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TheAMP-activated protein kinase (AMPK) is an��� hetero-
trimer that regulates appetite and fuel metabolism. We have
generatedAMPK�1�/� mice on aC57Bl/6 background that are
viable, fertile, survived greater than 2 years, and display no visi-
ble brain developmental defects. These mice have a 90% reduc-
tion in hepatic AMPK activity due to loss of the catalytic � sub-
units, with modest reductions of activity detected in the
hypothalamus and white adipose tissue and no change in skele-
tal muscle or heart. On a low fat or an obesity-inducing high fat
diet, �1�/� mice had reduced food intake, reduced adiposity,
and reduced total body mass. Metabolic rate, physical activity,
adipose tissue lipolysis, and lipogenesiswere similar towild type
littermates. The reduced appetite and body mass of �1�/� mice
were associated with protection from high fat diet-induced
hyperinsulinemia, hepatic steatosis, and insulin resistance. We
demonstrate that the loss of�1 reduces food intake and protects
against the deleterious effects of an obesity-inducing diet.

TheAMP-activated protein kinase (AMPK)6 is an evolution-
arily conserved serine/threonine protein kinase that functions
as ametabolic regulatory enzyme at both the cellular andwhole
body level (1). AMPK is activated in response to physiological
processes that raise intracellular levels of AMP, such as exercise
and hypoxia. It restores cellular energy balance by switching off

ATP-consuming anabolic pathways and switching on ATP-
generating catabolic pathways by direct phosphorylation of
downstream targets. Modulation of AMPK activity by hor-
mones adds an additional layer of control, allowing cellular
energy supply and demand to be balanced with the energy
requirements of the whole organism (2).
AMPK functions as an ��� heterotrimer. Different isoforms

for each of the subunits exist (�1, �2, �1, �2, �1, �2, and �3) as
well as some splice variants, allowing more than 12 heterotri-
meric combinations to be generated that may mediate unique
tissue-specific functions (3, 4). The 63-kDa AMPK � subunits,
designated �1 and �2, contain a serine/threonine protein
kinase catalytic domain that is activated by phosphorylation of
Thr-172 in the activation loop (5, 6). We, and others have
shown that the C terminus of the � subunits are essential for
AMPK heterotrimer assembly by anchoring the � and � sub-
units (7, 8). The �1 and �2 subunits show 82% identity from
residue 73 to 270, but only 43% identity for the N-terminal
residues 1–72 (9). The�1 subunit isN-terminallymyristoylated
and is phosphorylated on multiple serines (10); however, the
physiological importance of these phosphorylation sites is
poorly understood. Northern blot analysis of human tissues
revealed that AMPK �1 expression is highest in the liver and
brain and low in kidney and skeletal muscle, whereas�2 ismost
highly expressed in skeletal muscle with lower expression in
kidney, liver, and lung (11).
Hepatic AMPK is thought to play important roles in regulat-

ing lipidmetabolism, glucose homeostasis, and insulin sensitiv-
ity (1). Here, activation ofAMPK suppresses fatty acid synthesis
and increases oxidation through direct phosphorylation of
acetyl-CoA carboxylase 1 and 2, respectively (12). AMPK sig-
naling also inhibits hepatic glucose output by transcriptional
control. This is mediated by phosphorylation of CRTC2
(CREB-regulated transcription coactivator 2), (13), a co-activa-
tor of CREB, leading to down-regulation of phosphoenolpyru-
vate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase) transcription (13, 14). There is also evidence for
AMPK signaling via GSK3� phosphorylation of CREB to
reduce hepatic PEPCK transcription (15). Recently, three
genetically modified animal models have provided important
tools for dissecting the role AMPK plays in regulating hepatic
glucose homeostasis. Liver-specific deletion of LKB1, one of
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three AMPK upstream kinases, leads to inhibition of AMPK
signaling and up-regulation of gluconeogenic enzyme expres-
sion, resulting in elevated fasting blood glucose in mice (14). In
a second model, transgenic overexpression of a constitutively
active AMPK�2 allele in the liver was reported to cause hypo-
glycemia (14, 16). Finally, AMPK �2 null mice display fasting
hyperglycemia, glucose intolerance, and increased hepatic glu-
cose output due to elevated adrenergic signaling (17). Interest-
ingly, AMPK �1 null mice were reported as having no detecta-
ble metabolic phenotype (17). In summary, these studies
support the view that hepatic AMPK lowers systemic glucose
levels by inhibiting hepatic glucose output.
Hypothalamic AMPK regulates appetite in response to cir-

