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5-Aminoimidazole-4-carboxamide-1-B-p-ribofuranoside (AICAR) is a commonly used phar-
macological agent to study physiological effects which are similar to those of exercise.
However, signal transduction pathways by which AICAR elicits downstream effects in liver
are poorly understood. We report here that AICAR not only activated AMPK but also
phosphorylated/deactivated glycogen synthase kinase-3 alpha/beta (GSK-3o/) and depho-

Keywords: phorylated/activated glycogen synthase (GS) in a time-dependent manner in human hepa-
AICAR toma HepG2 cells. The signal connection between AICAR and GSK-3 is indirect and involves
Raf-1 activation of Raf-1/MEK/p42/44MAPX/p90R*K signaling cascade as pharmacologic inhibition of
P90RSK MEK significantly reduced phosphorylation/deactivation of GSK-3 and consequent depho-
AMPK sphorylation/activation of GS. Moreover, silencing the expression of p90®*¥, a substrate

of p42/44MAPK attenuated AICAR-dependent GSK-3 phosphorylation, implicating this
kinase as a key mediator of AICAR signaling to GSK-3. Furthermore, consistent with the
involvement of Raf-1 kinase cascade, AICAR-induced low-density lipoprotein (LDL) receptor
expression in a p42/44MAPX.dependent manner. Finally, AICAR requires AMPK-a2-depen-
dent and -independent pathways to activate Raf-1kinase cascade as suppression of AMPKa2
activity, and not of AMPK«1, partially blocked AICAR-dependent p42/44MAFX activation and
GSK-3 phosphorylation/deactivation. Collectively, these results highlight Raf-1 signaling
cascade as the critical mediator of AICAR action on glucose and lipid metabolism in HepG2
cells.
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1. 1. Introduction glycogen. The crucial and rate-limiting step of UDP-glucose

incorporation into glycogen is catalyzed by glycogen synthase

Glycogen is the storage form of carbohydrate for virtually
every organism from yeast to primates [1]. Most mammalian
tissues store glucose as glycogen, with the major depots
located in muscle and liver. Liver glycogen makes up 10% of
total liver weight when fully replete, reflecting the importance
of liver in glucose homeostasis. When plasma glucose levels
rise after a meal, the liver clears glucose and stores it as
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(GS) [2]. GS is maintained in a low-activity state under basal
conditions principally through the continual phosphorylation
of site 3 by glycogen synthase kinase-3 alpha/beta (GSK-3)
[3,4]. Insulin is believed to activate GS mainly through the
deactivation of GSK-3 [5,6]; however, some level of regulation
may involve glycogen-targeted protein phosphatases [7]. The
mechanism leading to GSK-3 deactivation with insulin
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involves phosphorylation of GSK-3 (Ser?’ in B Ser and Ser® in
GSK-3pB) by a phosphatidylinositol (PI) 3-kinase (PI-3K)- and
protein kinase Akt (also known as protein kinase B)-dependent
mechanism [8,9]. A number of other kinases have been
identified that can phosphorylate GS in vitro [10], including
AMPK, which can phosphorylate serine 7 of GS [11]. Phos-
phorylation of site 2, which can also be catalyzed by cAMP-
dependent protein kinase (PKA), primes GS for further
phosphorylation at site 2a by caseine kinase I, which in turn
leads to a decrease in GS activity [12]. AMP-activated kinase
(AMPK) is a metabolite-sensing enzyme that has been
implicated in the mediation of exercise-induced glucose
uptake and direct phosphorylation/deactivation of GS activity
[13], although to date, little experimental evidence has
attributed a role for AMPK in the regulation of GS activity in
vivo. Pharmacologic activation of AMPK and a single amino
acid mutation in the enzyme’s y subunit are associated with
increased muscle glycogen content mainly in the fast-twitch
muscles [14-16].

