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In the liver, glucose induces the expression of a number of genes involved in glucose and lipid metabolism,
e.g., those encoding L-type pyruvate kinase and fatty acid synthase. Recent evidence has indicated a role for the
AMP-activated protein kinase (AMPK) in the inhibition of glucose-activated gene expression in hepatocytes.
It remains unclear, however, whether AMPK is involved in the glucose induction of these genes. In order to
study further the role of AMPK in regulating gene expression, we have generated two mutant forms of AMPK.
One of these (a1312) acts as a constitutively active kinase, while the other (a1DN) acts as a dominant negative
inhibitor of endogenous AMPK. We have used adenovirus-mediated gene transfer to express these mutants in
primary rat hepatocytes in culture in order to determine their effect on AMPK activity and the transcription
of glucose-activated genes. Expression of a1312 increased AMPK activity in hepatocytes and blocked completely
the induction of a number of glucose-activated genes in response to 25 mM glucose. This effect is similar to that
observed following activation of AMPK by 5-amino-imidazolecarboxamide riboside. Expression of a1DN
markedly inhibited both basal and stimulated activity of endogenous AMPK but had no effect on the tran-
scription of glucose-activated genes. Our results suggest that AMPK is involved in the inhibition of glucose-
activated gene expression but not in the induction pathway. This study demonstrates that the two mutants we
have described will provide valuable tools for studying the wider physiological role of AMPK.

In the presence of insulin, high levels of glucose stimulate
the transcription of a number of genes involved in the conver-
sion of carbohydrates to lipids in the liver (15, 45). In primary
rat hepatocytes in culture, the levels of mRNA encoding L-
type pyruvate kinase (L-PK), fatty acid synthase (FAS), and
spot 14 (S14) increase with increasing concentrations of glu-
cose (5 to 25 mM) (10, 24, 33). The mechanism by which this
occurs remains unclear, but metabolism of glucose to glucose-
6-phosphate appears to be an essential step in the process (33).
In this respect, insulin is required to increase the expression of
glucokinase in the liver to allow conversion of glucose to glu-
cose-6-phosphate (15). There is growing evidence to suggest
that protein phosphorylation plays an important role in the
regulation of glucose-activated gene expression. For example,
okadaic acid, an inhibitor of protein phosphatase types 1 and
2A, has been shown to inhibit the glucose stimulation of S14
(40) and FAS (13) gene expression in cultured hepatocytes.

The AMP-activated protein kinase (AMPK) provides a po-
tential candidate for a protein kinase involved in the regulation
of glucose-activated genes. A significant clue regarding a pos-
sible role for AMPK in the regulation of gene transcription
came from the finding that it is structurally and functionally
related to the yeast protein kinase complex SNF1 (1, 40, 52). In

yeast, the transcription of a number of genes is repressed by
high concentrations of glucose (46). The kinase activity of
SNF1 is essential for the derepression of these genes in yeast
grown under conditions of glucose limitation (3). AMPK and
SNF1 both form heterotrimeric complexes consisting of a cat-
alytic subunit and two regulatory subunits. The amino acid
sequences of the mammalian AMPK subunits are highly re-
lated to their counterparts in the SNF1 complex (1, 32, 40, 51),
and the kinases show functional similarities (9, 50, 52). Taken
together, these findings led us, and others (31), to speculate
that AMPK may be involved in regulating gene transcription in
mammals. Evidence that this may be the case came from stud-
ies in which AMPK in hepatocytes was activated by incubation
with 5-amino-imidazolecarboxamide (AICA) riboside, leading
to the inhibition of FAS, L-PK, and S14 gene expression by
glucose (13, 31). These results imply that AMPK is involved in
the repression of glucose-activated genes. However, AICA ri-
boside is not a specific activator of AMPK (16, 28), and there-
fore the results obtained in these studies cannot be taken as
unequivocal proof that AMPK was mediating this response.
Furthermore, neither of these studies provided any informa-
tion as to whether AMPK was involved in the activation pro-
cess.

In order to investigate further the role of AMPK in the
regulation of glucose-activated gene expression, we have de-
veloped two mutant forms of the kinase: one that acts as a
constitutively active kinase (a1312) and one that acts as a dom-
inant negative inhibitor (a1DN) of endogenous AMPK. We
used adenovirus-mediated gene transfer to express these mu-
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tants at high levels in primary rat hepatocytes in culture. Ex-
pression of a1312 results in a significant increase in AMPK
activity and blocks the glucose activation of the FAS, L-PK,
S14, and acetyl coenzyme A (acetyl-CoA) carboxylase (ACC)
genes. In contrast, expression of a1DN reduces endogenous
AMPK activity by up to 75% but does not have any effect on
the transcription of these genes. Taken together, these results
point to a role for AMPK in the down-regulation of glucose-
activated genes but suggest that it is not involved in their
activation. To our knowledge this is the first study to use
molecular reagents to modulate AMPK activity in order to
determine the effects of the kinase on a downstream pathway.
In addition to helping characterize the role of AMPK in the
regulation of gene expression, these reagents should provide
valuable tools for the further elucidation of the physiological
role of AMPK.