culating nutrients, such as glucose and fatty acids, as well as
hormonal signals derived from the pancreas, adipose tissue, and
gut (1). The activation of hypothalamic AMPK is associated
with increased expression of neuropeptide Y and agouti-related
peptide and leads to increased appetite and food intake (1).
Inhibition of AMPK has the reciprocal effect. Recent studies
suggest that many of the effects of AMPK on appetite may be
mediated indirectly throughmodulation of hypothalamic ACC
activity, resulting in altered malonyl-CoA and fatty acid levels
(18). Surprisingly, neither whole-body AMPK�1 nor AMPK�2
null mice have altered appetite or body mass (19). However, in
mice lacking whole-body CAMKK2 or lacking both AMPK�1
and AMPK�2 in agouti-related peptide containing neurons,
there aremodest reductions in appetite and bodymass (20, 21).
The current study examined the effect of whole-body AMPK

�1 deletion (�1�/�) on energy homeostasis and metabolism.
AMPK �1�/� mice displayed tissue-specific defects in phos-
phorylation of AMPK on Thr-172 and AMPK activity, with the
most dramatic effect observed in the liver and more modest
effects in the hypothalamus and adipose tissue. Consistent with
the known role of AMPK as a regulator of appetite, we found
that AMPK�1 null mice consumed significantly less food and
were protected from developing high fat diet-induced obesity.
Surprisingly, AMPK �1 null mice also had markedly reduced
fasting gluconeogenic enzyme expression and enhanced
hepatic insulin sensitivity. In contrast, isolated hepatocytes
from the �1 null mice had increased gluconeogenic enzyme
expression, increased rates of fatty acid synthesis, and reduced
rates of fatty acid oxidation. These data demonstrate that the
deletion of AMPK�1 results in reduced appetite and protection
from diet-induced obesity and hepatic insulin resistance.

EXPERIMENTAL PROCEDURES

Generation of�1�/�Mice—WegeneratedAMPK�1 subunit
nullmice on a pureC57Bl/6 backgroundusing standard homol-
ogous recombination techniques. We recently used hepato-
cytes from the ��/� mice to study the effects of thioenpyridine
drugs on AMPK (22). Our targeting strategy was designed to
delete exons 2, 3, and 4 of the prkab1 gene. Because the �1
subunit binds the� and� subunits via its C terminus (23), it was
necessary to verify that the germ line deletion of exons 2–4
resulted in a transcript with the expected frame shift mutation
and premature translation termination in exon 6. RNA from
wild type and null mouse heart tissue was reverse transcribed
and PCR-amplified with primers designed to the 3�- and

5�-ends of the mouse �1 open reading frame. Amplification of
�1 cDNA resulted in two products: the expected 440-bp species
and an unexpected 320-bp product (supplemental Fig. 1). DNA
sequencing revealed the longer product resulted from mRNA
splicing of exon 1 to exon 5 with the expected frameshift,
whereas the 320-bp product resulted from an alternative splic-
ing event whereby exon 1 spliced in frame to exon 6. BLAST
(24) searches performed using the predicted translated protein
products from both of these AMPK � null transcripts revealed
no matches in the data base. Because the unexpected splice
variant occurred only in the null mouse sample, it is most likely
the result of the gene targeting/deletion event and therefore not
naturally occurring. To ascertain if either gene product was
being translated, an antibody to the N-terminal residues 2–24
of AMPK �1 (within exon 1 residues 1–53) was used for immu-
noprecipitation studies. The N-terminal AMPK �1 antibody
successfully immunoprecipitated native AMPK �1 from wild
type mouse liver; however, no AMPK �1 protein products
could be immunoprecipitated from AMPK �1�/� mouse liver
(supplemental Fig. 2). Had the putative truncated AMPK �1
exon 1–6 splice variant been translated, it would not have con-
tained the CBM, but it would have had the capacity to bind the
AMPK � but not � subunit.
Animal Experiments—For all experiments, male homozy-