A commonly used pharmacological agent to induce
activation of AMPK is the compound 5-aminoimidazole-4-
carboxamide-1-B-p-ribofuranoside (AICAR), which has fre-
quently been used to characterize the effects of AMPK
activation on glucose homeostasis in a variety of tissues
[17]. In most cell types, this nucleoside is taken up and
accumulates in the cytoplasm as the monophosphorylated
nucleotide, ZMP, which activates AMPK without disturbing
cellular adenine nucleotide ratios. AICAR treatment results in
several adaptations that are similar to changes that occur
during exercise. It has been repeatedly reported by in vitro and
in vivo studies that AICAR causes an increase in glucose uptake
in skeletal muscles [18,19], insulin sensitivity in obese rats [20]
and human type 2 diabetics [21]. AICAR also affect expression
of a number of glycolytic and lipogenic enzymes in the liver
[22-25] that are normally under the control of nutrients and
hormones, including insulin. Although there has been con-
siderable progress in elucidating AICAR action in the skeletal
muscle, there is little understanding of this process in the liver
cells. This is particularly important given the fact that liver
plays an important role in glucose and lipid homeostasis.
Another important aspect that remains poorly explored is the
signal transduction pathways through which AICAR may elicit
its downstream effects on gene expression in the liver.
Majority of AICAR action has been linked to phosphoryla-
tion/modulation of biosynthetic enzymes and transcription
factors/coactivators by AMPK [26]. The experiments outlined
in this investigation are designed to elucidate AICAR-induced
major intracellular signaling events relevant to the regulation
of glucose and lipid metabolism in the liver. Here we provide
evidence that acute exposure of HepG2 cells to AICAR
profoundly increases phosphorylation/activation of AMPK,
Raf-1, extracellular-regulated kinase (p42/44™MAFX), p90 ribo-
somal S6 kinase (p90°°¥), phosphorylation/deactivation of
GSK-3u/B, and dephosphorylation/activation of GS. The
results presented here argue strongly in favor of a central
role for Raf-1/MEK/p42/44MAP¥/p90RsK in mediating effects of
AICAR on GSK-3 (and subsequently GS) and low-density
lipoprotein (LDL) receptor. These studies were performed in
hepatic cells that in vivo are a major target of lipid and glucose
homeostasis.

2. Materials and methods
2.1. Materials

AICAR was purchased from Toronto Research Chemicals Inc.
Metformin was purchased from Sigma-Aldrich. TRIzol and
tissue culture supplies were purchased from Invitrogen Corp.
PD98059, U0126, and SB202190 were purchased from Calbio-
chem. Phospho-specific antibodies to the activated forms of
AMPK-a Thr'’?, p42/44MAPK Thy20%/Tyr?0* p3gMAPK Th18%/
Tyr'®2, pa6/54N% Thr'®3/Tyr!®>, GSK-3a/p Ser?/, Raf-1 Ser?®,
Raf-1Ser?®®, pooRsk Ser®°, and Akt Thr*°® purchased from Cell
Signaling Technology Inc. Phospho-ACC Ser’®, nonphospho-
ACC, phospho-MEK-1/2 Ser®¥??!, nonphospho-AMPK-a1, and
nonphospho-AMPK-a2 antibodies were purchased from
Upstate Biotechnology. Phospho-GS Ser®*®*> was purchased
from Upstate. Nonphospho-p42/44MAPX nonphospho-Raf-1,
nonphospho GSK-3, and total actin were purchased from
Santa Cruz Biotechnology. HRP-conjugated rabbit or mouse
antibodies were purchased from Bio-Rad Laboratories Inc.
Enhanced chemiluminescence detection kit was purchased
from Amersham Pharmacia Biotech. Short-interfering RNA
(siRNA) against AMPK-«1 and p90 ribosomal S6 kinase (p90*s¥)
were purchased from Santa Cruz Biotechnology and Qiagen,
respectively.

2.2. Cell culture

Human hepatoma HepG2 cells were maintained as mono-
layer cultures in Eagle’s minimum essential medium (MEM,
BioWhitaker Inc.), supplemented with 10% fetal bovine serum
(FBS), L-glutamine (20 mM) and antibiotics (penicillin 200 U/
mL and streptomycin 200 pg/mlL) (Invitrogen Corp.). Cells
were grown in a humidified 5% carbon dioxide-95% air
atmosphere.

2.3. Glycogen synthesis assay

HepG2 cells were incubated for 3 h prior to assay in Krebs-
Ringer bicarbonate buffer supplemented with 30 mM HEPES,
PH 7.4, 0.5% BSA and 2.5 mM glucose. The cells were washed
once with PBS and incubated in the above buffer without
glucose. The cells were incubated for different periods with
AICAR, and the reaction initiated by the addition of [**C-
(U)]glucose (2 pCi/sample) and glucose (5 mM final concentra-
tion). The assay was terminated after 1 h by washing with ice-
cold PBS, and the cells were solubilized in 30% potassium
hydroxide. The glucose incorporation into glycogen was
determined as described previously [27].

2.4. siRNA studies

SiRNAs were transfected into HepG2 cells plated in six-well
dishes using Dharmafect™4 (Dharmacon) according to the
manufacturer’s protocol [26]. In brief, AMPKa1, or nonsilen-
cing control siRNA (20 or 40 nM) and Dharmafect™4 were
mixed individually with serum free MEM to a total of 100 pl
and incubated for 5min prior to combined incubation of
20 min. The SiRNA mixtures were then added to phosphate-
buffered saline washed HepG2 cells supplied with 1.8 ml of
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MEM containing 10% serum. Transfected cells were cultured in
the presence of siRNA for 48h followed by 16h serum
starvation with MEM supplemented with 0.5% FBS. Treat-
ments were carried out as indicated and analyzed by Western
blotting. For knockdown of p90*S¥ expression, HepG2 cells
were transfected with 50 or 100 nM of p90®S¥!, p9oRS¥?, or
nonsilencing control siRNA oligonucleotides using Oligofec-
tamine as described by the manufacturer (Invitrogen).
Approximately 24 h later, cells were trypsinized and seeded
in 60-mm diameter plates. Cells were serum starved for 16 h
and then stimulated for 3 h with 2 mM AICAR. Cells were lysed
72 h posttransfection, since optimal silencing of p90*s¥
observed at this time point.

