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gACRP30, the globular subunit of adipocyte complement-related
protein of 30 kDa (ACRP30), improves insulin sensitivity and in-
creases fatty acid oxidation. The mechanism by which gACRP30
exerts these effects is unknown. Here, we examined if gACRP30
activates AMP-activated protein kinase (AMPK), an enzyme that
has been shown to increase muscle fatty acid oxidation and insulin
sensitivity. Incubation of rat extensor digitorum longus (EDL), a
predominantly fast twitch muscle, with gACRP30 (2.5 pg/ml) for 30
min led to 2-fold increases in AMPK activity and phosphorylation
of both AMPK on Thr-172 and acetyl CoA carboxylase (ACC) on
Ser-79. Accordingly, concentration of malonyl CoA was diminished
by 30%. In addition, gACRP30 caused a 1.5-fold increase in 2-
deoxyglucose uptake. Similar changes in malonyl CoA and ACC
were observed in soleus muscle incubated with gACRP30 (2.5
png/ml), although no significant changes in AMPK activity or
2-deoxyglucose uptake were detected. When EDL was incubated
with full-length hexameric ACRP30 (10 ng/ml), AMPK activity and
ACC phosphorylation were not altered. Administration of gACRP30
(75 pg) to C57 BL/6J mice in vivo led to increased AMPK activity and
ACC phosphorylation and decreased malonyl CoA concentration in
gastrocnemius muscle within 15-30 min. Both in vivo and in vitro,
activation of AMPK was the first effect of gACRP30 and was
transient, whereas alterations in malonyl CoA and ACC occurred
later and were more sustained. Thus, gACRP30 most likely exerts
its actions on muscle fatty acid oxidation by inactivating ACC via
activation of AMPK and perhaps other signal transduction
proteins.
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he hormone ACRP30, also referred to as adiponectin and

adipo Q (1), is exclusively secreted by differentiated adipo-
cytes (2). It circulates in serum as three distinct oligomers:
trimer, hexamer, and an even higher molecular weight species
(3). Early studies suggested that ACRP30 might participate in
energy homeostasis because its mRNA was decreased in obese
mice (4) and humans (5). In addition, a negative correlation
between plasma ACRP30 levels and both insulin resistance and
obesity has been described (6), as have polymorphisms in the
ACRP30 locus in patients with the metabolic (insulin resistance)
syndrome (7, 8) and some populations with type 2 diabetes (9).
A proteolytic cleavage product of ACRP30 that includes its
globular head group, gACRP30, has been found to circulate in
human plasma (10). Recent studies have shown that bacterially
expressed and purified gACRP30 is pharmacologically active
and induces free fatty acid oxidation in incubated mouse muscles
and cultured muscle cells (10). In addition, when administered
to intact mice with a fat meal, it modestly lowers plasma-free
fatty acid and glucose levels, and when administered chronically,
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it causes weight loss without diminishing food intake (10). In
contrast, full-length ACRP30 injection had no effect on plasma-
free fatty acid levels and muscle fatty acid oxidation (10). We
previously reported that the hexamer and high molecular weight
species of ACRP30 can activate transcription factor NF-«B
following serine phosphorylation and degradation of inhibitory
IkB-a (3). However, the signaling events that mediate the actions
of gACRP30 are not known.

