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Abstract
AMP-activated-protein-kinase (AMPK) is a key sensor and regulator of cellular and whole-body
energy metabolism and plays a key role in regulation of lipid metabolism. Since lipid metabolism
has been implicated in neuronal amyloid-β (Aβ) homeostasis and onset of Alzheimer’s disease, we
investigated the involvement of AMPK in neuronal lipid metabolism and Aβ production. We
observed in cultured rat cortical neurons that Aβ production was significantly reduced when the
neurons were stimulated with AMPK activator, 5-aminoimidazole-4-carboxamide-1-D-
ribofuranoside (AICAR), but increased when AMPKα2 was knocked out, thus indicating the role of
AMPK in amyloidogenesis. Although the detailed mechanisms by which AMPK regulates Aβ
generation is not well understood, AMPK-mediated alterations in cholesterol and sphingomyelin
homeostasis and in turn the altered distribution of Aβ precursor-protein (APP) in cholesterol and
sphingomyelin rich membrane lipid rafts participate in Aβ generation. Taken together, this is the first
report on the role of AMPK in regulation of neuronal amyloidogenesis.
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1. Introduction
Amyloid-β (Aβ), a peptide of 39–43 amino acids, is the main constituent of amyloid plaques
in the brains of Alzheimer’s disease patients. The Aβ peptide is generated from its precursor
protein (APP) by sequential proteolysis mediated by β- and γ-secretases [1,2]. Recent studies
have described that β- and γ-secretases exhibit their optimum activities in bilateral structure
of enriched cholesterol and sphingolipids within the membrane, called “detergent insoluble/
resistant membrane micro-domains (DIM/DRM)” or “lipid rafts” [1,2]. Therefore, the cellular
metabolism of cholesterol and sphingolipids might influence the metabolism of APP for Aβ
generation. Indeed, experimental sequestration of cholesterol or blockade of sphingolipid
synthesis was reported to inhibit APP processing for Aβ generation [3,4]. In addition, we
recently demonstrated that inhibition of cholesterol biosynthesis pathway by 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor lovastatin reduced APP
distribution in lipid rafts and inhibited Aβ generation [5].
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Studies from our laboratory and others have demonstrated that AMP-activated-protein-kinase
(AMPK; EC 2.7.1.109) plays a critical role in cellular and whole-body energy and lipid
metabolism, and its dysfunction directly contributes to metabolic imbalance associated with
obesity [6,7]. Obesity has been implicated in increased incidence of Alzheimer’s disease [8].
However, the role for AMPK in Alzheimer’s disease is not well understood.

As named, AMPK senses intracellular and systemic energy states by sensing cellular AMP/
ATP ratio and/or metabolic cytokines (adipokines; i.e. leptin, ghrelin and adipostatin) and
endo-cannabinoids (See review [9]). Once activated, AMPK induces/promotes ATP producing
catabolic processes but inhibits ATP consuming synthetic processes by regulating gene
expressions and activities of enzymes that catalyze key metabolic branch points [9]. Studies
have shown that AMPK regulates activities of HMG-CoA reductase, ceramide synthase 5 and
serine palmitoyl transferase, and thus modulates cholesterol and sphingolipid synthesis [9–
12]. Neurons express high levels of AMPK due to their high energy demand [13]. Therefore,
changes in neuronal AMPK activity could influence integrity and function of lipid rafts by
altering neuronal cholesterol and sphingolipid homeostasis, and thus affect APP metabolism
for generation of Aβ. However, no study has yet focused on a possible role of AMPK in
neuronal lipid metabolism and amyloidogenesis.

In this study, we report that activation of neuronal AMPK activity inhibits Aβ generation by
reducing sphingomyelin levels as well as APP distribution in lipid raft fractions. On the other
hand, deletion of AMPKα2 enhances Aβ generation by altering the cholesterol and
sphingomyelin levels and thus increasing APP distribution in the lipid raft fractions. This is
the first report for the role of AMPK in neuronal lipid metabolism associated with APP
processing leading to generation of Aβ.