was

2.5.  Western blot analysis

Equivalent amounts of lysates were fractionated by SDS-PAGE
and transferred onto nitrocellulose membranes [27]. The
membranes were blocked using 3% non-fat dried milk in
phosphate buffered saline (PBS) or 5% non-fat dried milk in
Tris-buffered saline containing 0.1% Tween 20 (TBST) depend-
ing on manufacturer’s recommendations. Primary antibodies
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were diluted in either 3% non-fat dried milk in phosphate-
buffered saline for Upstate Biotechnology antibodies, 5% non-
fatdried milk in TBST for Santa Cruz Technology antibodies, or
5% bovine serum albumin in Tris-buffered saline for cell
signaling technology antibodies and incubated at 4 °C over-
night with gentle agitation. Membranes were washed and
incubated for an additional hour with HRP conjugated
secondary antibody. Immunoreactive proteins were visua-
lized using enhanced chemiluminescence (Amersham Bios-
ciences). Exposed films were scanned and quantitated with
Quantity One software (BIO-RAD).

2.6.  Raf-1 kinase assay

Raf-1 kinase assays were performed using a modification of
the kit from Upstate Biotechnology Inc., using endogenous
Raf-1immunoprecipitated from 100-mm plates of HepG2 cells.
Raf-1 kinase activity was measured in a kinase cascade
reaction initiated by immunoprecipitated activated Raf-1.
Instead of using radioactive ATP, activation of p42/44MAFX was
determined by probing with anti-phospho-p42/44MAFP% anti-
body.
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Fig. 1 - Treatment with AICAR activated AMPK and phosphorylated ACC and GSK-3 with simultaneous dephosphorylation
of GS in a time- and dose-dependent manner in HepG2 cells. (A) Kinetics of changes in phosphorylation of AMPK, ACC, GSK-
3 and GS by AICAR. HepG2 cells were treated with 2 mM AICAR for the indicated time periods, and cell lysates were
immunoblotted for phospho-AMPK, total AMPK, phospho-ACC, phospho-GSK-3, total GSK-3, and phospho-GS. The
phospho data are presented as relative to the untreated cells. Values shown are means * S.E. of three separate

experiments. (B) AICAR-induced phosphorylation of GSK-3 in a dose-dependent manner. HepG2 cells were treated with
indicated concentrations of AICAR for 3 h to probe phosphorylation status of GSK-3. The phospho data are presented as
relative to the untreated cells. Values shown are means =+ S.E. of three separate experiments. (C) AICAR increases glycogen
content in HepG2 cells. Cells were treated with AICAR for 15 min prior to the addition of [**C-(U)]glucose. Following 1 h
incubation in the presence of AICAR, total glycogen contents were determined by scintillation counting. ¥, p < 0.05 relative
to the value in the absence of AICAR, n = 5. Inmunoblots shown are representative of three experiments which produced
similar results. Values obtained from the control cells grown in the absence of AICAR were arbitrarily set at 1.
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2.7. Quantitative PCR analysis

Total RNA was isolated from HepG2 cells by using TRIzol, and
cDNA was synthesized from 1pg of total RNA by using
oligo(dT)q»-1s primer with the Superscript first-strand synth-
esis system (Invitrogen Corp.) [28-30]. The sequences of the
primers used for quantitating the LDL receptor expression
were 5'-AGGCTGTGGGCTCCA TCGCCTA-3 and 5'-AGTCAGTC-
CAGTACATGAAGCCA-3/, primers for SS were 5-TGGAGTT-
CGTGAAATGCCTTG-3 and 5-ACCGCCAGTCTGGTTGGTA-
AAG-3, primers for HMG-CoA reductase were 5-GCATTG
TCTTGTGGAGGA-3 and 5-AGGGAGAAGGTCAATTGCA-3,
primers for B-actin were 5'-ACTATGACTTAGTTGCGTTA-3
and 5-GGGCACGAAGGCTCATCATT-3'. [**P]dCTP was incor-
porated into the PCR products for visualization and quantita-
tion. The linear range for each primer set was determined
empirically using different amounts of cDNA. Subsequent PCR
analyses were carried out using the optimum cycle number
determined for each primer set. The LDL receptor mRNA was
normalized to B-actin mRNA, and the data for each point were
plotted as the percentage of LDL receptor mRNA compared
with controls.