AMP-activated protein kinase (AMPK) is a fuel-sensing
enzyme present in most mammalian tissues (11). In response to
a decrease in the energy state of a cell, as reflected by an increase
in the AMP/ATP ratio, AMPK is phosphorylated and activated
by a still uncharacterized upstream AMPK kinase. In addition,
it can be activated allosterically by increases in the AMP/ATP
and creatine/creatine-P ratios. Activated AMPK phosphorylates
a variety of intracellular proteins to increase ATP generation
and decrease ATP utilization for processes not immediately
essential for survival (11). The actions of AMPK have perhaps
been best studied in exercising skeletal muscle, where its acti-
vation seems to contribute to increased glucose transport (12)
and fatty acid oxidation (11, 13). The latter occurs because
AMPK phosphorylates (Ser-79) and inhibits acetyl CoA carbox-
ylase (ACC) and phosphorylates and activates malonyl CoA
decarboxylase, leading to a decrease in the concentration of
malonyl CoA (14). Malonyl CoA is an allosteric inhibitor of
carnitine palmitoyl transferase, the enzyme that controls the
transfer of long chain fatty acyl CoA molecules into mitochon-
dria where they are oxidized. Thus, a decrease in its concentra-
tion increases fatty acid oxidation in all tissues so far studied (11,
13, 15). In addition, administration of the AMPK activator
S-amino 4-imidazolecarboxamide riboside (AICAR) has been
shown to diminish adiposity in rats independent of its effects on
food intake (16). Because of the similarity of these effects to
those of gACRP30, the possibility that gACRP30 activates
AMPK was examined. We describe here the effects of gACRP30
on AMPK activity and related parameters, such as malonyl CoA
concentration and ACC phosphorylation, in incubated rat mus-
cle and mouse muscle in vivo. In addition, the effect of gACRP30
on glucose transport was examined.

Materials and Methods

Animals. Male Sprague—Dawley rats (50-65 g) were purchased
from Charles River Breeding Laboratories, and 10-week-old
female C57BL/6J mice (20 g) were purchased from The Jackson
Laboratory. They were maintained on a 12-h light/dark cycle in

Abbreviations: AMPK, AMP-activated protein kinase; EDL, extensor digitorum longus; ACC,
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a temperature-controlled (19-21°C) room and were allowed free
access to water and standard rodent chow. Food was withdrawn
16-20 h before the rats were killed.

Protein Preparation and Antibodies. Purified globular portion
(gACRP30) and full-length hexameric ACRP30 were prepared
from Escherichia coli as described previously (3). AMPK and
Phospho-AMPK (Thr-172) antibodies were purchased from Cell
Signaling Technology (Beverly, MA), and antiphospho-ACC
(Ser-79) antibody was purchased from Upstate Biochemicals
(Waltham, MA). AMPK antibody suitable for blotting and
immunoprecipitating assayable AMPK activity in mice was
kindly provided by Dr. Laurie Goodyear (Joslin Diabetes Cen-
ter, Boston). Fatty acid synthase for the malonyl CoA assay was
prepared by a modification of the method of McGarry as
described (17).

Muscle Incubations. On the experimental day, rats were anesthe-
tized with pentobarbital sodium (60 mg/kg i.p.), and either
soleus or extensor digitorum longus (EDL) muscles strips were
prepared and tied to stainless steel clips as described previously
(17). Muscles were preincubated for 20 min at 37°C in oxygen-
ated (95% 0O,/5% CO») Krebs—Henseleit solution containing 6
mM glucose and then incubated for 15, 30, or 60 min in the same
medium in the absence or presence of gACRP30 (2.5 pg/ml) or
full-length ACRP30 hexamer (10 pg/ml) for 30 min. At the end
of this incubation, muscles were either used directly for analyses
or for a second incubation, during which glucose transport was
evaluated (see below).

In Vivo Studies in Mice. On the day of the experiment, gACRP30
(75 pg/animal) or PBS was injected retroorbitally into female
C57BL/6J mice (weighing ~20 g each). After 15 or 30 min, the
mice were anesthetized with pentobarbital sodium (60 mg/kg
i.p.), and the gastrocnemius muscle was quickly removed and
frozen in liquid N,. The muscles were stored at —80°C until
analyzed.

Glucose Transport. Glucose transport was assessed on the basis of
2-deoxyglucose uptake as described (18). Briefly, after the
30-min incubation with or without gACRP30, rat EDL muscles
were washed for 2 min in fresh Krebs—Henseleit solution (6 mM
glucose) and then incubated for 20 min in the same medium
containing 2-[1,2-*H]deoxy-D-glucose. No insulin was added. At
the end of the incubation, muscles were quickly removed from
the medium, blotted, frozen in liquid N, and stored at —80°C
until analyzed.