MATERIALS AND METHODS

Animals. Animal studies were conducted according to French guidelines for
the care and use of experimental animals. Female Wistar rats (200 to 300 g) were
used for the isolation of hepatocytes.

Isolation and primary culture of rat hepatocytes and adenovirus infection.
Hepatocytes were isolated exactly as described previously (13) using the colla-
genase method. After cell attachment, hepatocytes were cultured for 16 to 18 h
in the presence of 5 mM glucose. Hepatocytes were infected with various titers
of adenovirus (0 to 100 PFU/cell) and incubated in either 5 mM glucose and 100
nM insulin or 25 mM glucose and 100 nM insulin for up to 90 h, as indicated. The
adenoviral infection protocol was carried out as previously described (14). In
some cases, at the end of this period, AICA riboside (250 or 500 mM) was added
to the media, and the cells were incubated for a further 1 to 4 h, as indicated.
Approximately 8 3 106 cells on a 10-cm plate were lysed by the direct addition
of 1.5 ml of 53 buffer A to the culture medium (6 ml) to give a final concen-
tration of 50 mM Tris-HCl (pH 7.5), 50 mM NaF, 5 mM sodium pyrophosphate,
1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, and 1% Triton X-100 (buffer
A). Cellular debris was removed by centrifugation at 14,000 3 g for 10 min at
4°C, and the resulting supernatant (cell lysate) was used for analysis of AMPK
activity or Western blotting.

Construction of recombinant adenoviruses. cDNA encoding residues 1 to 312
of a1, containing a mutation that alters threonine 172 to an aspartic acid
(T172D) (41), was used to construct the recombinant adenovirus Ad.a1312 as
described previously (22). Briefly, the cDNA of a1312 was subcloned into the
shuttle vector pAdTrack-CMV. The resultant plasmid was linearized by the
restriction endonuclease PmeI and cotransformed with the supercoiled adeno-
viral vector pAd-Easy1 into Escherichia coli strain BJ5183. Recombinants were
selected by kanamycin resistance and screened by restriction endonuclease di-
gestion. The recombinant adenoviral construct was cleaved with PacI and trans-
fected into the packaging cell line HEK293.

cDNA encoding a1, containing a mutation that alters aspartic acid residue 157
to alanine (41), was used to construct Ad.a1DN. The cDNA was subcloned into
the EcoRI/XhoI-linearized pDK6 shuttle vector (11) under the control of the
cytomegalovirus IE promoter. The pDK6-a1DN plasmid was cotransfected in
HEK293 cells together with the ClaI-cut DNA of the E1a2 adenovirus vector
Ad.gal-nls (36). Recombinant Ad.a1DN plaques were detected by amplification
of viral DNA using a1-specific primers, and one clone was further amplified in
HEK293 cells. The adenovirus vector Ad.null, in which the expression cassette
contains the major late promoter with no exogenous gene, was used as a control
(30). Adenoviruses were propagated in HEK293 cells, purified by cesium chlo-
ride density centrifugation, and stored as previously described (30).

Antibodies and immunological reagents. An anti-Myc monoclonal antibody
(clone 9E10 [12]) was used to detect the recombinant a1 mutant proteins, which
both contain the sequence EQKLISEEDL immediately after the initiating me-
thionine residue (41). Sheep antibodies against the rat a1 and a2 subunits (53)
and against the rat g1 subunit (4) and rabbit antibodies against the rat b1 subunit
(51) were produced as described previously. Anti-mouse, anti-rabbit, and anti-
sheep antibodies conjugated to horseradish peroxidase and protein A and pro-
tein G conjugated to horseradish peroxidase were obtained from Bio-Rad. Pro-
tein G-Sepharose was from Sigma.

Immunoprecipitation and AMPK assays. AMPK was immunoprecipitated
from 0.5 to 1.5 ml of cell lysate by incubation with either anti-a1, anti-a2, or
anti-g1 antibody bound to protein G-Sepharose for 2 h at 4°C. Recombinant a1
proteins were immunoprecipitated from hepatocyte lysates using an anti-Myc
(clone 9E10) antibody bound to protein G-Sepharose. Immune complexes were
collected by brief centrifugation and washed extensively in buffer A. AMPK
activity in the immune complex was determined by phosphorylation of the SAMS
(full sequence: HMRSAMSGLHLVKRR) synthetic peptide substrate (53). At
the end of the assay period, the immune complex was washed with buffer A to
remove unreacted ATP, and proteins within the complex were resolved by

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
analyzed by Western blotting.