3. Results

3.1.  AICAR-induced phosphorylation/deactivation of GSK-
3 and dephosphorylation/activation of GS in a time-dependent
manner in HepG2 cells

Although AICAR has been used extensively to activate AMPK in
various cell types, the efficacy and specificity is dependent on its
uptake by the cell and on the accumulation of ZMP. To confirm
that AICAR treatment resulted in AMPK activation in hepatic
cells, we first examined levels of phosphorylated AMPK in
HepG2 cells treated with AICAR for different periods of time.
Lysates were subjected to immunoblot analysis using an
antibody to the phosphoactivated form of AMPKa. The kinetic
studies showed increased phosphorylation of AMPKa« in a time-
dependent manner (Fig. 1A), with maximal activation occurring
at 3 h. Although phosphorylation at Thr'’? is indicative of the
activation state of AMPKa, we also performed an immunobl
ot analysis with an antibody specific for phosphorylated form
of acetyl CoA carboxylase (ACC) at Ser’® to ascertain whether
altered phosphorylation of AMPKa had an effect on down-
stream AMPK target protein such as ACC. In accordance with
the AMPK activation, ACC phosphorylation was also markedly
elevated by AICARrelative to the untreated HepG2 cells (Fig. 1A).
AICAR-induced increase in phospho-ACC was evident within
10 min of treatment and was maintained for 3 h. 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-
AMPKa [31,32], and verify that AICAR treatment activated AMPK
in HepG2 cells.

To testif AICAR has aregulatory influence on GSK-3 and GS,
cells were treated with AICAR and the regulatory phosphor-
ylation of these kinases were measured using immunoblot
analyses with phospho-specific antibodies to each of the two
isoforms of GSK-3 or to GS. AICAR treatment caused a time-

dependent increase in the serine?”® phosphorylation of both

isoforms (Fig. 1A). Phosphorylation of GSK-3a followed a
pattern similar to GSK-3p; however, the former did not appear
to be affected to the same extent by AICAR. AICAR treatment
did not alter the total level of GSK-3. Considering the increased
phosphorylation of GSK-3 caused by AICAR treatment, we also
examined the serine-phosphorylation of GS which is a known
substrate for GSK-3. AICAR treatment caused a decrease in the
inhibitory serine-phosphorylation of GS with a time course
similar to the increased phosphorylation of GSK-3 (Fig. 1A). In
accordance with the increased phosphorylation levels of GSK-
3, the dephosphorylation of GS increased and the activity of
GSK-3 decreased and GS increased following AICAR treatment
(Fig. 1A), confirming that the phosphorylation levels of GSK-3
and GS reflect their enzymatic activities. Thus, AICAR
treatment of HepG2 cells caused increased deactivation of
GSK-3 and consequently activation of GS. To determine
whether AICAR exhibited dose-dependent effect on GSK-3
phosphorylation, cells were also treated with increasing doses
of AICAR for 3 h. We observed a gradual increase in GSK-3a/8
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Fig. 2 — AICAR-induced GSK-3 phosphorylation is
independent of Akt pathway. Cells incubated overnight in
media with 0.5% serum were treated with 2 mM AICAR for
3 h, 1 ng/ml insulin for 10 min, or both. Cell lysates were
immunoblotted for phospho-ACC, phospho-Akt, total Akt,
phospho-GSK-3 and total GSK-3. Immunoblot shown are
representative of three separate experiments which
produced similar results. The phospho data is
representative of three separate experiments and values
shown are mean =+ S.E.
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phosphorylation occurring at concentrations of 1 mM and
higher (Fig. 1B). As expected from the above studies, AICAR
produced a significant increase in glycogen synthesis (Fig. 1C).

3.2.  AICAR-induced GSK-3 phosphorylation/deactivation
is possibly independent of Akt signaling pathway

Sinceitis well established that insulin regulates GSK-3 activity
by increasing Akt phosphorylation/activation, we examined
whether AICAR had similar effects on Akt phosphorylation
and activation. Activation of Akt is mediated by dual
phosphorylation on Thr*®® and Ser*’®. As expected, insulin
increased Akt phosphorylation (Fig. 2) in agreement with
previous reports [8,9]. In contrast, phosphorylation of Akt at
Ser*”® was unaffected by AICAR (Fig. 2). The above data shows
clearly that Akt does not mediate phosphorylation/deactiva-
tion of GSK-3 by AICAR in HepG2 cells. We also observed a
significant increase in GSK-3 phosphorylation on Ser*’? in
response to insulin that was further elevated by prior AICAR
treatment. It is possible that insulin response is potentiated
following AMPK activation due to convergence of Akt signaling
with another signaling pathway on GSK-3.