gous�1�/�mice were comparedwith wild type littermate con-
trols and were generated from heterozygous intercross mat-
ings. Mice were housed in SPF microisolators and maintained
on a 12-h light/dark cycle with lights on at 0700 h. Mice were
fed a control low fat chow diet (diet 2014, Harlan Teklad) for 6
weeks followingweaning andwere thenmaintained on this diet
or switched to a diet containing 45% kcal fat (diet SF-01-028,
Specialty Feeds (Glen Forrest, Australia)). The St. Vincent’s
Health animal ethics committee approved all procedures.
For food intake studies, mice were housed individually, and

food was weighed daily over 7 days in mice 12–16 weeks of age.
Metabolic rate and activity levels were measured using a
Columbus Instruments laboratory animal-monitoring system
over 48 h and following a 6-h acclimatization period. Glucose (1
g/kg D-glucose) and insulin (0.5 unit/kg) tolerance tests were
performed 6 h after the removal of food as described previously
(25). Hyperinsulinemic-euglycemic clamps were performed in
conscious, 22–29-week-old mice as described previously (26).
Briefly, 3 days prior to the clamp, two catheters were inserted
into the right jugular vein. The clampwas conducted after a 6-h
fast, which commenced at the start of the light cycle. At �60
min, tracer (D-[3-3H]glucose) was infused at a constant rate (7.5
�Ci/h, 0.12 ml/h) for 1 h for determination of basal glucose
turnover. At 0 min, an infusion of 10 milliunits/kg/min of insu-
lin diluted in saline containing D-[3-3H]glucose (7.5�Ci/h, 0.12
ml/h) was begun. A 50% dextrose solution was infused at a
variable rate to maintain euglycemia. Once steady state was
achieved, glucose-specific activity was measured in whole
blood after deproteinization with BaOH and ZnSO4. Hepatic
glucose production and glucose disposal rate for the basal and
clamp period were calculated using Steele’s equation for steady
state conditions. Clamp insulin was measured by an enzyme-
linked immunosorbent assay (Mercodia, Diagenics Ltd.). For
serum cytokines and insulin measurements, fasting and fed
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blood samples (�300 �l) were collected retroorbitally using a
non-heparinized capillary tube, allowed to clot, and centrifuged
(3000 rpm, 5 min). Serum was removed and stored at �80 °C
until analysis as described previously (25). Hypothalamic dis-
sections were performed in fasting and fed mice as described
previously (25).
Isolated Hepatocytes—Hepatocytes were prepared by the

collagenase perfusion method with minor modifications as
recently described (22). The following day, experiments were
performed. For measurement of the mRNA expression of glu-
coneogenic enzymes, hepatocytes were incubated with either
vehicle or insulin (at the concentrations indicated) for 4 h
before lysis in TRIzol. For lipogenesis and fatty acid oxidation
experiments, cells were washed with PBS and incubated in
serum-free Medium 199 (Invitrogen) for 2 h. Lipogenesis was
assessed by incubating cells with serum-free Medium 199 con-
taining [1-14C]acetate (0.5 �Ci/ml) (Amersham Biosciences)
and 0.5 mM unlabeled sodium acetate. After 4 h of incubation,
cells were washed twice with PBS and harvested by scraping in
methanol with lipids extracted and quantitated as described
previously (27, 28). For fatty acid oxidation, serum-free
Medium 199 containing [1-14C]palmitic acid (0.5 �Ci/ml)
(Amersham Biosciences) and 0.5 mM unlabeled palmitate was
usedwith fatty acid oxidation determined bymeasuring labeled
CO2 and acid-soluble metabolites as described previously (29).
Adipose Tissue Lipogenesis and Lipolysis—Epididymal adi-