2. Materials and methods
2.1. Primary rat cortical neuron culture and drug treatments

For neuron cell culture, brain cortices derived from embryonic day 17 rats (Sprague–Dawley)
or AMPKα2 knockout mice [14] or their wild type control mice (C57BL/6) were treated with
0.125% trypsin, and the dissociated cells were cultured on poly-D-lysine coated culture plates
or dishes in Neurobasal medium (Invitrogen, San Diego, CA, USA) containing 2% B27
supplement (Invitrogen), L-glutamine (0.5 mM; Sigma–Aldrich Co., St. Louis, MO, USA), L-
glutamate (25 μM; Sigma–Aldrich Co.) and penicillin/streptomycin mixture (Invitrogen). The
cultures were maintained in 5% CO2 at 37 °C for 7 days and exchanged with B27 free
Neurobasal medium for drug treatment. AICAR (BioMol, Plymouth Meeting, PA, USA) was
prepared in distilled dimethylsulfoxide (DMSO; Sigma–Aldrich Co.).

2.2. Analysis of α- and β-secretase activity and Aβ40/Aβ42 release
The activities of α- and β-secretases in post-nuclear cell extracts or lipid raft fractions were
measured using fluorogenic assay kits purchased from R&D Systems Inc. (Minneapolis, MN,
USA). The activities were measured by SPECTRAmax® Gemini XS® fluorimeter with
SOFTmax PRO® software (Molecular Devices, Chicago, IL, USA) with excitation at 345 nm
and emission detection at 500 nm. For quantification of Aβ in media, culture media was
centrifuged (1000g for 10 min at 4 °C) and 100 μl supernatant was used for colorimetric ELISA
by using human Aβ (1–40) and (1–42) assay kits purchased from IBL Co., Ltd. (Japan) or
Wako chemicals (Japan) which are fully compatible with rat Aβ40 or Aβ42.

2.3. Western blot analysis and antibodies
Western blot analysis was performed using antibodies against N-terminal APP695 (22C11,
Chemicon, Temecula, CA, USA), C-terminal APP (Ab18813, Abcam, Cambridge, MA),
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BACE1 (Chemicon), ADAM10 (SantaCruz Biotech.), flotillin-1 (SantaCruz Biotech.),
clathrin (SantaCruz Biotech.), PrP (SantaCruz Biotech.), CD71 (SantaCruz Biotech.), pan- and
phospho-AMPK (Thr172) (Cell Signaling Tech. Inc., Panvers, MA, USA), pan- and phospho-
ACC (Ser79) (Cell Signaling Tech. Inc.).

2.4. AMPKα activity assay
AMPKα activity was assayed as described previously [6] in homogenized neuron cell lysates
in lysis buffer (50 mM Tris–HCl, pH 7.4, containing 50 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 10% glycerol, 1% Triton X-100 and protease inhibitor mixture). Approximately 200
μg of cell lysate was incubated with anti-AMPKα antibody for 2 h, then 30 μl of protein A/G
plus agarose was added and incubated for an additional 1 h at 4 °C. The immune complexes
were washed twice in lysis buffer and twice in kinase buffer (62.5 mM HEPES, pH 7.0, 62.5
mM NaCl, 62.5 mM NaF, 6.25 mM sodium pyrophosphate, 1.25 mM EDTA, 1.25 mM EGTA
and 1 mM dithiothreitol), incubated at 30 °C in 30 μl of kinase assay buffer containing 200
μM AMP/ATP mixture and recombinant ACC protein (Millipore, Billerica, MA) for 20 min.
The reaction was terminated by addition of SDS–PAGE sample loading buffer and boiling.
The resultant phosphorylated ACC levels were analyzed by Western blot analysis.