Western blotting. Samples were boiled in SDS sample buffer, resolved by
SDS-PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane.
The membrane was incubated for 1 h at room temperature in 10 mM Tris-HCl
(pH 7.4) 0.5 M NaCl, and 0.5% (vol/vol) Tween 20 (TBST) containing 5%
(wt/vol) low-fat milk powder. Following a 2-h incubation with primary antibody
diluted in TBST containing 5% milk powder, blots were washed extensively with
TBST at room temperature. Blots of crude lysates were incubated with the
appropriate secondary antibody conjugated to horseradish peroxidase, whereas
blots of immune complexes were probed with protein A or protein G conjugated
to horseradish peroxidase. After further washing with TBST, the blots were
developed using enhanced chemiluminescence (Boehringer Mannheim).

Isolation of total RNA and Northern blot analysis. Total cellular RNAs were
extracted from cultured hepatocytes using guanidine thiocyanate (5) and pre-
pared for Northern blot hybridization as previously described (7). Labeling of
each cDNA probe with [a-32P]dCTP was performed by random priming. cDNA
probes for albumin, ACC, FAS, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), L-PK, and S14 were used as previously described (14).

Statistical analysis. Results, expressed as the mean 6 the standard error of the
mean (SEM), were analyzed using a two-tailed unpaired Student t test.

RESULTS

Expression of a constitutively active form of AMPK in hepa-
tocytes. In a recent study, Crute et al. reported that truncation
of AMPKa1 at residue 312 yielded a polypeptide that no
longer associated with the b and g subunits but retained sig-
nificant kinase activity (8). We subsequently showed that mu-
tation of threonine 172 within the a subunit, the major site
phosphorylated by AMPK kinase (20), to an aspartic acid res-
idue within this truncated protein prevented its inactivation by
protein phosphatases (41). These findings indicated the poten-
tial of this mutant to act as a constitutively active kinase. In
order to determine the effect of high-level expression of this
mutant in primary rat hepatocytes, we constructed a recombi-
nant adenovirus (Ad.a1312). Following infection with Ad.a1312,
hepatocyte lysates were analyzed by Western blotting for ex-
pression of a1312 and endogenous AMPK subunits. The re-
combinant a1312 protein contains a Myc epitope tag at the N
terminus, allowing detection with an anti-Myc antibody. The
mutant protein was just detectable after 18 h with 3 PFU/cell,
and the expression increased markedly with time and adeno-
viral titer (Fig. 1A). Expression of a1312 did not have any
significant effect on the amount of endogenous AMPK sub-
units present in total cell extracts. The antibodies used for
detecting the a subunit cross-react with both the a1 and a2
isoforms but do not recognize the truncated a1312 mutant. In
order to determine whether the truncated a1312 protein asso-
ciates in a complex with the b and g subunits in hepatocytes,
complex formation in anti-g or anti-Myc immunoprecipitates
was analyzed by Western blotting (Fig. 1B). In immune com-
plexes isolated with an anti-Myc antibody, which immunopre-
cipitates a1312, the b and g subunits were not detected, con-
firming that this mutant does not associate with the regulatory
subunits. In contrast, immune complexes isolated with an an-
ti-g antibody, which immunoprecipitates the endogenous
AMPK complexes, contained readily detectable levels of both
the b and g subunits.

Expression of a1312 resulted in significantly increased levels
of AMPK activity present in cell lysates compared to those for
control-infected cells (Ad.null). This increase in activity was
greater than that detected following treatment of cells with
AICA riboside (Fig. 2A). In order to measure the endogenous
activity of AMPK, cell lysates were immunoprecipitated with
an anti-g antibody, which immunoprecipitates native AMPK
complexes but not recombinant a1312 (Fig. 2B). Endogenous
AMPK activity was unaffected by expression of a1312, whereas
the endogenous activity was stimulated approximately sixfold
following treatment with 250 mM AICA riboside. Figure 2C
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shows that AMPK activity in immune complexes isolated using
an anti-g antibody, i.e., endogenous AMPK, was stimulated
four- to fivefold by 200 mM AMP and that the activity of a1312,
present in an anti-Myc immune complex, was not dependent
on AMP. a1312 activity was resistant to inactivation by treat-
ment with protein phosphatase 2C (data not shown), confirm-
ing our previous finding that a1312 is resistant to dephosphor-
ylation (41). These results show that the expressed a1312

protein acts as a constitutively active kinase, significantly in-
creasing AMPK activity within primary rat hepatocytes.