pose tissue explants were incubated in Krebs-Henseleit buffer
(pH 7.4, supplementedwith 8mM glucose and 4% bovine serum
albumin) for 2 h at 37 °C in a shaking water bath. Lipolysis was
measured in the presence or absence of the �-adrenergic ago-
nist isoproterenol (10�M) (Sigma). At the conclusion of the 2-h
incubation, the incubation medium was removed and assayed
for glycerol using a free glycerol determination kit (Sigma). For
the measurement of lipogenesis, the Kreb’s buffer was supple-
mented with 1 mCi/ml D-[3-3H]glucose (Amersham) in the
presence or absence of insulin (1 nM). After 2 h, adipose tissue
explants were washed twice with phosphate-buffered saline,
weighed, and then homogenized in 1 ml of phosphate-buffered
saline. The lipid phase was extracted from the homogenate
using a 2:1 chloroform/methanol extraction and resolved using
thin layer chromatography as described previously (29).
Analytical Methods—Immunoblotting and AMPK activity

assays were performed as previously described (22). For AMPK
�1and�2 immunoblots, a rabbitmonoclonal antibody to the con-
served C-terminal sequence in AMPK � (Epitomics, Burlingame,
CA) was used. Akt Ser(P)-473 and total Akt antibodies were pur-
chased fromCell Signaling Technology (Danvers, MA). RNAwas
preparedandreverse transcribed, andrelativegeneexpressionwas
calculatedusing the comparativeCt (2���Ct)methodasdescribed
(27). Gluconeogenic genes and the housekeeping gene 18 S were
determinedusing assay-on-demandgene expression kits (Applied
Biosystems, Foster City, CA). Tissue lipids and glycogen levels
were determined as described previously (27, 28).
Statistical Analysis—All data are reported as means � S.E.

Results were analyzed using Student’s t test or analysis of vari-
ance procedures where appropriate using GraphPad Prism
software. Tukey’s post hoc test was used to test for significant
differences revealed by the analysis of variance. Data were

transformed logarithmically when necessary to obtain similar
variances among groups. Significance was accepted at p� 0.05.
Correlations were performed using GraphPad Prism software.

RESULTS

AMPK �1�/� mice had no detectable �1 protein expression
(Fig. 1A). �1�/� mice displayed no overt behavioral or externally
visible phenotype and were fertile, and heterozygous intercrosses
generatedWT,�1�/�, and heterozygous progeny at the expected
Mendelian frequency (1:1:2). In contrast to previous reports,
�1�/�mice survived for in excess of 2 years.Deletionof�1didnot
result in defects in the CNS (supplemental Fig. 3).
The effect of �1 deletion on AMPK subunit protein levels was

examined in liver, heart, white adipose tissue, skeletal muscle
(mixed vastus), and hypothalamus (predominantly arcuate-con-
taining neurons). �1 deletion resulted in a significant loss of both
�1 and �2 catalytic subunits in the liver (Fig. 1A). �1 protein was
also modestly reduced in white adipose tissue and hypothalamus
(p � 0.05), whereas �1 and �2 protein levels were unaltered in
heart andskeletalmuscle (Fig. 1A). Incontrast, protein levelsof the
�1 subunit were unaltered between wild type (WT) and �1�/�

mice in all tissues examined (Fig. 1A).