2.5. Extraction of membrane micro-domains
The cultured cells were washed in ice cold PBS twice and lysed in 0.4 ml MBS buffer [25 mM
MES, pH 6.5, 150 mM NaCl, 1 mM Na3VO4 and protease inhibitor cocktail (Roche,
Indianapolis, IN)] containing 0.5% Lubrol WX (ICN Biochemicals, Cleveland, OH, USA) for
30 min on ice and homogenized by 10 strokes up and down in a tightly fitted Dounce
homogenizer. The homogenates were centrifuged at 1000g for 10 min at 4 °C and the resultant
supernatants were analyzed for protein quantity. The same protein quantities of post-nuclear
lysates were mixed with the same volume of 80% Nycodenz (Nycomed, Roskilde, Denmark)
in MBS buffer with 0.5% Lubrol WX. The resulting 40% Nycodenz containing lysate mixtures
were overlaid with two volumes of 30% and one volume of 5% Nycodenz in MBS with 0.5%
Lubrol WX as described previously [15]. Following centrifugation for 2 h at 80,000g in a
TLV-100 rotor (Beckman, Fullerton, CA, USA) 10 equal volumes of fractions were collected.

2.6. Quantification of cholesterol and sphingomyelin
Total lipids were extracted from cultured neurons by the Folch method in a mixture of 2:1
chloroform/methanol (vol/vol). The extract was washed with 0.2 volumes of saline (NaCl
0.9%) and centrifuged at 2000 rpm for 10 min. The organic phase was used for analysis of
neutral lipids (i.e. cholesterol) and acidic lipids (sphingomyelin and other phospholipids) were
analyzed using HPTLC as described earlier [16]. All lipid levels were quantified by
densitometric scanning using an Imaging Densitometer (Model GS-670, Bio-Rad), and
software provided with the instrument by the manufacturer.

3. Results
3.1. AMPK activator decreases Aβ generation in cultured cortical neurons

Recent studies have shown that neurons express high levels of AMPK due to their high energy
demand [13]. Because neurons express the amyloidogenic form of APP (APP695) and produce
Aβ peptide, we designed experiments to examine whether AMPK is implicated in the regulation
of neuronal Aβ generation. For it, primary cultured embryonic cortical neurons were treated
with AI-CAR. Fig. 1A-i shows that AICAR dose dependently reduced neuronal Aβ40/42
production without altering cell viability significantly (Fig. 1A-ii). The Western analysis using
antibodies against phospho-Thr172-AMPKα, an active form of AMPK, or phospho-Ser79-
ACC, a substrate of AMPK (Fig. 1B-i), and in vitro kinase assay for AMPK (Fig. 1B-ii)
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indicates that AICAR treatment of neurons in culture induces AMPK activation. These data
indicate that AMPK activation may negatively regulate Aβ generation in neurons.

3.2. AICAR modulates APP β-cleavage by altering APP distribution in the specific lipid raft
domains

APP processing by β-secretases (i.e. BACE1) is a first step in Aβ generation [1]. The resultant
C99 fragment (C-terminal fragment of APP generated by β-secretase) from this step is further
processed by γ-secretase to toxic Aβ peptides [1]. In this study, we observed that AICAR
treatment down-regulates neuronal C99 levels but without altering APP or BACE1 levels (Fig.
2A-i) and α- and β-secretase activities (Fig. 2A-ii), suggesting that AICAR-induced reduction
in APP β-cleavage is independent of cellular levels of APP and BACE1 and the activities of
α- and β-secretases. Since APP β-cleavage is predominantly mediated in cholesterol and
sphingomyelin rich specific membrane domains, called “lipid rafts”, we then examined the
effect of AMPK activation on the distribution of APP and BACE1 in lipid rafts (Fig. 2B-i and
ii). The lipid rafts were purified from neurons as described previously [5]. The lipid raft gradient
fractions were analyzed for the distribution of APP as well as lipid raft markers. As shown in
Fig. 2B-i and ii, AICAR treatment of neurons reduced APP levels in lipid raft fractions that
overlap with PrP (a marker for lipid rafts containing glycosylphosphatidylinositol-anchored
proteins) and flotillin-1 (a marker for caveolae) double positive fractions (# 1–3), but not with
PrP negative and flotillin-1 positive fractions (# 4–7), and also not with CD71 and clathrin
double positive fractions (non-lipid raft fractions; # 8–10). AICAR treatment did not alter PrP
and flotillin-1 levels (Fig. 2B-i) and total protein levels (Fig. 2B-iii) in fractions # 1–3 indicating
that the observed reduction in APP levels in fractions # 1–3 may not be due to differences in
protein loading on the gel. In contrast to decreased APP, no alteration in β-secretase activities
or BACE1 levels in lipid raft fractions was observed in AICAR treated cells (Fig. 2C). Taken
together, these data indicate that AI-CAR treatment reduces Aβ generation possibly by
reducing APP levels in the lipid rafts and thus reduced production of Aβ (Fig. 1), rather than
modulating α- or β-secretase activity (Fig. 2C).

