation by inhibiting intracellular signaling leading
to its activation, the phosphorylation of Akt induced by IGF-1 was examined. IGF-1 stimulates
receptors coupled to activation of PI3K which produces 3-phosphoinositides that activate
kinases responsible for mediating the activation-associated phosphorylation of Akt on Thr308
and Ser473. Differentiated hippocampal neurons that had been preincubated in B27-free media
to reduce basal Akt phosphorylation were stimulated with IGF-1 (50 ng/ml) with or without a
2 h pretreatment with 10 mM phenformin. IGF-1 treatment caused a rapid and sustained
increase in the levels of phospho-Ser473-Akt and phospho-Thr308-Akt in control
differentiated hippocampal neurons (Fig. 3A). However, pretreatment with phenformin greatly
diminished the phosphorylation of Akt induced by IGF-1 treatment. The effect of phenformin
on Akt phosphorylation induced by IGF-1 also was tested in SH-SY5Y cells that had been
preincubated in serum-free media. IGF-1 treatment caused a rapid increase in the levels of
phospho-Ser473-Akt and phospho-Thr308-Akt (Fig. 3B), and phenformin pretreatment largely
blocked IGF-1-induced phosphorylation of Akt at both sites (Fig. 3B). These results
demonstrate that treatment with phenformin inhibits growth factor-induced phosphorylation
of Akt.

To test if AMPK activation by phenformin was responsible for the dephosphorylation of Akt
and GSK3, cells were treated with the selective AMPK inhibitor Compound C [35].Forthese
experiments, differentiated hippocampal neurons were treated with a higher concentration of
Compound C (40 mM) than the generally used 10-20 mM concentrations [35-38] because in
preliminary concentration-response experiments the lower concentrations of Compound C
only slightly inhibited AMPK in these cells (data not shown). Pretreatment with 40 mM
Compound C reduced the phenformin-induced increase in the phosphorylation of ACC at Ser79
(Fig. 4A). However, Compound C treatment did not block the phenformin-induced decreases
in the phosphorylation of Akt or GSK3, but tended to increase these dephosphorylations,
especially of GSK3b (Fig. 4A). Equivalent effects also were observed in SH-SY5Y cells where
40 mM Compound C reduced the phenformin-induced increase in phospho-Ser79-ACC but
did not attenuate the dephosphorylation of Akt or GSK3 caused by phenformin treatment (Fig.
4B). Thus, phenformin treatment not only caused activation of AMPK but also caused
dephosphorylation of Akt and GSK3 by a mechanism that was not blocked by the AMPK
inhibitor Compound C, indicating that an AMPK-independent effect contributes to this
response to phenformin.

3.2. AICAR treatment activates AMPK and reduces the phosphorylation of Akt
and GSK3—To further examine the link between AMPK activation and the phosphorylation
levels of Akt and GSK3, we tested the effects of another activator of AMPK, AICAR.
Treatment of differentiated hippocampal neurons with 3 mM AICAR activated AMPK within
1 h as indicated by increased phosphorylation levels of ACC and of AMPK, and this was
maintained over a sustained period of time (Fig. 5A). At early times (1 and 2 h) after AICAR
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treatment when AMPK was activated there was neither a decrease in the phosphorylation of
Akt(instead it slightly increased)(Fig. 5B) nor in the serine-phosphorylation of either GSK3
isoform (Fig. 5C). However, with longer treatment times AICAR caused decreases in the
phosphorylation of Akt on Ser473 and Thr308 and reduced phospho-Ser9-GSK3b and
phospho-Ser21-GSK3a levels (Fig. 5C). AICAR treatment did not change the total level of
Akt or GSK3. These results demonstrate that AICAR, as well as phenformin, caused
dephosphorylation of Akt and GSK3, but this occurred with a time course that was delayed
compared with AMPK activation suggesting that AICAR regulated the phosphorylations of
Akt and GSK3 independently of its effects on AMPK. Unfortunately, Compound C cannot be
used in conjunction with AICAR because it blocks the uptake of AICAR into cells [39] so we
could not test directly if blocking AMPK activity with Compound C reduced the AICAR-
induced dephosphorylation of Akt and GSK3.

To test if AICAR inhibited growth factor-mediated signaling to Akt phosphorylation as did
phenformin, differentiated hippocampal neurons were stimulated with IGF-1 with or without
pretreatment with AICAR. In contrast to the inhibitory effect of phenformin, pretreatment with
AICAR did not inhibit IGF-1-induced phosphorylation of Akt (Fig. 6A). A similar outcome
was obtained with SH-SY5Y cells, in which IGF-1 treatment increased the dual
phosphorylation of Akt and this was unaffected by pretreatment with AICAR (Fig. 6B). Thus,
while AICAR shared with phenformin the properties of causing AMPK activation and
dephosphorylation of Akt and GSK3, only phenformin, not AICAR, blocked IGF-1-induced
Akt phosphorylation. These results indicate that although Akt dephosphorylation occurs with
both phenformin and AICAR, the results with IGF-1 indicate that different actions of
phenformin and AICAR account for inhibition of Akt phosphorylation.