3.3.  AICAR-induced Raf-1/MEK/p42/44MAPK/p9QRsK
signaling cascade mediated AICAR-dependent
phosphorylation/deactivation of GSK-3

We have previously demonstrated a cross-talk between
stress-activated p38MAP¥ and p42/44MAF¥ [33]. To test if AICAR

increased GSK-3 phosphorylation by activating intracellular
signaling leading to its activation, changes in the levels of
phosphoactivated forms of p42/44MAFX and p38MAFK were
examined. AICAR treatment caused a significant increase in
the phosphorylation of both p42/44MAFX and p38MAPX with a
maximal (>10-fold) induction occurring at 3 h (Fig. 3A). The
p42/44MAFK gctivation was also accompanied by an increase
in phosphorylation of its downstream substrate p90*s¥ and
an upstream kinase MEK in HepG2 cells. We then examined
changesin the Raf-1phosphorylation, since activation of MEK
and p42/44MAFK is under exquisite regulatory control by this
kinase. In accordance with MEK phosphorylation, there is a
coordinate increase in the phosphorylation of stimulatory
Ser>3® which reached a maximum at 3 h after stimulation,
with a simultaneous decrease in an inhibitory Ser*°
phosphorylation (Fig. 3B). The slightly lower electrophoretic
mobility of the bands stained with antibody specific for
nonphospho-Raf-1 in AICAR-treated cells reflects their
phosphorylation. The changes in the phosphorylation of
above kinases occurred without any significant changes in
the protein levels.

Although kinetics of Raf-1 Ser®*® phosphorylation paral-
leled an increase in p42/44MAPX phosphorylation, levels of its
phosphorylation do not always correlate with the kinase
activity [34]. As a result, Ser**® phosphorylation may not be
used as a surrogate marker of Raf-1 activation. We therefore
examined Raf-1 kinase activity by an in vitro kinase assay.
AICAR activated Raf-1 kinase activity (threefold) as compared
to the untreated control (Fig. 3C). Thus, phosphorylation state
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Fig. 3 - Activation of Raf-1/MEK/p42/44MFX/p90"*¥ cascade by AICAR in HepG2 cells. (A) Kinetics of activation of MEK, p42/
44MAPK poORSK| and p38MAFK by AICAR. Cells treated with 2 mM AICAR for different time periods were immunoblotted for
the indicated antibodies. Inmunoblots shown are representative of three experiments, which produced similar results. (B)
Kinetics of Raf-1 phosphorylation by AICAR. HepG2 cells treated with AICAR were probed for two different phospho-Raf-1
antibodies and total Raf-1. (C) Kinetics of increase in Raf-1 activity by AICAR treatment. HepG2 cells starved for 16 h were
treated with 2 mM AICAR as indicated. Cells were lysed, and the supernatant of the lysates were used for Raf-1
immunoprecipitation and subsequent kinase assay. Phosphorylation of the Raf-1 substrate was analyzed by
phosphoimaging and results are expressed as fold stimulation by AICAR as compared with untreated cells. ¥, <0.05 relative

to the value in the absence of AICAR, n = 3.
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Fig. 4 - AICAR-dependent p42/44MAP¥ activation is mediated through Raf-1/MEK cascade. (A) Correlation of the loss of

phosphorylation of p42/44MAFX, p90oRsK, P-GSK-3 with an increase in phosphorylation of GS upon removal of AICAR. HepG2
cells were incubated for 3 h with 2 mM AICAR and then switched to a medium lacking AICAR for the indicated time periods.
Phosphorylation levels of the indicated proteins were detected by immunoblotting. Results shown are representative of
three separate experiments. (B) Effect of inhibition of MEK on AICAR-induced p42/44MAF¥ activation in HepG2 cells. Cells
pretreated for 30 min with the indicated concentrations of U0126 were either untreated or treated with 2 mM AICAR for 3 h.
Cell lysates were subjected to immunoblotting with the indicated antibodies. Inmunoblot shown are representative of
three experiments which produced similar results. (C) AICAR-induced GSK-3 phosphorylation requires p90~5¥, siRNA
directed against p90~"s¥ significantly reduced endogenous levels of p90*¥ and also significantly reduced AICAR-induced
GSK-3 phosphorylation. HepG2 cells cultured in six-well dishes were transfected with 50 or 100 nM of either control siRNA
or p90FRSK siRNA. After 2 days, transfected cells starved for 16 h were subsequently treated for 3 h with 2 mM AICAR and
processed for immunoblotting with the indicated antibodies. %, p < 0.05 relative to the value in the absence of AICAR and
siRNA, n = 3; % %, <0.01 relative to the value in the absence of AICAR and siRNA, n = 3.

of Raf-1 kinase paralleled changes in the enzymatic activity.
Taken together, these results establish that the Raf-1/MEK/
p42/44MAPK/p90RSK cascade is activated by AICAR in HepG2
cells.

To examine the relationship between phosphorylation
levels of p42/44MAPK pooRSK and GSK-3 upon removal of
AICAR, cells initially maintained for 3h in a medium
containing 2 mM AICAR were switched to a medium without
AICAR for various time periods. Total cell extracts were
subjected to Western blotting using the indicated antibodies.
As shown in Fig. 4A, loss of phosphorylation of p42/44MAPK,
p90"S¥ and GSK-3 correlated with AICAR removal. Phosphor-
ylation of GS increased after AICAR was removed and by 3 h
had reached the level in untreated cells, supporting the
hypothesis that phosphorylation and activation of GS was a
result of p90*S¥ activation.