3.3. Aβ generation is increased in AMPKα2 knockout neurons
The above studies indicate that pharmacological activation of AMPK negatively regulates
generation of Aβ. To further support the role of AMPK in the regulation of neuronal Aβ
generation, we next examined the effect of AMPK deficiency on neuronal Aβ production and
APP distribution in the lipid raft fractions from neurons of AMPKα knockout (KO) mice. Since
neurons primarily express the α2 catalytic subunit of AMPK as shown in Fig. 3A-i, neurons
cultured from AMPKα2 KO mice and their wild type (WT) control mice were used in these
experiments. In both neuronal cultures, there were no detectable differences in cell morphology
and viability as shown in Fig. 3A-ii. However, neurons cultured from AMPKα2 KO mice
produced significantly higher levels Aβ40/42 peptides (Fig. 3B). Further, to understand the
relationship between Aβ generation and APP distribution, we prepared lipid raft fractions from
neurons cultured from AMPKα2 KO and WT mice. As expected, AICAR treatment of WT
mouse neurons reduced the distribution of APP in lipid raft fractions (Fig. 3C). On the other
hand, the increased production of Aβ40/42 peptides in AMPKα2 KO neurons correlated with
higher APP levels in lipid raft fractions (fractions # 1–3) from AMPKα2 KO neurons (Fig.
3C). These data document that AMPKα2 negatively regulates APP processing to Aβ peptides
by reducing the distribution of APP in lipid rafts.

3.4. AMPK regulates neuronal cholesterol and sphingomyelin levels
Cholesterol and sphingomyelin are the major lipid components in lipid rafts which play pivotal
role in APP metabolism leading to Aβ generation. Since AMPK has been implicated in control
of biosynthesis of cholesterol and sphingomyelin [9,11], we examined whether AMPK down-
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regulates Aβ generation by affecting the neuronal levels of cholesterol and sphingomyelin. As
expected, we observed that the neurons from AMPKα2 KO mice had higher levels of
sphingomyelin as compared to neurons from WT mice (Fig. 4A-i). In addition, sphingomyelin
levels were decreased in neuron cultures treated with AICAR (Fig. 4A-i). To further understand
the effect of AICAR on sphingomyelin distribution in different membrane micro-domains, we
examined the levels of sphingomyelin in gradient of control and AICAR treated neurons (Fig.
4A-ii). We observed that AICAR treatment of neurons reduced sphingomyelin levels in lipid
raft fractions as similar to APP distribution in lipid raft fractions (Fig. 2B).

Activation of AMPK has been implicated in inhibition of cholesterol synthesis by down-
regulating enzyme activity of HMG-CoA reductase [9]. Accordingly, we observed increased
cholesterol levels in the neurons cultured from AMPKα2 KO mice (Fig. 4B-i). This data
suggests that AMPK inactivation could cause overload of both sphingomyelin and cholesterol
in neurons. Despite these data, however, stimulation of wild type neurons with AICAR for
activation of AMPK did not affect cholesterol levels in whole cell lysate (Fig. 4B-i) as well as
in lipid raft fractions (Fig. 4B-ii). Taken together, these data suggest that although the reduction
in the basal levels of cholesterol is very tightly regulated, AMPK is involved in the regulation
of neuronal cholesterol and sphingomyelin levels, which, in turn, regulates APP distribution
in the lipid rafts and thus its metabolism leading to generation of Aβ.