FIGURE 1. Tissue-specific alterations in AMPK activity and subunit
expression in AMPK �1�/� mice. A, representative immunoblots (top) and
densitometry (bottom) for AMPK �1, AMPK �2, AMPK �1, AMPK �2, and AMPK
�1 from liver, adipose, muscle, heart, and hypothalamus (Hypoth) of wild type
and �1�/� mice. B, AMPK �1 and AMPK �2 activities and AMPK Thr-172 and
ACC S79/221/ACC in liver, adipose, muscle, heart, and hypothalamus. Values
are mean � S.E.; n � 5–9; *, p � 0.5 compared with wild type.
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We examined AMPK activity, AMPK � Thr-172 phosphor-
ylation, and phosphorylation of the AMPK downstream target
ACC. In the liver of�1�/�mice, the activities of both�1 and�2
and the phosphorylation of AMPK Thr-172 and ACC Ser-79/
Ser-221 were substantially reduced (p � 0.001) (Fig. 1B). In
adipose tissue, �1 activity tended to be reduced (�28%, p �
0.22), but the reduction inACCphosphorylationwasmore dra-
matic (�30%, p� 0.05) (Fig. 1B). Hypothalamic AMPK activity
was reduced in both fed (p � 0.034) (Fig. 1B) and fasting chow-
fed �1�/� mice (data not shown) and was associated with sig-
nificantly reduced ACC Ser-79 phosphorylation (�44%) (Fig.
1B). These findings demonstrate that deletion of AMPK �1
results in prominent changes in AMPK � subunit expression
in the liver andmoremodest effects in the hypothalamus and
white adipose tissue, resulting in reduced AMPK activity in
these tissues. These tissue-specific effects on AMPK �
expression and activity coincide with the more prominent
expression of the AMPK �1 isoform (relative to AMPK �2)
in these tissues (11).

AMPK is an important regulator of whole body energy
metabolism; therefore, we fed �1�/� mice a control chow or
high fat diet (HFD) over 25 weeks. On both chow and HFD,
�1�/� mice weighed less than their wild type littermates (Fig.
2A) and had reduced epidydymal adipose tissue mass (Fig. 2B).
Reduced body and fat mass were also observed in �1�/� female
mice (data not shown). Reduced adipose tissue mass in �1�/�

mice was not due to reduced adipose tissue lipogenesis, which
was increased in adipocytes from �1�/� mice (supplemental
Fig. 4A) or elevated adipose tissue lipolysis (supplemental Fig.
4B).Markers of adipose tissue differentiation (PPAR� andAP2)
were not different betweenWT and �1�/� mice fed either chow
oraHFD(datanot shown).Asignificant correlationbetweenbody
weight and adiposity was observed for allmice, irrespective of diet
(R2 � 0. 74, p � 0.0001). Consistent with the reduced adiposity
of �1�/� mice, serum concentrations of the adipokines leptin,
resistin, and IL-6 were lower in �1�/� mice (Table 1).

In contracting skeletal muscle and adipocytes, there is a strong
correlation between the production of IL-6 and the activation of

AMPK (30–32). We examined IL-6
mRNA levels in white adipose and
liver and found that IL-6 expression
was similar between WT and �1�/�

mice (data not shown). These data
suggest that the reduced serum levels
of IL-6were lowerbecauseof reduced
adiposity andnot an inherent effect of
AMPK on IL-6 transcription.
We measured energy expendi-

ture and food intake in chow- and
HFD-fedmice.WT and�1�/� mice
had similar oxygen consumption,
respiratory exchange ratios, and
activity levels (Table 2), but �1�/�

mice on both chow and HFD had
significantly reduced food intake
(Fig. 2C). Food intake was also
reduced in HFD fed �1�/� female
mice (data not shown). These find-
ings are consistent with the role of
hypothalamic AMPK as an impor-
tant regulator of appetite (20, 21,
33, 34).

FIGURE 2. AMPK �1�/� mice have reduced body mass and food intake. A, body mass of wild type and AMPK
�1�/� mice fed a control chow or HFD at 22 and 29 weeks of age, respectively. B, reduced epidydymal white
adipose tissue in AMPK �1�/� mice. C, average daily food intake in �1�/� mice fed a control chow or HFD. *, p �
0.05, and ***, p � 0.001 compared with wild type; #, p � 0.05 relative to chow.

TABLE 1
Serum measurements in chow- and HFD-fed wild type and AMPK �1�/� mice
Blood was collected by retro-orbital bleed using non-heparanized capillary tubes. Values are mean � S.E., n � 6–8.