3.3. Muscarinic receptor stimulation with carbachol induced AMPK activation—
In addition to drugs that directly activate AMPK, we tested if activation of a receptor-coupled
signaling pathway known to activate AMPK also modulated Akt and GSK3 phosphorylation.
Stimulation of muscarinic receptors with the cholinergic agonist carbachol previously was
reported to activate AMPK in rat parotid acinar cells [40]. Since SH-SY5Y cells endogenously
express muscarinic receptors, predominantly of the M3 subtype coupled to the
phosphoinositide signal transduction system [41], we tested if AMPK was activated by
muscarinic receptor stimulation in SH-SY5Y cells and if it caused dephosphorylation of Akt
and GSK3. Treatment with carbachol increased the phosphorylation of AMPK and its substrate,
ACC, within 10 min, and this was maintained up to 60 min followed by a gradual decrease in
phosphorylation between 90 and 120 min after treatment (Fig. 7A). This confirms that
muscarinic receptor stimulation activates AMPK. Carbachol treatment caused a transient
decrease in the phosphorylation of Akt (Fig. 7B and C), but this rebounded towards control
levels after 30 min even while AMPK was highly activated. In contrast to all other treatments
that dephosphorylated Akt, there was no change in the phosphorylation of either of the two
isoforms of GSK3 (Fig. 7D). This may be due to activation of protein kinase C which is known
to be activated by the phosphoinositide signal transduction system and to phosphorylate Ser9
of GSK3b [42]. Pretreatment with 40 mM Compound C strongly inhibited AMPK activation
following carbachol treatment, and partially attenuated the dephosphorylation of Akt (Fig. 7E),
indicating that the dephosphorylation of Akt was a parallel process to activation of AMPK.

4. Discussion
AMPK is a critical cellular sensor of reduced energy levels. In order to investigate its
physiological effects, AMPK is often experimentally activated by either of two agents,
phenformin or AICAR. These two drugs activate AMPK by different mechanisms, with
AICAR structurally mimicking the endogenous activator AMP, while several different
mechanisms involving activation of an AMPK-phosphorylating kinase have been proposed for
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the effect of phenformin and its analog metformin [43-48]. In non-proliferating differentiated
hippocampal neurons and in proliferating neuroblastoma SH-SY5Y cells, the present study
found that both phenformin and AICAR not only activated AMPK, but also greatly reduced
the phosphorylation of Akt on its regulatory Ser/Thr sites. Attenuation of AMPK with the
selective inhibitor Compound C did not block Akt dephosphorylation induced by phenformin
or muscarinic receptor activation, and the time courses of AMPK activation and Akt
dephosphorylation were markedly different following treatment with AICAR or carbachol.
Taken together these findings indicate that parallel pathways are activated by each of these
agents which concomitantly activate AMPK and dephosphorylate Akt, and consequently
GSK3. These results indicate that actions ascribed to AMPK following phenformin or AICAR
treatment may be influenced by the concomitant modulatory actions of these drugs on Akt and
GSK3. AMPK and Akt generally have opposing roles on cellular metabolism. AMPK is
activated when AMP levels increase in conjunction with decreased ATP levels, and activated
AMPK inhibits anabolic processes and promotes catabolism in order to minimize ATP
utilization while promoting ATP production [1,2]. Akt, on the other hand, generally promotes
anabolic cellular functions that utilize ATP, such as proliferation and cell growth [22], although
Akt may share with AMPK the ability to promote ATP synthesis by different mechanisms
[49]. Thus, the combined effects of AMPK activation and Akt inhibition caused by phenformin
and AICAR may accentuate the outcomes that have been ascribed to their activating effects
on AMPK.

The mechanistic basis of the dephosphorylation of Akt was found to differ between phenformin
and AICAR. Dephosphorylation of Akt by phenformin treatment was due to blockade of
intracellular signaling leading to Akt phosphorylation. This was evident because IGF-1-
induced Akt phosphorylation, an outcome of receptor-mediated activation of PI3K, was largely
blocked by phenformin. In contrast to the mechanism of action of phenformin, AICAR reduced
Akt phosphorylation by another mechanism because activation of Akt by IGF-1 was
unimpeded by AICAR treatment. A recent report also found Akt to be dephosphorylated
following AICAR treatment in C6 glioma cells [50], further verifying our conclusion that this
is a robust effect and it is not cell type specific. However, in those cells it was shown to be
through inactivation of PI3K, whereas our results indicated signaling from the IGF-1 receptor
through PI3K to Akt was not impaired by AICAR. Thus, the inhibitory mechanism of AICAR
requires further exploration to be defined, but it may involve activation of phosphatases that
are known to dephosphorylate Akt [22]. Alternatively, inhibition of other kinases may be
involved in the effects of AICAR because it was recently reported that AICAR inhibited the
serine-9 phosphorylation of GSK3b induced by co-treatment with a phorbol ester activator of
protein kinase C plus the calcium ionophore ionomycin [51]. Overall, the differential effects
of phenformin and AICAR on IGF-1-induced Akt phosphorylation indicated that the two drugs
which commonly activated AMPK caused Akt dephosphorylation by different mechanisms.