4. Discussion
AMPK is a key sensor and regulator of intracellular and whole-body energy metabolism and
plays a key role in regulation of lipid metabolism [9]. AMPK regulates activities and gene
expressions of HMG-CoA reductase, serine palmitoyl transferase and ceramide synthase 5,
and thus controls cholesterol and sphingolipid metabolism [7,9,11,12]. Cholesterol and
sphingolipids are the major constituents of lipid rafts which provide optimum environment for
APP metabolism leading to generation of Aβ [1,2]. Therefore, AMPK is likely to be involved
in Aβ generation and thus Alzheimer’s pathology by regulating lipid raft homeostasis.
However, no study to date has tested this hypothesis. Here we demonstrate that AMPK controls
Aβ generation through modulating neuronal cholesterol and sphingomyelin levels, and thus
distribution of APP in lipid rafts.

Membrane proteins are assigned to three categories: those that are mainly found in the rafts,
those that are present in the liquid-disordered phase (non-lipid raft fractions), and those that
represent an intermediate state, moving in and out of rafts [17]. Studies documented that β-
secretase (BACE) and γ-secretase complexes are localized in lipid rafts, and that is critical for
their actions on APP metabolism leading to Aβ [1,2]. On the other hand, APP is observed to
be localized in both lipid raft and non-lipid raft fractions [15], and alteration in distribution of
APP between non-raft and raft fractions has been implicated in altered Aβ generation [1,2]. In
the present study, we observed that AMPK activation selectively inhibited APP distribution
(but not BACE1) in low density lipid raft fractions (fractions # 1–3 in Fig. 2B and C). Although
mechanism underlying differential effect of AMPK on the distributions of APP and BACE1
in lipid rafts is not understood at present, the reported strong tendency of S-palmitoylated
BACE1 to localize in lipid rafts [18] may play a role in unaltered BACE1 distribution in lipid
rafts under AMPK activated conditions.

AMPK has been implicated in regulation of cholesterol and sphingolipid biosynthesis by
regulating gene expressions and activities of associated enzymes [9,11,12]. Consistent with
these studies, we observed that AMPK activation reduced the sphingomyelin levels in lipid
rafts as well as whole neuronal lysates (Fig. 4A-i and ii). However, cholesterol levels in
neuronal lysates and purified lipid rafts were not altered by AICAR treatment under the same
experimental conditions (Fig. 4B-i and ii). We recently reported similar observations in
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hippocampal neurons treated with lovastatin (an inhibitor of cholesterol synthetic pathway),
where cholesterol levels were not altered by lovastatin treatment up to 36 h [5]. The observed
unaltered cholesterol levels under lovastatin or AICAR treated conditions may be due to the
long half life of pre-existing cholesterol and/or the observed reduction in synthetic rates are
still able to maintain cellular cholesterol homeostasis. Interestingly, the observed increased
levels of cholesterol and sphingomyelin with loss of AMPK activity in cultured AMPKα2 KO
neurons (Fig. 4A and B) suggest that AMPK inactivation could cause an overload of both
cholesterol and sphingomyelin in neurons. In turn, these data also suggest that activation of
AMPK may efficiently reduce cholesterol overload but may not reduce below the basal levels
because of alternate mechanisms for maintaining cholesterol homeostasis. On the other hand,
both the overloaded and the basal sphingomyelin levels were efficiently reduced by AMPK
activation (Fig. 4A and B), thus suggesting a role for neuronal sphingomyelin homeostasis in
lipid raft function for APP metabolism and generation of Aβ.