Inhibition of glucose-activated gene expression by AMPK.
Members of our group and others have previously shown that
activation of AMPK by AICA riboside blocks the glucose ac-
tivation of a number of genes in hepatocytes (13, 31). We
therefore determined the effect of expression of a1312 on the
transcription of glucose-activated genes. Figure 3 shows a
Northern blot analysis of RNA from hepatocytes infected with
either Ad.a1312 or Ad.null. The expression of genes encoding
FAS, L-PK, S14, and ACC was increased by incubating the
cells in 25 mM glucose compared to results obtained with 5
mM glucose (Fig. 3). Consistent with the results of earlier
studies, AICA riboside antagonized glucose activation of these
genes. At 30 PFU/cell, expression of a1312 almost totally abol-
ished the increase in gene expression by 25 mM glucose, al-
though this effect was far less apparent in cells where the
mutant protein was expressed at a low level (3 PFU/cell). The
expression of control genes (those for albumin and GAPDH)
was not significantly affected by any of the treatments.

Expression of a dominant negative form of AMPK in hepa-
tocytes. Considering that an increase in AMPK activity, caused
either by AICA riboside or by overexpression of a1312, results
in the inhibition of transcription of glucose-activated genes, it
is tempting to speculate that in hepatocytes, inhibition of
AMPK is the mechanism by which glucose induces the expres-
sion of these genes. To date, however, no specific inhibitors of
AMPK have been reported, and so it has not been possible to
test this hypothesis directly. In an attempt to address this
problem, we undertook to develop a dominant negative mu-
tant of AMPK, which would allow us to determine directly
whether AMPK is involved in the induction of glucose-acti-
vated gene expression in hepatocytes.

FIG. 1. Expression of a1312 in hepatocytes. (A) Primary rat hepatocytes in
culture were infected with Ad.a1312 or Ad.null at either 3 or 30 PFU/cell. Cell
lysates from hepatocytes harvested 18 or 24 h postinfection were analyzed by
Western blotting for expression of the recombinant a1312 protein (using an
anti-Myc antibody) or the endogenous AMPK subunits (using either an anti-a
antibody which recognizes both a1 and a2 isoforms, but not the truncated a1312

protein, or an anti-b or anti-g antibody). (B) Cell lysates from hepatocytes
infected with Ad.a1312 (30 PFU/cell for 24 h) were immunoprecipitated (IP) with
either an anti-g antibody or an anti-Myc antibody. Immune complexes were
resolved by SDS-PAGE, and the presence of the b and g subunits was deter-
mined by Western blotting. In each case, a representative blot from two inde-
pendent experiments is shown.

FIG. 2. Activity of a1312 in hepatocytes. Hepatocytes were grown in the presence of 25 mM glucose and 100 nM insulin and infected with either Ad.null or Ad.a1312

(30 PFU/cell). Twenty-four hours postinfection, hepatocytes were incubated in the presence or absence of 250 mM AICA riboside (AICAR) for 1 h before harvesting.
(A) Total activity (endogenous AMPK and expressed a1312) was measured in cell lysates, without prior immunoprecipitation, using the SAMS peptide assay. (B)
Endogenous AMPK activity was measured in immune complexes isolated by immunoprecipitation using an anti-g antibody bound to protein G-Sepharose. (C) AMPK
activity present in either anti-g (endogenous) or anti-Myc (expressed a1312) immunoprecipitates was measured in the absence (shaded bars) or presence (open bars)
of 0.2 mM AMP. Activities shown are the mean 6 the SEM from four experiments (A and B) or the average of two independent experiments assayed in duplicate (C).
ppp denotes a significant difference from the Ad.null value (P , 0.0005), and pp indicates that P was ,0.005. Activities are plotted as picomoles of 32P incorporation/
minutes per milliliter of lysate.
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Aspartate 157 within the a subunit lies in the conserved
DFG motif (subdomain VII in protein kinase catalytic sub-
units), which has been shown to be essential for MgATP bind-
ing in all protein kinases (26). Mutation of this residue to
alanine, in either a1 or a2, yields an inactive kinase but does
not have any effect on the binding of the b and g subunits
within the complex (41). Since formation of the heterotrimeric
complex is essential for AMPK activity, we reasoned that over-
expression of the inactive a1 subunit (a1DN) would act as a
dominant negative inhibitor by competing with the native a
subunit for binding with b and g. We therefore used adenovi-
rus-mediated gene transfer in primary rat hepatocytes to test
this hypothesis.

Infection of primary rat hepatocytes with Ad.a1DN led to
the marked expression of the mutant a1 subunit, detected by
Western blotting of cell lysates using an anti-a1 antibody,
which was dependent on the adenoviral titer used for infection
(Fig. 4A). Endogenous a1 in control-infected cells (Ad.null)
was barely detectable due to the low sensitivity of this antibody.
Western blot analysis of immune complexes isolated using an
anti-g antibody showed that as the expression of a1DN in-
creased, there was a concomitant decrease in the amount of a2
present in AMPK complexes (Fig. 4B). In contrast, the levels
of the b and g subunits remained constant. These results imply
that a1DN competes with the native a subunits for the binding
of the b and g subunits. Western blot analysis of the total level
of AMPK subunits present in cell lysates following a time
course of a1DN expression showed that increasing expression
of the inactive a1 subunit had no significant effect on the
expression of the endogenous b and g subunits. Interestingly,
however, the expression of a2 decreased markedly with time
after infection (Fig. 4C). These results suggest that as the
endogenous a2 subunit (and presumably the endogenous a1
subunit) is displaced from the complex, it becomes relatively
unstable and is removed from the cell.

