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The signaling mechanisms that mediate the important effects of
contraction to increase glucose transport in skeletal muscle are not
well understood, but are known to occur through an insulin-
independent mechanism. Muscle-specific knockout of LKB1, an
upstream kinase for AMPK and AMPK-related protein kinases,
significantly inhibited contraction-stimulated glucose transport.
This finding, in conjunction with previous studies of ablated
AMPKa2 activity showing no effect on contraction-stimulated glu-
cose transport, suggests that one or more AMPK-related protein
kinases are important for this process. Muscle contraction increased
sucrose nonfermenting AMPK-related kinase (SNARK) activity, an
effect blunted in the muscle-specific LKB1 knockout mice. Expres-
sion of a mutant SNARK in mouse tibialis anterior muscle impaired
contraction-stimulated, but not insulin-stimulated, glucose trans-
port. Whole-body SNARK heterozygotic knockout mice also had
impaired contraction-stimulated glucose transport in skeletal mus-
cle, and knockdown of SNARK in C2C12 muscle cells impaired sor-
bitol-stimulated glucose transport. SNARK is activated by muscle
contraction and is a unique mediator of contraction-stimulated glu-
cose transport in skeletal muscle.

LKB1 | Akt Substrate of 160 kDa | TBC1D1 | exercise

t has long been known that physical exercise has important

benefits for people with type 2 diabetes, due in part to the in-
creased rates of glucose transport and enhanced insulin sensitivity
of the contracting skeletal muscles. Given the importance of ex-
ercise in regulating glucose homeostasis, it is not surprising that
during the past decade there has been extensive research focused
on establishing the signaling pathways that regulate exercise-
stimulated glucose transport in skeletal muscle. Early data
showed that there are different mechanisms for the stimulation of
glucose transport by exercise and insulin, because the combina-
tion of a maximal insulin stimulus plus a maximal contraction
stimulus has additive or partially additive effects on glucose
transport (1-3). It has also been established by several groups that
there are distinct proximal signals leading to glucose transport by
insulin and exercise in skeletal muscle (4-10). Although the
mechanism for insulin-stimulated glucose transport is fairly well
understood, elucidating the signals that mediate contraction-
stimulated glucose transport has proven to be a challenging task.
Several reports have suggested the involvement of the LKB1/
AMP-activated protein kinase (AMPK) signaling axis as a central
player in contraction-stimulated glucose transport in skeletal
muscle (4, 11, 12).

LKBI is a Ser/Thr kinase that was originally identified as a tu-
mor suppressor protein, and is now known to be a critical regu-
lator of metabolism in liver and skeletal muscle (12-14). LKB1
functions as a kinase in a complex with the two regulatory sub-
units, STE20-related kinase adaptor (STRAD) and mouse pro-
tein 25 (MO25). This complex phosphorylates AMPK as well as at
least 12 of the AMPK-related kinases (15, 16). There is limited
knowledge of the function of most of the AMPK-related protein
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kinases, with the exception of AMPK. AMPK has emerged as
a master metabolic signaling protein, regulating cellular metab-
olism not only in skeletal muscle but in many other tissues (17—
19). In skeletal muscle, AMPK is necessary for the increase in
glucose transport in response to some insulin-independent stim-
uli, such as 5-aminoimidazole-4-carboxamide ribonucleoside
(AICAR) (20-22) and hypoxia (20). However, through the use of
knockout and transgenic approaches, it is now clear that AMPK
cannot be the sole regulator of contraction-stimulated glucose
transport (20-23).

Sucrose nonfermenting AMPK-related kinase (SNARK/
NUAK?2) was identified in 2001 as the fourth member of the
AMPK family of kinases (24). The catalytic domain of SNARK
has significant homology with the catalytic domains of AMPKal
(46%), AMPKo2 (41%), and the AMPK-related kinase 5 (ARKS;
55%), whereas the C terminus is not conserved with other AMPK
family members. LKB1 phosphorylates SNARK at Thr?*®, in-
creasing SNARK activity by 50-fold in vitro (16). Little is known
about SNARK function, although AICAR and cellular stressors
such as glucose deprivation, rotenone, and sorbitol have been
reported to increase SNARK activity in multiple cell-culture lines
(24-26). Whole-body SNARK heterozygotic knockout */~) mice
were recently generated and showed increased body weights, in-
creased fat mass, and fatty livers in response to 8 wk of treatment
with the carcinogenic compound azoxymethane (27). The mice
also displayed increased serum triglyceride concentrations,
hyperinsulinemia, hyperglycemia, and glucose intolerance (27),
suggesting the possibility that SNARK functions in the regulation
of glucose and lipid homeostasis. However, a recent report has
shown no effect of knockdown of SNARK in regulating insulin-
stimulated glucose transport in human primary myotubes (28).