Next, we examined the role of Raf-1 cascade and its
downstream effectors in mediating AICAR-induced phos-
phorylation/deactivation of GSK-3 and subsequent depho-
sphorylation/activation of GS by use of a selective inhibitor

of MEK activation, PD98059. Fig. 4B shows that U0126 (either
2.5 or 5 pM) completely blocked AICAR-induced phosphor-
ylation of p42/44MAF¥ and GSK-3. Neither AICAR nor U0126
affected p42/44MAPX protein expression, as indicated by
immunoblotting of the same extracts with a phosphoryla-
tion-independent p42/44MAPX antibody. Additionally, we
performed siRNA knockdown strategy to silence the
expression of p42/44MAPK substrate, p90"S¥ proteins, in
HepG2 cells and evaluated AICAR-induced GSK-3 phosphor-
ylation after transfection. p90%* protein levels and
phosphorylation in response to AICAR were decreased by
60-80% in p90R* siRNA-transfected cells compared with
nontransfected or control siRNA-transfected HepG2 cells
(Fig. 4C). We found that AICAR-induced GSK-3 phosphoryla-
tion was highly reduced in p90%S¥ SiRNA-transfected
cells. Collectively, these results suggest that, AICAR-induced
GSK-3 phosphorylation is mediated through Raf-1 kinase
cascade and the downstream p90%S¥ kinase is mainly
responsible for GSK-3 phosphorylation by AICAR in HepG2
cells.
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3.4.  AICAR-induced LDL receptor expression in a p42/
44MAPK_gdependent manner

We next examined functional role of AICAR’s activation of Raf-
1/MEK/p42/44MAPK signaling pathway on gene expression. In
considering potential targets of AMPK signaling, LDL receptor
became an obvious candidate because we previously have
demonstrated a correlation between p42/44MAFX activation
and LDL receptor induction under a variety of physiological
conditions [35]. To test whether AMPK-mediated p42/44MAFX
activation indeed regulate gene expression, LDL receptor
expression was measured following AICAR treatment for
various time periods. As shown in Fig. 5A, LDL receptor
expression was markedly increased by 3 h, with a maximal
induction (approx. four- to fivefold) observed at 6 h. Interest-
ingly, expression of other sterol-responsive genes involved in
cholesterol homeostasis, such as 3-hydroxy-3-methylglutaryl
(HMG)-CoA reductase, remained unaffected by AICAR (Fig. 5A),
implying that LDL receptor induction is not due to depletion of
the endogenous cholesterol level by AICAR. Furthermore,
pretreatment of HepG2 cells with PD98059 abrogated AICAR-
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Fig. 5 - AICAR-induced LDL receptor expression in a p42/
44MAPK_gdependent manner in HepG2 cells. (A) 2 X 10° cells
were plated on day 0, and were refed with fresh medium
on day 2. On day 3, cells were treated with 2 mM AICAR for
the indicated time periods. Total RNA was subjected to RT-
PCR to determine amounts of LDL receptor, HMG-CoA
reductase, SS, and B-actin mRNAs. A representative
autoradiogram is shown showing changes in expression
of the above gene. (B) AICAR-induced LDL receptor is
mediated through MEK-1/2 pathway. Cells pretreated for
30 min with the indicated concentrations of PD98059 were
treated with 2 mM AICAR for 6 h. Total RNA from each
treatment was subjected to RT-PCR analysis. Results
shown are representative of three independent
experiments. Autoradiograms were quantified
densitometrically and RNA levels were normalized to B-
actin levels. Densitometric analysis of each autoradiogram
is expressed as means * S.E. of three experiments
performed in duplicate. Values obtained from control cells
grown in the absence of AICAR or inhibitor were arbitrarily
set at 1.

induced LDL receptor expression, suggesting a role for MEK-1/
2 pathway in the induction process (Fig. 5B).