Chow HFD
WT �1 KO WT �1 KO

Glucose (mM) 3.9 � 0.7 4.2 � 0.3 6.22 � 0.18a 6.05 � 0.12a
Non-esterified fatty acid (mM) 1.48 � 0.19 1.58 � 0.18 1.25 � 0.16 1.65 � 0.11
Triglyceride (mM) 1.21 � 0.3 0.94 � 0.2 1.91 � 0.2 2.23 � 0.2
Glycerol (mM) 0.44 � 0.07 0.41 � 0.04 NDb ND
Leptin (pg/ml) 1107 � 288 1182 � 267 8520 � 2144a 2714 � 338a,c
Tumor necrosis factor � (pg/ml) 1.85 � 0.32 1.69 � 0.28 4.97 � 0.68a 4.45 � 0.27a
IL-6 (pg/ml) 16.4 � 4.1 2.7 � 1.1c 15.85 � 4.5 4.55 � 2.01c
Resistin (pg/ml) 1312 � 57 1167 � 83c 3807 � 514a 2414 � 374a,c
PAI-1 (pg/ml) 2128 � 418 1576 � 191 2660 � 457 2102 � 253
Adiponectin (�g/ml) 15.84 � 1.51 13.77 � 0.92 16.52 � 1.36 13.91 � 2.47

a p � 0.05 compared with chow for same dietary condition.
b ND, not determined.
c p � 0.05 compared with wild type for same dietary condition.
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Previous studies in whole-body �2�/� mice (17), liver-spe-
cific �2�/� mice (35), or liver-specific LKB1�/� mice (14)
showed that reduced hepatic AMPK activity results in in-
creased PEPCK and G6Pase expression and hyperglycemia,
effects that may be mediated through phosphorylation and
nuclear exclusion of CRTC2 (13). In contrast to the antici-
pated role of AMPK in the liver, after an overnight fast,
AMPK �1�/� mice had reduced expression of G6Pase,
PGC1�, and PEPCK (p � 0.07) (Fig. 3A). There was no dif-
ference in liver or muscle glycogen contents between WT
and �1�/� mice (Fig. 3B). On a control chow diet, �1�/�

mice were normoglycemic; however, surprisingly when fed a

HFD, �1�/� mice were protected
against the development of hyper-
insulinemia (Fig. 3C). Moreover,
insulin tolerance tests showed that
�1�/� mice exhibited improved
whole-body insulin sensitivity on
either chow or HFDs (Fig. 3, D
and E).
To assess whether increased

insulin sensitivity in �1�/� mice
was due to improvements in periph-
eral or hepatic insulin sensitivity, we
conducted hyperinsulinemic-eugly-
cemic clamps. Blood glucose, serum
insulin, non-esterified fatty acid,
and basal glucose turnover were
similar between �1�/� and WT
mice during the clamp (data not
shown). In chow-fed mice, the
clamp glucose infusion rate tended
to be higher in �1�/� mice relative
to WT mice (�10%, p � 0.3), an
effect that was significant in HFD-
fed �1�/� mice (�42%, p � 0.05).
Insulin-stimulated glucose disposal
rate was similar between chow-fed
�1�/� and WT mice (data not
shown); however, when fed anHFD,
�1�/� mice had an increased glu-
cose infusion rate, suggesting
improved skeletal muscle insulin
sensitivity (�24%, p � 0.05). �1�/�

mice had reduced hepatic glucose
output (Fig. 4A) and greater insulin-
induced suppression of hepatic glu-
cose production when fed either
diet, indicating marked improve-

ments in hepatic insulin sensitivity (Fig. 4B). Consistent with
this, we found that insulin-stimulated Akt phosphorylation fol-
lowing the clamp was higher in livers of both chow and HFD
�1�/� compared with WT mice (Fig. 4C) and was associated
with a greater suppression of G6Pase mRNA following the
clamp (Fig. 4D). A similar trend was also observed for PEPCK
(Fig. 4D). Because liver lipids impair insulin sensitivity (36), we
measured triglyceride (Fig. 4E), diglyceride, and ceramide levels
(data not shown) and found that they were reduced in �1�/�

mice. Liver lipids were positively associated with body mass
(triglyceride, R2 � 0.35, p � 0.001), suggesting that improve-