Effect of inactive a1 on AMPK activity in hepatocytes.
Hepatocytes that had been preincubated with AICA riboside
to activate AMPK were used to study the effect of expression
of a1DN on AMPK activity. Using an anti-g antibody, which
immunoprecipitates both the a1 and a2 isoforms (38), there
was a decrease in kinase activity following expression of a1DN.
The degree of inhibition correlated with increasing expression
of a1DN (Fig. 5A). At 100 PFU/cell, there was approximately
70 to 75% inhibition of the AICA riboside-stimulated AMPK

FIG. 3. Expression of a1312 inhibits the transcription of glucose-activated
genes in cultured hepatocytes. Hepatocytes were grown in medium containing
either 5 mM glucose and 100 nM insulin (G5) or 25 mM glucose and 100 nM
insulin (G25) and were infected with Ad.a1312 (3 or 30 PFU/cell) or Ad.null (30
PFU/cell) and incubated for 18 h. At the end of this period, hepatocytes were
treated with or without AICA riboside (AICAR) (250 mM) and incubated for
4 h. Total RNA was extracted, electrophoresed on a 1% agarose gel, and
subjected to Northern blot analysis using cDNA probes encoding either FAS,
L-PK, ACC, S14, albumin, or GAPDH. Blots were washed extensively and
exposed to autoradiographic film at 270°C for 1 to 2 days. The blot shown is
representative of two independent experiments.

FIG. 4. Expression of a1DN in hepatocytes. (A) Hepatocytes in culture were
infected with varying titers of Ad.a1DN or Ad.null. Twenty-four hours after
infection, cell lysates were resolved by SDS-PAGE, transferred to a PVDF
membrane, and probed with an anti-a1 antibody. The a1-specific antibody used
for detection recognizes both the endogenous a1 subunit and the recombinant
a1 mutant protein. (B) Hepatocytes were infected with Ad.a1DN (10 PFU/cell),
and at varying times after infection, AMPK complexes were isolated by immu-
noprecipitation (IP) with an anti-g antibody. Proteins within the immune com-
plex were resolved by SDS-PAGE, transferred to a PVDF membrane, and
probed with either a2-, b-, or g-specific antibodies. A control lane shows the
expression of the subunits in an immune complex isolated from hepatocytes
infected for 90 h with Ad.null (10 PFU/cell). (C) Hepatocytes were infected with
either Ad.a1DN (10 PFU/cell) or Ad.null (10 PFU/cell). At various times after
infection, total protein in cell lysates was analyzed for expression of a1 and the
endogenous a2, b, and g subunits, using subunit-specific AMPK antibodies. In
each case, a representative blot from two independent experiments is shown.
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activity. Similar results were obtained after measuring AMPK
activity in crude cell lysates or in a partially purified polyeth-
ylene glycol fraction of the kinase (data not shown). At titers of
Ad.a1DN that were greater than 100 PFU/cell, the hepato-
cytes became unviable. Virtually identical results were ob-
tained when AMPK was immunoprecipitated with an a2-spe-
cific antibody (Fig. 5B). We were not able to measure the effect
on endogenous a1 activity directly due to competition of the
immunoprecipitating a1-specific antibody by the high levels of
recombinant a1 subunit. Previously, however, it has been
shown that a1 and a2 contribute almost equally to total AMPK
activity in rat liver (38, 53). Since the total activity of AMPK
falls by the same amount as the a2-specific activity, our results
imply that expression of a1DN inhibits both a1- and a2-con-
taining complexes to a similar extent. Expression of a1DN also
led to a decrease in AMPK activity of up to 60% in hepatocytes
that had not been incubated with AICA riboside, i.e., under
conditions which would reflect basal AMPK activity (Fig. 5C).

Effect of inhibition of AMPK on glucose-activated gene ex-
pression. In order to determine whether AMPK plays a role in
the induction of glucose-activated gene expression, we exam-
ined the effect of inhibiting AMPK by expression of a1DN.
The expression of glucose-activated genes in hepatocytes
grown in 5 mM glucose is very low but increases with increas-
ing glucose concentrations (13). Figure 6A shows that there
was no increase in the mRNA levels of FAS, L-PK, or S14
following expression of a1DN in hepatocytes grown in 5 mM
glucose, even though basal AMPK activity was reduced by up
to 60% under these conditions. In contrast, however, the level
of FAS mRNA was markedly increased by 25 mM glucose in
hepatocytes maintained under these conditions (Fig. 6B).
These results indicate that partial inhibition of AMPK is not
sufficient for induction of glucose-activated gene expression in
hepatocytes.