In the present study, we found that muscle-specific LKB1
knockout mice (MLKB1KO), which have ablated AMPKa2 ac-
tivity, had a significant reduction in contraction-stimulated glucose
transport. Because we previously showed that AMPKa2 inactive
mice have normal contraction-stimulated glucose transport (20),
this suggests that one or more additional LKB1 substrates must be
involved in the regulation of contraction-stimulated glucose
transport. In investigating the AMPK-related protein kinases, we
found that contraction in situ increased SNARK activity in the
skeletal muscles of control mice, and that this increase was abol-
ished in MLKB1KO mice. Contraction of isolated mouse skeletal
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muscles in vitro, as well as exercise in vivo in mice and humans, also
increased SNARK activity in skeletal muscle. Furthermore, we
investigated the potential role of SNARK in contraction-stimu-
lated glucose transport in skeletal muscle.

Results

LKB1 Regulates Contraction-Stimulated Glucose Transport. We have
previously reported that MLKB1KO mice have a 95% reduction
in LKB1 protein in skeletal muscle and ablation of AMPKa2
activity in this tissue (13). To investigate the role of skeletal
muscle LKB1 in contraction-stimulated glucose transport, iso-
lated soleus muscles from control and MLKB1KO mice were
contracted by electrical stimulation for 10 min, and glucose
transport was measured using radioactive tracers. There was no
difference in basal glucose transport between control and
MLKBI1KO mice (Fig. 14). Similar to a previous study where
a hypomorphic LKB1 knockout mouse was studied (12), con-
traction increased glucose transport in control mice, and this was
significantly decreased by ~40% in the MLKB1KO mice (Fig.
1A4). The blunted contraction-stimulated glucose transport in the
MLKB1KO mice was not associated with a decreased ability of
the muscles to generate force (Fig. S14). Muscle weights were not
different between groups (Fig. S1B), also suggesting that the
muscle from the MLKB1KO mice was viable.

We also determined the effects of muscle-specific LKB1
knockout on contraction-stimulated glucose transport measured in
vivo. For this purpose, anesthetized mice underwent 15 min of
muscle contraction in situ, 2-deoxy-p-[°H]-glucose was infused, and
glucose transport into the tibialis anterior muscle was measured.
Compared with controls, contraction-stimulated glucose transport
was significantly impaired in MLKB1KO mice (Fig. 1B). Protein
levels of GLUT4 and GLUT1, the major glucose transporters
expressed in skeletal muscle, were not altered in the MLKB1KO
mice (Fig. S1C). These data show that LKB1 is required for con-
traction-stimulated glucose transport in skeletal muscle.

To determine downstream signals involved in LKB1 signaling to
glucose transport, we determined if the blunted contraction-stim-
ulated glucose transport observed in the MLKB1KO mice was
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Fig. 1. Contraction-stimulated glucose transport is impaired in muscle-specific
LKB1 knockout (MLKB1KO) mice. (A) Soleus muscles from MLKB1KO and lit-
termate controls were contracted to measure glucose transport. (B) In vivo
glucose transport was measured over the 15 min of contraction and the sub-
sequent 30 min in tibialis anterior muscles. (C and D) Muscle lysates were
obtained from gastrocnemius muscle, and PAS phosphorylation of AS160/
TBC1D1 (C) and ERK phosphorylation (D) were determined by Western blot.
Data are means + SEM, n = 6/group for A-C, n = 5-12/group for D. **P < 0.01
and ***P < 0.001 vs. basal of the same genotype. "'P < 0.01 and ""'P < 0.001
vs. corresponding control.
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associated with a decrease in the phosphorylation of Akt substrate
of 160 kDa (AS160/TBC1D4) and the AS160 paralog, TBC1D1.
These Rab-GAP proteins are regulated by phosphorylation (29,
30), and overexpression of phosphorylation-defective mutants have
been shown to impair contraction-stimulated glucose transport in
skeletal muscle (31, 32). Phosphorylation of AS160 and TBC1D1
was detected using a phospho-Akt substrate (PAS) antibody that
does not distinguish between AS160 and TBC1D1. In control mice,
contraction significantly increased AS160/TBCI1D1 PAS phos-
phorylation, an effect that was abolished in the MLKB1KO mice
(Fig. 1C). In contrast, phosphorylation of ERK, another contrac-
tion-stimulated signaling protein that does not regulate glucose
transport in skeletal muscle (33), was not altered in MLKB1KO
mice (Fig. 1D). Thus, the lack of muscle LKB1 impaired phos-
phorylation of AS160/TBC1D], critical downstream signals that
are important for contraction-stimulated glucose transport.