FIGURE 3. Reduced fasting gluconeogenic gene expression and protection against obesity-induced insu-
lin resistance. A, G6Pase, PEPCK, and PGC1� mRNA expression in livers from overnight fasted wild type and
�1�/� mice. B, liver and muscle glycogen levels from wild type and �1�/� mice. C, serum insulin in fasted wild
type and �1�/� mice. Shown are insulin tolerance tests in wild type and �1�/� mice fed chow (D) or HFD (E). All
values are mean � S.E.; n � 6–8; *, p � 0.05, and ***, p � 0.001 compared with wild type; #, p � 0.05 relative to chow.

TABLE 2
VO2, respiratory exchange ratio (VCO2/VO2), and activity levels in WT and �1�/� during the light and dark cycles
All values are means measured over 72 h � S.E., n � 6.

WT �1�/�

Light Dark Light Dark

VO2 (ml/kg/h) 3431 � 206 3989 � 221 3567 � 194 4136 � 191
Respiratory exchange ratio 0.84 � 0.02 0.90 � 0.02 0.86 � 0.02 0.89 � 0.02
Xtotal (beam breaks/12 h) 12,317 � 2457 52,465 � 12,402 15,970 � 2117 62,060 � 6838
Xamb (beam breaks/12 h) 4457 � 1203 25,899 � 7273 5900 � 1029 29,659 � 4294
Ztotal (beam breaks/12 h) 3676 � 1783 26,921 � 10421 4104 � 1410 28,021 � 6105
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ments in hepatic insulin sensitivitymay have been secondary to
reductions in appetite.
Another possibility for the improved liver insulin sensitivity

in �1�/� mice may involve the large reduction in circulating
IL-6. IL-6 induces hepatic insulin resistance through up-regu-
lation of SOCS3 (suppressor of cytokine-3) (37–39). Consistent
with reductions in IL-6 levels, liver SOCS3 expression was
reduced in chow- and HFD-fed �1 null mice (Fig. 4F).
To test whether improved hepatic insulin sensitivity in

�1�/� mice was intrinsic to hepatocytes, we isolated hepato-
cytes from �1�/� and WT mice. In contrast to the findings in
vivo, �1�/� hepatocytes had increased basal gluconeogenic
enzyme expression of G6Pase, PEPCK, and PGC1� but did not
have altered sensitivity to insulin (Fig. 5A). SOCS3 expression
was not altered between WT and �1�/� hepatocytes (data not

shown). In addition �1�/� hepato-
cytes had increased fatty acid syn-
thesis (Fig. 5B) and reduced fatty
acid oxidation (Fig. 5C), findings
consistent with the expected role of
AMPK in regulating glucose and
lipid metabolism in the liver (1, 2).

DISCUSSION

AMPK exists as an��� heterotri-
mer and shows an absolute depend-
ence on �1 and �2 subunits for
complexing the � and � subunits (7,
8, 23). Despite the importance of the
� isoforms for AMPK enzyme func-
tion, the physiological role of the �
isoforms has received limited atten-
tion. This study provides the first in
vivo evidence supporting a critical
role for the �1 isoform in regulating
heterotrimer formation and whole-
body glucose metabolism.We dem-
onstrate that germ line deletion of
�1 results in reduced expression of
the catalytic �1 and �2 proteins,
ultimately resulting in a significant
reduction of AMPK activity and
ACC phosphorylation particularly
in the liver where �1 predominates.
Despite the reduced AMPK activity,
no compensatory increase in the
mRNA expression of �2 or the �
subunits was seen in the liver (data
not shown), highlighting the critical
importance of the�1 isoform in this
tissue.
AMPK �1�/� mice have a 90%