These results extend recent studies of an analog of phenformin, metformin, in which mixed
results have been obtained in evaluations of its effects on Akt phosphorylation. Treatment with
metformin increased insulin-induced Akt phosphorylation in cultured HepG2 cells [52] and
HGL5 cells[53], as well as in vivo in rat heart [54]. In contrast, metformin reduced Akt
phosphorylation stimulated by interleukin-1b or by high glucose [55], whereas Akt
phosphorylation was unaltered by metformin treatment in H4IIE cells [56] and in vivo in
diabetic muscle [57-59]. These mixed results with metformin indicate that context (i.e., cell
type and stimulus) as well as possible multiple targets of metformin cause this diversity of
effects on Akt phosphorylation. Whether or not such a variable outcome occurs with
phenformin awaits further studies, but in our examination of two different cell types, and with
both basal and IGF-1 stimulation, phenformin consistently reduced Akt phosphorylation.
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Compound C was developed as a selective inhibitor of AMPK[35] and it has been used in
several studies to decipher cellular effects of AMPK [36-38]. Inhibition of AMPK by
Compound C was evident in both hippocampal neurons and SH-SY5Y cells by its reduction
of the phenformin-induced phosphorylation of ACC, a prototypical AMPK substrate
commonly used as an indicator of AMPK activation [28]. Compound C also reduced
carbacholinduced activation of AMPK in SH-SY5Y cells. Although activation of AMPK
induced by phenformin or by carbachol was reduced by Compound C, there was little reduction
in the dephosphorylation of Akt. These results demonstrate that dephosphorylation of Akt is
not dependent on AMPK activation, although it is interesting that Akt dephosphorylation
consistently occurs concomitantly with AMPK activation, indicating an inverse regulation of
these two kinases.

As mentioned above, in addition to using direct activators of AMPK, we also examined the
effect of AMPK activation on Akt phosphorylation induced by stimulation of an intracellular
signaling pathway coupled to muscarinic receptors. A previous report showed that plasma
membrane receptors coupled to the phosphoinositide signal transduction system through the
G-proteins Gq and G11 activate AMPK [60]. More specifically, stimulation of Gq/11-coupled
muscarinic receptors by carbachol was shown to activate AMPK in rat parotid acinar cells
[40]. Since SH-SY5Y cells endogenously express muscarinic receptors, predominantly of the
M3 subtype coupled to the Gq/11-mediated phosphoinositide signaling cascade [41],we tested
if activation of AMPK through this pathway caused dephosphorylation of Akt and GSK3. We
confirmed that muscarinic receptor stimulation caused a rapid and robust increase in AMPK
activation, however it only slightly and transiently decreased Akt phosphorylation and there
was no dephosphorylation of GSK3. The control of serine-phosphorylation of GSK3 following
carbachol treatment likely reflects a complex interaction between the action of Akt and the
muscarinic receptor-induced activation of protein kinase C through the phosphoinositide signal
transduction system since GSK3 can be phosphorylated on the regulatory serines by protein
kinase C as well as by Akt [61]. The lack of activation of GSK3 following muscarinic receptor
stimulation also is consistent with previous reports that muscarinic receptor activation does
not increase GSK3-mediated phosphorylation of its substrates, which actually has been
reported to decrease following muscarinic receptor stimulation [62].