Effect of glucose concentration on endogenous AMPK activ-
ity. A caveat to our finding that inhibition of AMPK has no
effect on the induction of gene expression in response to glu-
cose is that we were unable to inhibit AMPK activity com-
pletely. It remained possible, therefore, that high concentra-
tions of glucose could activate gene expression by inhibiting
AMPK activity to a greater extent than we have observed using
the dominant negative approach. In order to test this, we

measured AMPK activity present in anti-a1 and anti-a2 im-
mune complexes that were isolated from hepatocytes incu-
bated in the presence of 100 nM insulin with either 5 mM
glucose or 25 mM glucose. Although in every case AMPK
activity was very low, we were unable to detect any significant
reduction in the activity of either a1 or a2 complexes from
hepatocytes incubated in 25 mM glucose compared to results
with 5 mM glucose (Fig. 7). This result rules out the possibility
that high concentrations of glucose activate gene expression in
hepatocytes by directly inhibiting AMPK.

DISCUSSION

AMPK was originally identified through its phosphorylation
and inhibition of key enzymes involved in biosynthetic path-
ways, such as ACC (fatty acid synthesis) and 3-hydroxy-3-meth-
ylglutaryl CoA reductase (isoprenoid and cholesterol biosyn-
thesis) (18). It has now become clear that AMPK plays a much
wider role in cellular regulation, e.g., in the regulation of fatty
acid oxidation in the liver (34, 48, 49) and muscles (29, 47), in
the activation of glucose uptake in muscles (21), and in the
inhibition of glucose-activated gene expression in the liver (13,
31). Virtually all of the studies examining the physiological role
of AMPK have involved experiments using AICA riboside to
activate the kinase. AICA riboside is a cell-permeative com-
pound which is phosphorylated within the cell by adenosine
kinase to form AICA ribotide, or ZMP (37), which mimics the
effect of AMP on activation of AMPK (6, 43, 44). A limitation
when using AICA riboside to study the function of AMPK is
that its effects are not restricted to activation of AMPK (16,
28), while in some cell types, e.g., cardiomyocytes, ZMP does
not accumulate to high levels (25). Results obtained with
AICA riboside, therefore, should be interpreted with caution
and treated only as preliminary evidence for the involvement
of AMPK in a particular pathway.

Convincing evidence of a role for AMPK in a particular
cellular pathway could be gained by using alternative methods
for modulating AMPK activity within the cell. Until now, how-
ever, there have been no reports of other well-characterized
activators or inhibitors of AMPK. In order to address this
issue, we have developed a constitutively active form of AMPK
to increase activity and a dominant negative mutant of AMPK

FIG. 5. Expression of a1DN inhibits AMPK activity. (A and B) Hepatocytes were infected with varying titers of Ad.a1DN or Ad.null. Forty-four hours after
infection, AICA riboside (500 mM) was added to the culture medium, and the hepatocytes were incubated for a further 1 h. AMPK complexes were isolated from cell
lysates by immunoprecipitation (IP) with either an anti-g antibody (A) or an anti-a2 antibody (B). Activity present in the immune complexes was measured by
phosphorylation of the SAMS peptide. For panel C, hepatocytes were infected with either Ad.a1DN (10 PFU/cell) or Ad.null (10 PFU/cell) in the absence of AICA
riboside. At various times postinfection, AMPK activity present in immune complexes isolated using an anti-g antibody was determined as described above. In each
case, results are plotted as a percentage of the activity present in hepatocytes infected with Ad.null and are the mean 6 the SEM of four independent experiments.
ppp denotes a significant difference from the Ad.null value (P , 0.0005), and pp indicates that P was ,0.005.
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to decrease activity. To determine the use of these reagents as
molecular tools to study the function of AMPK, we chose to
investigate the effects of their overexpression on the transcrip-
tion of glucose-activated genes. In the present study, we used
primary rat hepatocytes in culture, a system which has been
used extensively as a model for studying glucose-activated gene
expression (15, 45), coupled with adenovirus-mediated gene
transfer. Using this approach, we were able to express high
levels of both a1312, the constitutively active form of AMPK,
and a1DN, the dominant negative form. At 30 PFU/cell, the
activity contributed by a1312 in hepatocyte lysates was greater
than that of endogenous AMPK following stimulation by
AICA riboside. Expression of a1312 blocked the induction of
four glucose-responsive genes (FAS, L-PK, ACC, and S14) but
had no effect on the expression of control genes (albumin and
GAPDH), which are not induced by glucose.