reduction in liver AMPK activity;
therefore, our findings of unaltered
fasting and fed plasma glucose lev-
els, normal basal glucose turnover
during the clamp, and reduced
expression of G6Pase in fasted livers

were surprising. In addition, �1�/� mice also have enhanced
suppression of hepatic glucose output by insulin, a finding con-
sistent with increased Akt phosphorylation and lower mRNA
expression of G6Pase during hyperinsulinemic-euglycemic
clamps. In contrast to the reduced gluconeogenic enzyme
expression of �1�/� mice in vivo, we observed a marked
increased in gluconeogenic enzyme expression in isolated
hepatocytes from these mice, elevated rates of fatty acid syn-
thesis, and reduced fatty acid oxidation, demonstrating that
factors independent of liver �1 are important in vivo.

We believe that there are two potential explanations for our
findings. Previous studies by Petersen et al. (36) have shown
that weight loss of less than 10% reduces liver fat by 81% and
increases hepatic insulin sensitivity by over 200%. Therefore,
the modest weight loss induced by a reduction in feeding in

FIGURE 4. Improved liver insulin sensitivity in AMPK �1�/� mice and protection from HFD-induced insu-
lin resistance. Hepatic glucose production (A) and percentage suppression (B) of hepatic glucose production
measured during hyperinsulinemic-euglycemic clamps. C, representative immunoblots and densitometric
quantification of Akt Ser-473 phosphorylation and total Akt in liver following hyperinsulinemic-euglycemic
clamps. D, mRNA expression of G6Pase and PEPCK in liver of wild type and �1�/� mice fed a HFD following a
hyperinsulinemic euglycemic clamp. Shown is liver triglyceride (E) and SOCS3 mRNA expression (F) from wild
type and �1�/� mice fed chow or a HFD. All values are mean � S.E.; n � 6 – 8; *, p � 0.05, **, p � 0.01, and ***,
p � 0.001 compared with wild type; #, p � 0.05 relative to chow. AU, arbitrary units.
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�1�/� may have accounted for the significantly reduced levels
of liver TG and improved insulin sensitivity. A second mecha-
nismmay involve the significantly reduced serum levels of IL-6
in �1�/� mice. IL-6 levels correlate strongly with the develop-
ment of hepatic insulin resistance (39, 41), which is due to
increased expression of SOCS3 (39, 42). Therefore, we believe
that the reduced food intake and adiposity are the primary
cause for the reduced liver lipid and enhanced hepatic insulin
sensitivity seen in vivo in �1�/� mice.

Recently, Dasgupta andMilbrandt (43) reported that genetic
deletion of the AMPK �1 isoform using gene-trapping technol-
ogy resulted in a brain phenotype with atrophy and severe loss
of neurons, oligodendrytes, and myelination throughout the
central nervous system, resulting in death by postnatal day 21.
However, their mice expressed a �1 subunit N-terminal frag-

ment (�1-(2–224)) fused with �-galactacidase that cannot bind
either � or � subunits but retains the midmolecule CBM.
Laforin shares an N-terminal CBM (family 20) related to the
AMPK �1 CBM (family 48). Disruption of laforin gives rise to a
polyglucosan storage disease and neurodegeneration (reviewed
in Ref. 40). Since the �1-(20–224)-Gal-expressing mouse phe-
notype is in marked contrast to the phenotype reported for
AMPK �1 null and AMPK �2 null (for a review, see Ref. 2) and
the AMPK �1 null mice described herein, we propose that the
abnormal central nervous system development of these mice is
due to expression of the native AMPK �1-(2–224)-Gal protein
and not the loss of the AMPK �1 subunit.
In summary, our data suggest that despite the more pro-

nounced reduction inAMPKactivity in the liver of�1�/�mice,
the more modest reductions of AMPK activity in the hypothal-
amus dominate the phenotype, causing reduced food intake.
This reduction in feeding protects�1�/�mice fromdeveloping
diet-induced obesity and hepatic steatosis, thereby overcoming
the deleterious liver-specific effects of �1 deletion on hepatic
glucose production and lipid deposition.
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