ARK5/SNARK Activity Is Regulated by LKB1 and Muscle Contraction.
Using the same methods described previously to measure glucose
transport in vitro and in vivo for the MLKB1KO mice, we have
shown normal rates of contraction-stimulated glucose transport in
muscle-specific AMPKa2 inactive transgenic mice (20). Thus, the
decrease in contraction-stimulated glucose transport in the
MLKB1KO mice cannot be fully explained by lack of AMPKa2
activity. Therefore, we hypothesized that one or more additional
AMPK-related protein kinases regulate contraction-stimulated
glucose transport. In investigating the AMPK-related protein
kinases, we found that ARK5/SNARK immune complex activity,
using an antibody that does not differentiate between the two
enzymes (34), was significantly decreased in muscles from
MLKBI1KO mice when measured in the basal state (Fig. 24).
Furthermore, contraction increased ARKS5/SNARK activity by
more than 2-fold in control littermates, whereas no increase was
observed in the MLKB1KO mice (Fig. 24). By immunoprecipi-
tating muscle lysates with the ARK5/SNARK antibody and im-
munoblotting precipitates with the AMPKa2 antibody, we
determined that there was no cross-reactivity between the ARKS/
SNARK and AMPKa?2 antibodies (Fig. S2). These findings raise
the possibility that SNARK and/or ARKS could be essential
mediators of LKB1 in skeletal muscle.

Expression and Activity of SNARK in Mouse and Human Skeletal
Muscle. Consistent with a previous report showing that contraction
does not increase ARKS activity in rat muscle (35), we found that
in situ contraction did not increase ARKS activity in our system in
the mouse (Fig. S34). We used direct DNA injection and elec-
troporation to express wild-type ARKS and mutant ARKS
(Thr*''to Ala) in tibialis anterior muscles of mice, which resulted
in a 4.2-fold increase in ARKS expression compared with en-
dogenous ARKS in empty vector controls. Overexpression of
wild-type ARKS and mutant ARKS did not affect basal and
contraction-stimulated glucose transport (Fig. S3B). Therefore,
we focused on SNARK in subsequent experiments, and generated
a polyclonal antibody that worked for immunoblotting and im-
munoprecipitation of SNARK and showed no cross-reactivity
with ARKS or AMPK (Fig. S4 A-C). Immunoblotting revealed
that SNARK was expressed in multiple tissues, including liver,
testis, kidney, brain, pancreas, heart ,and tibialis anterior muscle
(Fig. 2B), and SNARK was also expressed in muscles composed of
varying fiber types (Fig. 2C). Interestingly, the more oxidative
muscles (red gastrocnemius and soleus), as well as heart (Fig. 2B),
appeared to express two forms of SNARK (Fig. 2C). We also
detected mRNA expression of SNARK in multiple tissues from
the mouse, including skeletal muscle (Fig. 2D). Thus, SNARK is
expressed in multiple muscles in the mouse.