In the liver, insulin acts indirectly in stimulating glucose-
activated gene expression by inducing glucokinase expression
(15, 45). In the present study, insulin (100 nM) was included
throughout the incubation of the hepatocytes, and the concen-
tration of glucose was varied between 5 and 25 mM. We are
unable to distinguish, therefore, among the inhibitory effects of
AMPK in a glucose pathway, an insulin pathway, or both. In
addition, it is possible that the effect of overexpression of a1312

on gene expression is due to its mimicking a closely related
kinase rather than being the direct consequence of AMPK
activity. However, the effect of a1312 is similar to that observed

following stimulation of AMPK with AICA riboside, providing
strong evidence that AMPK per se inhibits glucose-activated
gene expression. To our knowledge this is the first study to use
a constitutively active form of AMPK to alter a cellular re-
sponse.

Having obtained convincing evidence that AMPK inhibits
glucose-activated gene expression, we investigated next whether
AMPK could also be involved in the glucose activation path-
way. Expression of a1DN in hepatocytes led to a marked
decrease in AMPK activity. The magnitude of this effect was
the same regardless of whether anti-g or anti-a2 antibodies
were used to immunoprecipitate AMPK. In liver, the anti-g
antibody immunoprecipitates complexes containing both the
a1 and a2 isoforms (38), implying that the activities of the a1
and a2 isoforms are reduced to a similar extent by expression
of inactive a1. The most likely explanation for the reduction in
AMPK activity is that a1DN competes with the endogenous a
subunit for the binding of the b and g subunits. It is possible
that the unassociated a subunit is subject to an increased
turnover rate and is depleted from the cell. Consistent with this
hypothesis are the results of a previous study which showed
that the turnover rate of a1 in transiently transfected COS cells
is decreased by coexpression of the b and g subunits (8).
Alternatively, it is possible that the decrease in a2 expression
is due to feedback inhibition of a2 caused by overexpression of
the a1DN protein. Further experiments will be required to
address this issue.

Since an increase in AMPK activity inhibits glucose-acti-
vated gene transcription, it follows that a decrease in AMPK
activity could stimulate gene transcription. This does not ap-
pear to be the case, since inhibition of AMPK activity by more
than 50% in hepatocytes grown in 5 mM glucose had no de-
tectable effect on the expression of any of the glucose-activated
genes we examined. In a recent study, a2-containing com-
plexes, but not a1 complexes, were shown to be present within
the nucleus (38). This result suggests that the effect of AMPK
on gene expression may be mediated specifically by a2-con-
taining complexes. However, we found that expression of
a1DN inhibited both a1 and a2 complexes to the same extent,

FIG. 6. Overexpression of a1DN has no effect on the transcription of glu-
cose-activated genes. (A) Hepatocytes were incubated in the presence of 5 mM
glucose and 100 nM insulin (G5) for 18 h before infection with either Ad.a1DN
(10 PFU/cell) or Ad.null (10 PFU/cell). At various times after infection, total
RNA was extracted from the cells and subjected to Northern blotting with cDNA
probes encoding either FAS, L-PK, ACC, S14, or albumin. Blots were washed
extensively and exposed to autoradiographic film at 270°C for 1 to 2 days. (B)
Northern blot analysis of RNA isolated from hepatocytes 90 h after infection
with Ad.null (10 PFU/cell) cultured in medium containing 100 nM insulin and
either 5 mM glucose (G5) or 25 mM glucose (G25). In each case, a represen-
tative blot from at least four independent experiments is shown.

FIG. 7. Effect of extracellular glucose concentration on AMPK activity in
hepatocytes. Hepatocytes were cultured overnight in medium containing 5 mM
glucose and 100 nM insulin (G5). Medium was removed, and fresh G5 medium
or medium containing 25 mM glucose and 100 nM insulin (G25) was added.
Hepatocytes were harvested following incubation for a further 1 or 6 h. AMPK
activity present in immune complexes isolated using either an anti-a1 (shaded
bars) or anti-a2 (hatched bars) antibody was determined by phosphorylation of
the SAMS peptide. Activities are plotted as a percentage of AMPK activity
present in hepatocytes maintained in G5 and are the mean 6 the SEM of three
experiments. The 100% value for the activity in G5 is indicated by the dashed
line.
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arguing against this scenario. Expression of a1DN did not
completely abolish AMPK activity, and it remained feasible
that high concentrations of glucose could reduce activity by a
greater amount than the dominant negative inhibitor. How-
ever, we were unable to detect any decrease in the activity of
endogenous AMPK in cultured hepatocytes after changing the
glucose concentration in the medium from 5 to 25 mM. In
contrast, the expression of glucose-activated genes is signifi-
cantly increased under these conditions. Taken together, these
results rule out the possibility that glucose exerts its effects on
gene expression by directly inhibiting AMPK.