3.5.  AICAR-induced p42/44M*™¥ qgctivation requires
AMPKa2 and not AMPKa1 isoform

Since AICAR is often used to activate AMPK, we wondered if
activation of Raf-1 and downstream kinases in HepG2 cells
was due to AMPK activation. To determine the role of AMPK
activation in AICAR-dependent p42/44MAPX activation, HepG2
cells pretreated with Compound C [36], a selective inhibitor of
AMPK, were treated with AICAR and assayed for the activation
of AMPK and p42/44MAPX  Pretreatment with Compound C
(20 uM) significantly reduced AICAR-induced AMPKa phos-
phorylation but only partially attenuated AICAR-induced p42/
44MAPK phosphorylation (results not shown). Since HepG2 cells
contained almost equal amounts of both AMPKa isoforms, we
further examined which o isoform is required for AICAR-
induced p42/44MAPX activation. To determine the contribution
of AMPKal, HepG2 cells transfected with either siRNA-
AMPKa1 (20 and 40 nM) or nonspecific siRNA control were
treated with AICAR for 3h and the effects on p42/44MAPK
activation were determined. As is evident in Fig. 6A, thereis a
highly significant decrease (~80%) in AMPKal level with
specific siRNA, however it failed to block AICAR-dependent
p42/44MAPK activation, suggesting that this isoform is not
involved in the activation process. We therefore examined the
effect of reducing AMPKa2 on AICAR-dependent p42/44MAPK
activation. We were unable to reduce expression of this
isoform using any of the commercially available siRNA. We
therefore compared effect of infection of recombinant
adenovirus encoding a dominant-negative (DN), myc-tagged
mutant of AMPKa?2 form (AMPKa2PN) on p42/44MAPK activation
following stimulation with AICAR. Successful expression of
the kinase was confirmed by probing lysates for antibodies to
c-myc: a band with the expected size for AMPKPN was evident
in cells infected with an adenovirus encoding myc-tagged
AMPKPN but not in unifected cells or those infected with an
adenovirus lacking AMPK (Fig. 6B). As expected, stimulation
with AICAR resulted in p42/44MAFX activation in Ad-Null-
transduced HepG2 cells (Fig. 6B), whereas overexpression of
AMPKa2PN reduced AICAR-mediated effects as reflected by the
loss of ACC phosphorylation and a parallel decrease in the
phosphorylation of p42/44MAFX (Fig. 6B). A slight but significant
reduction in p42/44MAFK activation was observed in response
to AICAR in cells overexpressing AMPKa2PN compare to cells
transfected with the control plasmid. The reduced phosphor-
ylation of AMPKa isoform is presumably due to mutant
AMPK«2PM form competing with the endogenous AMPKa2 for
binding to the other subunits of AMPK.

4, Discussion

The results presented in this paper show for the first time, for
any cell type, AICAR is an efficient activator of Raf-1/MEK/
p42/44MAPK/poORSK/GSK -3 signaling cascade and demon-
strate requirement of this signaling cascade in AICAR-
dependent dephosphorylation/activation of GS activity and
LDL receptor induction in HepG2 cells. An increase in
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Fig. 6 - Partial requirement of AMPKa2, and not AMPKa1, for AICAR-induced p42/44MAFX activation in HepG2 cells. (A) siRNA
directed against AMPKa1 significantly reduced endogenous levels of this isoform, without significantly affecting p42/

44MAPK

activation following treatment with 2 mM AICAR. HepGz2 cells cultured in six-well dishes were transfected with 20

or 40 nM AMPKa1 siRNA. After 2 days, transfected cells starved for 16 h were treated for 1 h with 2 mM AICAR and
processed for immunoblotting with the indicated antibodies. (B) Effect of adenovirus-mediated overexpression of
AMPKa2PN on AICAR-induced phosphorylation of ACC and p42/44M~P¥, HepG2 cells transduced with indicated doses of
either Ad-Null or Ad-AMPKa2"" virus for 2 days were starved for 16 h and then treated for 3 h with 2 mM AICAR to examine
phosphorylation levels of ACC and p42/44™#FX, Anti-c-myc was used to demonstrate overexpression of c-myc-tagged-
AMPKa2"N, The results shown are representative of three separate experiments. Signals were quantified with a
phosphoimager and the results are expressed as fold stimulation by AICAR as compared to untreated cells (set at 1).
Quantitative data are means =+ S.E. from three separate experiments. s, <0.05 relative to the value in the absence of AICAR
and siRNA, n = 4; % %, <0.01 relative to the value in the absence of AICAR and siRNA, n = 4.

glycogen biosynthesis, coupled with a selective increase in
cholesterol uptake in liver, may underlie the ability of AICAR
to improve glucose and lipid profiles through a common
mechanism.

We found that AICAR decreases GSK-3 activity and the
magnitude of GSK-3 deactivation is almost similar to that
observed with insulin. In addition, our data also suggest that
there are distinct mechanisms leading to GSK-3 deactivation
in response to AICAR and insulin. For the insulin-induced
deactivation of GSK-3, the findings are consistent with an Akt-
dependent phosphorylation of GSK-3 on Ser?® [8,9]. In
contrast to insulin, AICAR treatment did not increase Akt
phosphorylation. The inability of AICAR to elicit Akt phos-
phorylation, together with the lack of effect of wortmanin on
AICAR-induced GSK-3 phosphorylation (Mehta et al., unpub-
lished results), is consistent with the lack of any role for Akt in
this process. There are other examples in the literature of an
Akt-independent mechanism for deactivation of GSK-3. For
example, numerous other stimuli also lead to inactivation of
GSK-3 through Ser?/° phosphorylation in an Akt-independent
manner, including growth factors such as epidermal growth
factor and platelet-derived growth factor that stimulate the
GSK-3-inactivating kinase pp90"S¥ through MAP kinases
[37,38], activators of p70 ribosomal S6 kinase (p70S6K) such
as amino acids [39-41], activators of cAMP-activated protein