Our initial experiment determined that contraction increased
ARKS5/SNARK in muscles from control mice but not MLKB1KO
mice, so we next determined if contraction regulated SNARK
activity independent of ARKS by using the SNARK-specific an-
tibody. Using this antibody in an immune complex assay, we found
that contraction significantly increased SNARK activity in control
mice, and the activity was significantly decreased in MLKB1KO
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Fig. 2. SNARK expression and activity in mouse and human skeletal muscle.
(A) Tibialis anterior muscles from MLKB1KO and littermate controls were
contracted in situ for 15 min. ARK5/SNARK activity was measured using an
immune complex assay with an antibody that recognizes both ARK5 and
SNARK. Relative SNARK protein expression in various (B) mouse tissues and
(C) mouse muscles (TA, tibialis anterior; EDL, extensor digitorium longus;
WG, white gastrocnemius; RG, red gastrocnemius; SOL, soleus; PC, positive
control). (D) Relative SNARK mRNA expression in various mouse tissues. (E)
SNARK activity in tibialis anterior muscles from MLKB1KO and littermate
controls was measured using an immune complex assay with SNARK anti-
body. (F) Time course of SNARK activity in tibialis anterior muscles from mice
exercised on a treadmill at 22 m/min, 12% incline for 15, 30, and 60 min. (G)
EDL muscles were isolated and incubated in KRB buffer. Muscles were either
electrically stimulated to contract for 10 min or stimulated with insulin
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mice (Fig. 2E). To determine if exercise in vivo increases SNARK
activity in mouse skeletal muscle, mice were exercised on a rodent
treadmill at a moderate intensity (22 m/min, 12% grade) for 15,
30, and 60 min. Immediately after exercise, tibialis anterior
muscles were isolated, processed, and used for immune complex
assays. SNARK activity was increased at all time points by ap-
proximately 2-fold above resting levels (Fig. 2F). Contraction of
isolated extensor digitorum longus (EDL) muscles in vitro in-
creased SNARK activity by 2.3-fold, whereas maximal insulin
stimulation had no effect (Fig. 2G).

Immunoblotting lysates of vastus lateralis muscle from healthy
human subjects revealed expression of SNARK in this tissue (Fig.
S4D). Next, we determined whether SNARK activity is increased
by acute exercise in human skeletal muscle. Healthy subjects ex-
ercised on a cycle ergometer at a moderate intensity (70%
VOs4y) for 20 min or a high intensity (110% VO,,y) for 2 min,
with muscle biopsies obtained before and immediately after the
exercise. Both moderate and high-intensity exercise significantly
increased SNARK activity (Fig. 2 H and /). These data suggest that
LKBI1 regulates SNARK activity in both mouse and human
skeletal muscle.

Knockdown of SNARK Impairs Sorbitol-Induced Glucose Transport in
C2C12 Cells. To determine whether SNARK mediates glucose
transport in muscle cells, we generated C2C12 myotubes that were
stably infected with retrovirus containing shRNA for SNARK as
well as scrambled shRNA. SNARK protein was decreased by 73%
in cells infected with shRNA for SNARK compared with the
control cells infected with scrambled shRNA (Fig. 34). SNARK is
activated by high concentrations of sorbitol (25), which results in
hyperosmolarity and an increase in glucose transport in rat skeletal
muscle (36) and C2C12 cells (37). Furthermore, we have shown
that similar to muscle contraction, sorbitol-stimulated glucose
transport is not decreased in muscle-specific AMPKa2 inactive
transgenic mice (20). Consistent with previous studies, sorbitol
increased SNARK activity by 47% in C2C12 cells. We found that
sorbitol increased glucose transport by 50% and that this increase
was significantly impaired by knockdown of SNARK (Fig. 3B).
Sorbitol-stimulated AMPK phosphorylation was not altered in
both groups (Fig. 3C). SNARK knockdown did not affect insulin-
stimulated glucose transport (Fig. 3D) or expression of the GLUT1
and GLUTH4 glucose transporter proteins (Fig. S5.4 and B). Thus,
SNARK is necessary for sorbitol-induced glucose transport but not
for insulin-stimulated glucose transport in C2C12 muscle cells.

Overexpression of Mutant SNARK in Tibialis Anterior Muscle Impairs
Contraction-Stimulated Glucose Transport. To determine if SNARK
regulates contraction-stimulated glucose transport in mouse
skeletal muscle, we generated a mutant SNARK (mtSNARK) by
replacing the LKB1 phosphorylation site, Thr, to Ala at amino
acid 208. This mutation has been shown to inhibit its activity
(16). We used direct DNA injection and electroporation to ex-
press mtSNARK in tibialis anterior muscles of mice and found
that 10 d after injection there was a 2.5-fold increase in
mtSNARK expression above endogenous SNARK (Fig. S64).
Expression of mtSNARK in muscle significantly decreased basal
SNARK activity in the muscle and abolished the effect of con-
traction to increase SNARK activity (Fig. 44), suggesting that
the mutant worked as a dominant negative in skeletal muscle.
There was no difference in the efficiency of the SNARK anti-
body to immunoprecipitate wild-type and mutant SNARK (Fig.
S6B). Overexpression of mtSNARK did not alter SIK1 and
MARKA4 activities in mouse skeletal muscle (Fig. S6 C and D).