In a previous study, Salt et al. observed a correlation be-
tween AMPK activity and extracellular glucose concentration
in cell lines derived from pancreatic b cells (39). In this case,
however, AMPK activity was only increased by very low con-
centrations of glucose (below 1 mM). This is reminiscent of the
activation of SNF1 in yeast following removal of glucose from
the medium (50, 52). The increase in AMPK activity upon
glucose removal in b cells correlated with an increase in both
the ADP/ATP ratio and AMP/ATP ratio. Increasing the glu-
cose concentration above 10 mM had no obvious effect on
either AMPK activity or the ratio of ADP to ATP or AMP to
ATP (39). The results obtained with pancreatic b cell lines are
consistent with our finding for hepatocytes that AMPK is not
inhibited by high concentrations of glucose.

A specific role of AMPK in the inhibition of glucose-acti-
vated gene expression, rather than in the induction process, is
compatible with the idea that AMPK acts as a low-energy
sensor within the cell (16, 17). Under optimal conditions the
AMP/ATP ratio is maintained at a level below that required to
lead to activation of AMPK. Consistent with this is the finding
that the basal activity of AMPK isolated from hepatocytes
grown in the presence of 5 mM glucose is very low. Many stress
conditions lead to depletion of ATP and a concomitant rise in
the ratio of AMP to ATP, resulting in activation of AMPK
(19). In the case of glucose-activated gene expression, activa-
tion of AMPK would inhibit transcription, an energy-utilizing
pathway, thereby conserving the energy within the cell. It is less
clear whether any physiological conditions would lead to inhi-
bition of basal AMPK activity. From our current understand-
ing of the regulation of AMPK, inhibition of basal activity
would require a decrease in the AMP/ATP ratio, although it is
possible that some other, unrelated process could be involved.
However, we have not been able to measure any reduction of
basal AMPK activity in hepatocytes, and others have failed to
detect significant inhibition of AMPK in pancreatic b cell lines
(39), by high levels of glucose. Based on these findings, we
propose that activation of AMPK is a physiologically relevant
process, whereas a reduction of basal AMPK activity is unlikely
to occur in vivo.

Comparing the role of AMPK in inhibiting glucose-activated
gene expression with the role of SNF1 in yeast reveals some
intriguing details. SNF1 is activated in the presence of low
glucose levels (derepressing conditions). Although the meta-
bolic signal leading to activation remains enigmatic, it is anal-
ogous to the activation of AMPK following a rise in the AMP/
ATP ratio. Once activated, SNF1 switches on transcription of
glucose-repressed genes, such as SUC2, the gene coding for
invertase (2, 3). This is the mirror image of the situation for
AMPK, which switches off transcription of glucose-activated
genes. With high glucose levels (glucose-repressing condi-
tions), SNF1 is maintained in an inactive state and does not
appear to play a role in the glucose induction pathway (27),
analogous to the situation with AMPK. It is possible that the
repressive role of AMPK in gene expression is not limited to
glucose-activated genes but is a more global response. Inhibi-

tion of gene expression following a fall in the energy status of
the cell would prevent further utilization of ATP, which would
be beneficial to the cell. To date we have identified only genes
which are inactivated by AMPK. Could AMPK also be in-
volved in activation of gene transcription, as is the case for
SNF1 in yeast? In a recent paper, Holmes et al. reported that
chronic activation of AMPK by subcutaneous injection of
AICA riboside over a 5-day period increased the expression of
GLUT4 as well as the total activity of hexokinase in the skel-
etal muscle (23). The GLUT4 gene provides a particularly
attractive candidate for activation by AMPK, since previous
studies have shown that GLUT4 mRNA is increased by exer-
cise training (35). It will be interesting, therefore, to determine
whether AMPK is involved in the activation of GLUT4 gene
expression in muscles.

The results reported here describe the expression of mutant
forms of AMPK that act either as a constitutively active kinase
or as a dominant negative inhibitor of endogenous AMPK in
primary cells. The constitutively active form of AMPK pro-
vides a specific way to increase AMPK activity. Previously,
AICA riboside has often been used to activate AMPK. How-
ever, as has been noted by others, AICA riboside is not a
specific activator of AMPK and therefore should not be used in
isolation to identify downstream targets of AMPK (16, 28). In
addition to describing a more specific method for increasing
AMPK activity, we also describe a specific inhibitor of AMPK,
the a1DN mutant. Using these reagents, we have been able to
obtain convincing evidence that AMPK is involved in inhibiting
expression of glucose-activated genes but does not play a role
in their induction. It will be possible to use adenovirus-medi-
ated gene transfer to express these mutants in cultured cells
and in vivo in order to alter AMPK activity. These mutants will
provide valuable tools for studying the wider physiological role
of AMPK.
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