AMPK Activity and Malonyl-CoA Concentration. AMPK activity was
assayed in a2 AMPK immunoprecipitates of the muscle homog-
enate as described (19). Malonyl CoA was measured radioen-
zymatically in neutralized perchloric acid extracts (17) as de-
scribed elsewhere.

Western Analysis. Fifty micrograms of crude muscle homogenate
was electrophoresed and transferred to poly(vinylidene difluo-
ride) membrane (Bio-Rad). After transfer, the membranes were
blocked with 5% BSA in TBS (25 mM Tris/135 mM NaCl/2.5
mM KCl)/0.05% Tween 20 (TBST) for 1 h at room temperature
(blots of phospho-AMPK and AMPK) or with 5% nonfat dry
milk in TBST overnight at 4°C (blots of phospho-ACC). The
membranes were incubated with the specific antibodies and then
with secondary antibodies conjugated to horseradish peroxidase
from Amersham Pharmacia or Santa Cruz Biotechnology
(AMPK, PACC). Bands were visualized by enhanced chemilu-
minescence and were quantitated by laser densitometry. Immu-
noblots were performed under conditions in which autographic
detection was in the linear response range.
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Fig. 1. Effect of incubation with gACRP30 on AMPK and related parameters.
EDL muscles from 60-g rats were incubated for 30 min in the presence (+) or
absence (—) of gACRP30 (2.5 png/ml) and then frozen in liquid Ny until
analyzed. (A) AMPK activity inimmunoprecipitates obtained with antibody to
the a2 isoform. (B) Western blots of AMPK phosphorylated at Thr-172 (active
enzyme; p-AMPK), total AMPK abundance (anti-a1 and anti-a2 AMPK anti-
bodies; AMPK), and ACC phosphorylated at Ser-79 (inhibited enzyme; p-ACC).
(C) Concentration of malonyl CoA. Blots are representative of muscles of three
to five animals. Measurements of AMPK activity and malonyl CoA concentra-
tion are means * SE (n = 5). (D) Effect of gACRP30 on glucose transport in rat
EDL. Muscles were incubated with (+) or without (—) gACRP30 (2.5 ug/ml) for
30 min. Glucose transport was then assessed in the absence of insulin based on
the uptake of [3H]-2-deoxyglucose. Measurements of glucose transport are
means =+ SE (n = 6). Additional details are described in Materials and Method's.
*, P < 0.05 vs. gACRP30 (—) group.

Statistical Analysis. All data are expressed as means * SE.
Statistical significance between groups was assessed by Student’s
t test.

Results

Effect of gACRP30 on AMPK Activity and Phosphorylation and AMPK-
Mediated Events in the Incubated EDL Muscle. Incubation of the
EDL, a muscle containing predominantly fast-twitch white fibers
(type 2b), with gACRP30 (2.5 ug/ml or 50 nM globular trimer)
for 30 min led to a 2-fold increase in the activity of the a-2
isoform of AMPK (Fig. 14). This was associated with a com-
parable increase in the phosphorylation of Thr-172 of AMPK
but no change in total AMPK abundance (Fig. 1B). Consistent
with the results of prior studies in which AMPK activity in
muscle was increased by exercise, electrically induced contrac-
tions, or exposure to AICAR, phosphorylation of ACC on
Ser-79 was increased nearly 2-fold (Fig. 1B), and the concen-
tration of malonyl CoA was diminished to 68% of control (Fig.
1C) (11, 19). In addition, after 30 min of incubation with
gACRP30, glucose transport in the absence of added insulin,
assessed by 2-deoxyglucose uptake, was increased by 50%
(Fig. 1D).