Overall, our results demonstrate that two drugs commonly used to activate AMPK, phenformin
and AICAR, also caused the dephosphorylation of Akt and of GSK3. Thus, results obtained
with these two drugs need to be interpreted cautiously since the Akt/GSK3 signaling pathway
has many outcomes that overlap with those following AMPK activation and these drugs caused
a consistent inverse relationship in their effects on AMPK and Akt.
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Fig. 1.
Treatment with phenformin activated AMPK and dephosphorylated Akt and GSK3 in
immortalized differentiated mouse hippocampal neurons. Differentiated mouse hippocampal
neurons were treated with 10 mM phenformin for 0, 10, 20, 30, 45, 60, 90, and 120 min, and
cell lysates were immunoblotted for (A) phospho-Ser79-ACC, phospho-Thr172-AMPK, total
AMPK; (B) phospho-Ser473-Akt, phospho-Thr308-Akt, total Akt; and (C) phospho-Ser9-
GSK3b, phospho-Ser21-GSK3a, phospho-Tyr279/216-GSK3a/b, and total GSK3b and
GSK3a. (D) Akt and GSK3b activities were measured in samples from controls (CTL) and
cells treated with phenformin for 60 min. Immunoblots shown are representative of two
experiments which produced similar results and quantitative values are means W S.E.M., n =
3-4 separate experiments.
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Fig. 2.
Phenformin treatment caused activation of AMPK and dephosphorylation of Akt and GSK3
in SH-SY5Y cells. SH-SY5Y cells were treated with 10 mM phenformin for 0, 2, 3, 4, and 5
h, and cell lysates were immunoblotted for (A) phospho-Ser79-ACC, phospho-Thr172-AMPK,
total AMPK; (B) phospho-Ser473-Akt, phospho-Thr308-Akt, total Akt; and(C) phospho-Ser9-
GSK3b, phospho-Ser21-GSK3a, phospho-Tyr279/216-GSK3a/b, and total GSK3a/b.
Immunoblots shown are representative of two experiments which produced similar results and
quantitative values are means W S.E.M., n = 3-4 separate experiments.
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Fig. 3.
Phenformin blocks IGF-1-induced activation of Akt. (A) Differentiated mouse hippocampal
neurons or (B) SH-SY5Y cells were incubated overnight in media without B27 or serum,
respectively. Cells were pretreated with 10 mM phenformin for 2 h and then stimulated with
50 ng/ml IGF-1 for 0, 10, 20, or 60 min. Cell lysates were immunoblotted for phospho-Ser79-
ACC, phospho-Thr308-Akt, phospho-Ser473-Akt, and total Akt. Immunoblots shown are
representative of two experiments which produced similar results.
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Fig. 4.
AMPK inhibition did not block phenformin-induced dephosphorylation of Akt and GSK3. (A)
Differentiated mouse hippocampal neurons were treated 40 mM Compound C for 1 h prior to
treatment with 10 mM phenformin for 0, 30, 60, or 90 min. (B) SH-SY5Y cells were treated
with 40 mM Compound C for 1 h prior to treatment with 10 mM phenformin for 2, 3, or 4 h.
Cell lysates were immunoblotted for phospho-Ser79-ACC, phospho-Ser473-Akt, phospho-
Thr308-Akt, total Akt, phospho-Ser9-GSK3b, phospho-Ser21-GSK3a, total GSK3b, and total
GSK3a. Immunoblots shown are representative of two experiments, which produced similar
results.
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Fig. 5.
Treatment with AICAR activated AMPK and dephosphorylated Akt and GSK3 in
differentiated mouse hippocampal neurons. Differentiated mouse hippocampal neurons were
treated with 3 mM AICAR for 0, 1, 2, 3, 4, 6, or 8 h, and cell lysates were immunoblotted for
(A) phospho-Ser79-ACC, phospho-Thr172-AMPK, total AMPK; (B) phospho-Ser473-Akt,
phospho-Thr308-Akt, total Akt; and (C) phospho-Ser9-GSK3b, phospho-Ser21-GSK3a, and
total GSK3a/b. Immunoblots shown are representative of two experiments, which produced
similar results.
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Fig. 6.
AICAR treatment did not block IGF-1-induced activation of Akt. (A) Differentiated mouse
hippocampal neurons or (B) SH-SY5Y cells were incubated overnight in media without B27
or serum, respectively. Cells were pretreated with 3 mM AICAR for (A) 6 h, or (B) 2 h, and
then stimulated with 50 ng/ml IGF-1 for 0, 10, 20, or 60 min. Cell lysates were immunoblotted
for phospho-Ser79-ACC, phospho-Ser473-Akt, phospho-Thr308-Akt, and total Akt.
Immunoblots shown are representative of two experiments which produced similar results.
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Fig. 7.
Carbachol-induced AMPK activation. (A-D) SH-SY5Y human neuroblastoma cells were
treated with 300 mM carbachol for 0, 10, 20, 30, 60, 90, or 120 min, or (E) were pretreated
with 40 mM Compound C for 1 h prior to treatment with carbachol for 0, 10, 20, or 30 min.
Cell lysates were immunoblotted for (A, E) phospho-Ser79-ACC, phospho-Thr172-AMPK,
total AMPK; (B, C, E) phospho-Ser473-Akt, phospho-Thr308-Akt, total Akt; and (D)
phospho-Ser9-GSK3b, total GSK3b, phospho-Ser21-GSK3a, and total GSK3a. Immunoblots
shown are representative of at least two experiments with similar results and quantitative values
are means W S.E.M., n = 3 separate experiments.
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