kinase (PKA) [41-44] and PKC activators [45,46]. Interestingly,
early studies have demonstrated that exercise does regulate
GSK-3 activity independent of Akt [47,48]. Considering that
exercise is shown to activate p42/44M4F% and p9oRs¥ [49], it is
possible that AICAR and exercise may work by a similar, Akt-
independent mechanism for deactivation of GSK-3. Although
the precise role for this level of regulation is not yet clear, such
a mechanism may provide liver cells a means to synergize the
action of insulin on glucose metabolism.

Another important observation is that AICAR not only
activated AMPK, but also increased phosphorylation of Raf-1/
MEK/p42/44MAPX/p90RK  cascade and GSK-3. Our SiRNA
experiments suggested requirement of AMPK-a2 in this
process, suggesting that parallel pathways are activated by
AICAR which concomitantly require AMPK-a2 and another
independent kinase. It is worth noting that in a recent study of
transgenic mice where a dominant inhibitory AMPKa2 mutant
was overexpressed in muscle, exercise-stimulated glucose
uptake was only partially inhibited, thus implicating other
AMPK-independent pathways in this process [50]. Early
studies have also found AMPK-independent effects of AICAR
in the liver cells [51,52]. It appears that our results add to the
previous caveats concerning the use of AICAR to study the
consequences of AMPK activation alone. Thus, actions
ascribed to AMPK following AICAR treatment may be
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influenced by the concomitant modulatory actions of AICAR
on other kinases, such as Raf-1 kinase cascade. Interestingly,
AMPK and p42/44MAPX generally have opposing roles on
cellular metabolism. AMPK is activated when AMP levels
increases 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 [53]. p42/44M#FX on the other
hand, generally promotes anabolic cellular functions that
utilize ATP, such as proliferation and cell growth [54]. The
degree of activation of these kinases is expected to vary in a
cell type-dependent manner, and may thus greatly influence
cellular responses ascribed to AICAR. Compatible with this
conclusion is the finding that AICAR can cause cell death [55-
57] or protect cells from apoptosis [58-60] in a cell type-specific
manner. Based on the above results, we propose that interplay
between AMPK-dependent and -independent pathways prob-
ably play an important role in mediating AICAR action. These
results emphasize a general point of significance, namely, that
although AMPK activation may appear to dominate AICAR
response, other parallel pathways can be critical, and thus
should not be overlooked or ignored.

How does AICAR regulate LDL receptor transcription? The
results presented here argue strongly in favor of a mechanistic
link between AICAR, activation of Raf-1 kinase cascade, and
LDL receptor induction. There are two potential mechanisms
by which AICAR signaling may affect LDL receptor gene
expression. First, AICAR-induced GSK-3 phosphorylation/
deactivation may regulate sterol-response-element-binding
proteins (SREBPs) function. Particularly relevant is an early
finding that GSK-3 can phosphorylate SREBPs [61,62] that
regulate expression of genes involved in fatty acid and
cholesterol biosynthesis, including LDL receptor. The ability
of AICAR to deactivate GSK-3 may function as an initial
signaling event that results in changes in SREBPs stability,
thus causing alterations in the lipid metabolism. Alternately,
AICAR-induced p42/44MAPX activity directly phosphorylates
SREBPs and selectively potentiates transactivation potential
[63]. These two mechanisms may operate in a synergistic
fashion to modulate SREBPs function in response to AICAR.
There is likely to be convergence of these signals at SREBPs,
with integration of these signals may be critical in controlling
SREBPs function and ultimately determining tissue and
plasma lipid levels. Future studies will determine the
contribution of SREBPs and specificity at the promoter region
in selectively inducing LDL receptor expression by AICAR in
HepG2 cells. It will also be interesting to examine whether
activation of Raf-1 signaling cascade is the underlying
mechanism for a recent observation showing that short-term
overexpression of a constitutively active form of AMPKa2 in
the mouse liver led to fatty liver [64].

In conclusion, results of this study suggest that AICAR may
regulate glycogen metabolism primarily at the level of
phosphorylation/deactivation of GSK-3 that leads to depho-
sphorylation/activation of GS in HepG2 cells. The mechanism
leading to GSK-3 deactivation by AICAR treatment most likely
involve Raf-1/MEK/p42/44MAPX/pooRSK  cascade. The same
signaling pathway is responsible for AICAR-induced LDL
receptor expression. Elucidating the impact or interaction of
AICAR initiated signaling will be crucial in understanding the

molecular mechanisms regulating glucose and lipid metabo-
lism in response to AICAR. Therapeutic intervention using
AICAR will require further understanding of the signaling
pathway components and the existence of cross-talk between
them.
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