Time Course of Changes Induced by gACRP30 in the EDL. As already
noted, AMPK activity and phosphorylation, ACC phosphory-
lation, and the concentration of malonyl CoA were all signifi-
cantly altered after 30 min of incubation with gACRP30. The
time of onset and the duration of these effects did not seem to
be the same, however (Fig. 2). After 15 min of incubation with
gACRP30, the activity of AMPK was already increased (1.5
fold), albeit somewhat less than at 30 min (2-fold); however,
ACC phosphorylation was only slightly increased above control
muscles. Likewise, after 60 min of incubation with gACRP30,
ACC phosphorylation was increased, as it was at 30 min;
however, AMPK had returned to baseline values. Thus, AMPK
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Fig.2. Time course of changes in AMPK activity and ACC phosphorylation in

rat EDL incubated with and without gACRP30. AMPK activity isincreased at 15
and 30 min and then returns to baseline values, whereas significant increases
in ACC phosphorylation first become significant at 30 min and persist at 60
min. Results are means = SE (n = 5) and are expressed as value for gACRP30
(—) group at each time point. *, P < 0.05 vs. 0 min.

activation seemed to be the earliest event altered by gACRP30,
but it was relatively short-lived. In contrast, the changes in ACC
phosphorylation occurred later and were more sustained.

Effect of ACRP30 on the EDL. In contrast to gACRP30, full-length
ACRP30 hexamer at 10 pg/ml (67 nM) had no effect on either
AMPK activity or ACC phosphorylation in the incubated EDL
(Fig. 3). No changes in malonyl CoA concentration were de-
tected in muscles incubated with 5 pg/ml ACRP30 (data not
shown).

Effect of gJACRP30 on AMPK Activity and Related Parameters in the
Incubated Soleus Muscle. Incubation with gACRP30 (2.5 pg/ml)
for 30 min increased ACC phosphorylation and decreased the
concentration of malonyl CoA (Fig. 4 A and D) in the incubated
soleus, a muscle containing predominantly slow-twitch red (type
1) fibers. On the other hand, it did not activate AMPK or
stimulate glucose transport (Fig. 4 B and C), as it did in the EDL
(Fig. 1). Nevertheless, fatty acid oxidation was increased by 60%
(control, 50 = 2.5 nmol/h per g; gACRP30, 80 * 3 nmol/h per
g). The similarities and differences in the responses of the two
muscles are identical to those previously reported by some (20)
but not all (21) investigators when they are incubated with
AICAR. Perhaps our experimental conditions did not permit
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Fig.3. Lack of effect of incubation with full-length ACRP30 on AMPK activity

(A) and ACC phosphorylation (B). EDL were incubated for 30 min in the
presence (+) or absence (—) of ACRP30 hexamer (10 ug/ml). Blots are repre-
sentative of muscles of two to four animals. Measurements of AMPK activity
are means * SE (n = 4).
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Fig. 4. Effect of gACRP30 on AMPK activity and related parameters in the
incubated rat soleus. Muscles were incubated for 30 min in the presence (+)
and absence (—) of gACRP30 (2.5 pg/ml). (A) Malonyl CoA concentration. (B)
Uptake of 2-deoxyglucose. (C) AMPK activity. (D) Phosphorylation of AMPK
and ACC and AMPK abundance. Similar differences between the soleus and
EDL (see Fig. 1) have been observed when these muscles are incubated with
the AMPK activator AICAR (20). See the legend to Fig. 1 for additional details.
Blots are representative of muscles of two to five animals. Measurements of
AMPK activity and malonyl CoA concentration are means = SE (n = 5). *, P <
0.05 vs. gACRP30 (—) group.

detection of AMPK activation because, as shown in Fig. 2,
activation of AMPK by gACRP30 is transient. Perhaps AMPK
activity had already returned to baseline when we first measured
it. Alternatively, other kinases may be responsible for phosphor-
ylation and deactivation of ACC in the soleus.

Effects of gACRP30 Administered in Vivo on AMPK Activity and
Related Parameters. To determine whether gACRP30 has similar
effects on AMPK activity in vivo, female C57 BL/6J mice (20 g)
were fasted overnight and then injected retroorbitally with 75 ug
of gACRP30. AMPK activity and related parameters were
assayed in the gastrocnemius, a mixed red and white muscle at
15 and 30 min later. As shown in Fig. 5, AMPK activity and
phosphorylation were substantially increased at the 15-min time
point; however, ACC phosphorylation and malonyl CoA con-
centration were not significantly altered (Fig. 5 4 and B). At 30
min, substantial increases in ACC phosphorylation and a 60%
decrease in malonyl CoA concentration were observed (Fig. 5 C
and D).