In summary, these studies describe for the first time that AMPK controls neuronal Aβ
generation by modulating distribution of APP in lipid raft membrane micro-domains, and thus
raising the possibility that AMPK could be a potential therapeutic target for Alzheimer’s
disease. Although detailed mechanism is not known, the reported role of AMPK in regulation
of cholesterol and sphingolipid biosynthesis [9,11,12] and our observations demonstrating the
increased sphingomyelin and cholesterol levels under AMPK deficient conditions and the
decreased sphingomyelin levels under AMPK activated conditions suggest a role for AMPK
in lipid metabolism associated with lipid raft function and integrity, and APP distribution in
lipid rafts and thus Aβ generation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
AMPK activators decrease Aβ generation in cultured neuron cells. To examine the effect of
AMPK activators on Aβ secretion, the primary cultured rat cortical neurons were incubated
with indicated concentration of AICAR (5-aminoimidazole-4-carboxamide-1-D-
ribofuranoside) for 36 h, and then Aβ40/42 levels in culture media were measured by ELISA
(A-i). Under the same experimental conditions, neuronal viability was assayed by MTT assay
(A-ii). The effect of AICAR (0.5 mM/3 h) on protein levels of p-AMPK, p-ACC and β-actin
(B-i) and AMPK enzyme activity (B-ii) were measured by Western blot and by in vitro kinase
assay using recombinant (rec.) ACC as a substrate. The vertical bar on each group indicates
the standard error of mean (*P < 0.05, ***P < 0.001 compared to control group).
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Fig. 2.
AICAR modulates APP β-cleavage through reducing APP lipid raft distribution. The effect of
AICAR (0.5 and/or 1 mM/36 h) on cellular levels of APP, BACE1 and C99 (C-terminal
fragment of APP generated by β-secretase; β-CTF) (A-i), activities of α- and β-secretases in
post-nuclear fractions (A-ii), APP distribution in membrane micro-domains (B-i) were
analyzed in primary cultured rat cortical neurons. The distribution of APP in the lipid raft
fractions was determined by comparing protein levels of APP and non-lipid raft markers (CD71
and clathrin), marker for glycosylphosphatidylinositol-anchored protein containing lipid rafts
(PrP) or caveolae marker (flotillin-1) (B-i). The protein levels of APP in fractions # 2 and 3
(control and 0.5 mM AICAR) were quantified and represented on bar graph (B-ii). The lack
of differences in protein quantities in each fraction between control (CON) and AICAR treated
groups (B-iii) indicate that the observed alterations in APP levels are not due to the differences
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of protein amounts. The effects of AICAR on α-and β-secretase activities and BACE1 protein
levels in lipid raft fractions (fraction # 2) were also measured (C). The vertical bar on each
group indicates the standard error of mean (*P < 0.05 compared to control group in each
fraction).
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Fig. 3.
Knockout of AMPKα2 increases neuronal Aβ production. Following the culture of cortical
neurons from wild type (WT) and AMPKα2 knockout (KO) mice, protein levels of AMPKα1
and α2 were analyzed to examine a major AMPKα isoform (α1 vs. α2) (A-i). In addition, the
difference in neuronal morphology between WT and KO was also examined (A-ii). Under
these experimental conditions, the role of AMPKα2 in the production of neuronal Aβ40/42 (B)
and APP distribution in lipid raft fractions (C) were analyzed. The vertical bar on each group
indicates the standard error of mean; **P < 0.01; ***P < 0.001 for comparison to vehicle (VHC,
dimethylsulfoxide) treated WT or KO neurons; +P < 0.01 for comparison to VHC treated WT
neurons.
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Fig. 4.
AICAR regulates neuronal levels of sphingomyelin and cholesterol. Following the culture of
wild type and AMPKα2 knockout cortical neurons, the neurons were incubated with/without
AICAR (0.5 mM for 36 h), and then levels of sphingomyelin (A) and cholesterol (B) in post-
nuclear extracts (i) and in lipid raft fractions (ii) were analyzed as described under materials
and methods. The vertical bar on each group indicates the standard error of mean (*P < 0.05
and **P < 0.01 compared to control group).
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