Discussion

Our results suggest that gACRP30 stimulates fatty acid oxidation
in skeletal muscle by inactivating ACC and activating AMPK.
The evidence is as follows. First, gACRP30 increased the
phosphorylation and activity of AMPK in EDL and gastrocne-
mius skeletal muscle when administered in vivo or in vitro.
Second, increases in AMPK activity caused by gACRP30 were
associated with increases in ACC phosphorylation and decreases
in the concentration of malonyl CoA. Third, like other stimuli
that increase AMPK, such as AICAR, muscle contraction, and
hypoxia (12), gACRP30 enhanced insulin-independent glucose
transport in incubated EDL muscle. In addition to these findings,
prior studies showed that the administration of gACRP30 in vivo
increases insulin sensitivity in muscle and causes a loss of body
weight without altering food intake in mice (10). These effects
have also been observed in rats following the administration of
AICAR (22-24).

The results also reveal that the activation of AMPK and
inhibition of ACC by gACRP30 are sequential events that can be
distinguished temporally in muscles with high fast-twitch fiber
content. Phosphorylation and activation of AMPK were evident
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Fig.5. Effect of gACRP30 administered in vivo on AMPK activity and related
parameters in mouse gastrocnemius muscle. Ten-week-old female C57BL/6J
mice were fasted for 16 h, and then gACRP30 (75 ng per animal) (+) or saline
[gACRP30 (—)] was injected into the retroorbital sinus. The rats were anes-
thetized with pentobarbital and muscle frozen in situ 15 or 30 min later. (A)
AMPK activity (mean = SE, n = 5) and malonyl CoA (n = 4). (B) Representative
Western blots (n = 5) at 15 min. (C) Malonyl CoA concentration (mean = SE,
n = 5). (D) Representative Western blots of phosphorylated ACCat 30 min (n =
4). *, P < 0.05 vs. control.

at 15 min, whereas the phosphorylation of ACC and decrease in
malonyl CoA concentration predominantly occurred later, both
under in vivo and in vitro incubation conditions. Also of note, the
activation of AMPK was relatively transient and had disappeared
by 60 min, whereas ACC phosphorylation was still markedly
increased at this time. This suggests that brief periods of AMPK
activation have a more sustained effect on target proteins and
presumably the processes that they regulate. A similar pattern of
events has been observed in rat skeletal muscle after short bouts
of high intensity exercise (25).

g¢ACRP30 increased ACC phosphorylation and fatty acid
oxidation and decreased the concentration of malonyl CoA in
incubated rat soleus muscle but failed to increase either AMPK
activity or glucose transport, as it did in the EDL. Similar
differences between the two muscles have been observed when
they are incubated with AICAR (20). This probably reflects
some property of the rat soleus muscle when it is incubated, as
this disparity was not observed when AMPK is activated by
AICAR treatment in vivo (26). On the other hand, the possibility
that signaling mechanisms not including AMPK led to ACC
phosphorylation following treatment of the soleus with
gACRP30 has not been ruled out.

Previous studies have shown that amounts of full-length
ACRP30 equimolar to gACRP30 do not increase fatty acid
oxidation in incubated muscle (10). Consistent with these
findings, incubation of the EDL with ACRP30 at a similar or
even higher molarity than that used in the gACRP30 experi-
ments failed to increase either AMPK activity or ACC phos-
phorylation. In contrast to its lack of effect on muscle,
ACRP30, but not gACRP30, has been shown to inhibit hepatic
glucose production (27), at least in part by inhibiting the
synthesis of the gluconeogenic enzymes phosphoenolpyruvate
carboxykinase and glucose 6-phosphatase at the level of
transcription (28). Activation of AMPK in liver in vivo by
AICAR (29) has been shown to have a similar effect. Direct
evidence that AMPK mediates the effects of full-length
ACRP30 in liver has recently been reported (30).

Independent of the studies reported here, Yamauchi et al. (30)
have carried out a series of investigations in which the effects of
gACRP30 and ACRP30 on AMPK activation were examined. In
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agreement with our findings, they observed that gACRP30
increased AMPK activity in cultured C2C12 myocytes and, when
administered in vivo, in mouse soleus muscle. In addition, they
found that ACRP30, but not gACRP30, activated AMPK and
decreased the expression of the mRNAs for phosphoenolpyru-
vate carboxykinase and glucose 6-phosphatase in liver. The data
reported here, together with the findings of Yamauchi et al. (30)
and those by Lopaschuck’s laboratory in isolated cardiomyocytes
(31), add gACRP30/ACRP30 to leptin (32), a-adrenergic (32),
and B-adrenergic (33) agonists as endocrine or neuroendocrine
factors that can activate AMPK in vivo. Whether these agents
work by altering the energy state of a cell or by some other
mechanism remains to be determined.

Despite many similarities, the studies of Yamauchi er al. (30)
differ from ours in one important aspect. Yamauchi et al.
reported that both gACRP30 and full-length ACRP30 are able
to activate AMPK in muscle. They also observed that full-length
ACRP30 administered in vivo (50 ug/10 g) caused a modest
increase in AMPK phosphorylation and activity in the mouse
soleus. In contrast, we did not observe AMPK activation using
the purified hexameric isoform of full-length ACRP30. As
described previously, ACRP30 produced in E. coli by recombi-
nant DNA technology is a mixture of hexamer and two types of
trimers: trimer A and trimer B (3). Trimer A contains three
full-length ACRP30 polypeptides, whereas trimer B is a hetero-
trimer containing one N-terminally truncated ACRP30 mono-
mer and two full-length monomers (3). Unable to form a rigid
collagen triple helix, trimer B may be functionally similar to
¢ACRP30. Thus, in the study reported by Yamauchi et al.,
activation of AMPK by full-length ACRP30 may be due to the
presence of trimer B and/or trimer A in their preparation.
Alternatively, variations in protein expression and preparation
methods may have contributed to the different results between
the two studies.

A variety of data suggest that ACRP30/gACRP30 enhances
insulin actions in vivo under physiological conditions.
ACRP30-deficient mice develop insulin resistance when fed a
high fat diet (34), and polymorphisms of the ACRP30 gene in
humans are linked to increased risk for type 2 diabetes and the
metabolic syndrome (8-10). In addition, a number of studies
have shown that thiazolidinediones, a class of insulin-
sensitizing drugs used to improve glucose tolerance in patients
with type 2 diabetes, stimulate ACRP30 production by adipo-
cytes and increase its concentration in plasma (1, 35). Finally,
prior exercise (36, 37) and the administration of AICAR (24)
and the anti-diabetic agent metformin (38), all activate AMPK
and enhance insulin action in rodents and humans. Thus, the
insulin-sensitizing action of ACRP30 could be mediated by
AMPK.

A final question about ACRP30 and gACRP30 relates to
their structural homology to TNFa (39). TNFa has been shown
to alter the expression of a wide variety of proinflammatory
and other genes in adipocytes by activating NF-«B (40). The
high molecular weight and hexameric isoforms of ACRP30
also activate NF-«B (3). On the other hand, recent studies by
Ido and his coworkers (41, 42) have shown that AMPK
activation by AICAR or expression of a constitutively active
AMPK can inhibit NF-«kB-mediated gene expression in both
cultured human umbilical vein endothelial cells and COS7
cells. Thus, the interaction of gACRP30 and the various
oligomeric forms of ACRP30 in regulating NF-«B activity, and
in turn its relevance to their biological actions, clearly requires
further study.

In conclusion, gACRP30 seems to stimulate muscle fatty acid
oxidation by inactivating ACC and decreasing malonyl CoA
concentration. These events and increased glucose transport
may be explained by AMPK activation. Whether gACRP30/
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ACRP30 enhances insulin action in vivo by activating AMPK
remains to be determined.
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