We expressed the mtSNARK construct in tibialis anterior
muscles and measured glucose transport in vivo in response to 15

(50 mU/mL) for 40 min. (H and /) Healthy volunteers performed cycle exercise
at 70% of peak work rate for 20 min (H) or 110% of peak work rate for
2 min (/). Data are means + SEM, n = 5-11/group. *P < 0.05 and **P < 0.01
compared with control. TP < 0.05 vs. corresponding control.
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Fig. 3. Effects of SNARK inhibition in glucose transport in response to
sorbitol and insulin. Retroviruses containing empty vector (EV), scrambled
shRNA (Sc), and shRNA for SNARK (ShRNA) were infected in C2C12 cells. (A)
SNARK expression was determined by immunoblot analysis. (B and C)
Myotubes infected with Sc or ShRNA were incubated in the absence (black
bars) or presence (grey bars) of sorbitol (300 mM) for 30 min. Glucose
transport (B) and AMPK phosphorylation (C) were determined by 2-DG
glucose transport measurement and Western blot analysis, respectively. (D)
Cells were treated with insulin (100 nM) for 20 min and glucose transport
was measured. *P < 0.05, **P < 0.01, and ***P < 0.001 compared with
control. TP < 0.01 vs. corresponding control.

min of in situ muscle contraction. Contraction increased glucose
transport by 2.6-fold in empty vector injected muscles, whereas
contraction-stimulated glucose transport was significantly im-
paired in muscles expressing mtSNARK (Fig. 4B). To determine if
the combined inhibition of AMPKa2 and SNARK would further
reduce contraction-stimulated glucose transport, we overexpressed
mtSNARK in muscle-specific AMPKa?2 inactive transgenic mice.
There was no additive effect to inhibit contraction-stimulated
glucose transport (Fig. S7).

Because contraction-stimulated PAS phosphorylation of
AS160/TBC1D1 was abolished in MLKB1KO mice, we de-
termined if expression of mtSNARK would impair AS160/
TBCID1 phosphorylation. Contraction-stimulated PAS phos-
phorylation of AS160/TBC1D1 was abolished in muscles over-
expressing mtSNARK without altering expression of AS160
and TBCID1 (Fig. 4C). This suggests that the inhibition of
contraction-stimulated glucose transport with overexpression of
mtSNARK is likely due, at least in part, to impaired phosphor-
ylation of AS160 and TBCI1DI1.

The proximal molecular signaling mechanisms leading to con-
traction-stimulated glucose transport are known to be distinct
from insulin signaling. Therefore, we hypothesized that SNARK
signaling would not be essential for insulin-stimulated glucose
transport. To test this hypothesis, insulin-stimulated glucose
transport was measured by i.v. injection of a glucose bolus to
stimulate a physiological insulin secretion (31). Consistent with
the findings that knockdown of SNARK did not affect insulin-
stimulated glucose transport in C2C12 cells (Fig. 3D), insulin-
stimulated glucose transport was not altered by expression of the
mtSNARK (Fig. 4D). These data suggest that SNARK is critical
for contraction-stimulated, but not insulin-stimulated, glucose
transport in the muscle.

To determine if changes in contraction-stimulated glucose
transport by overexpression of mtSNARK might be due to
a generalized dysfunction of muscle contraction, we measured
several markers of normal muscle contraction. Overexpression of
mtSNARK did not affect contraction-stimulated decreases in
muscle glycogen (Fig. S84). In addition, contraction-stimulated
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traction. (B) In vivo glucose transport in response to 15 min of in situ muscle
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empty vector (EV) or mtSNARK. (C) Contraction-stimulated PAS phosphoryla-
tion of AS160 and TBC1D1 was measured by Western blot. Protein levels of
AS160 and TBC1D1 were also determined by Western blot. (D) In vivo insulin-
stimulated 2-DG glucose transport in skeletal muscle was measured by i.v. in-
jection of a glucose bolus (1 mg/g). (E) Soleus muscles from SNARK “2 or
control littermates were dissected and contracted in vitro for 10 min, and
glucose transport was measured. (F) Force production was measured as de-
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of AS160 and TBC1D1 was determined by Western blot using PAS antibody.
Data are means + SEM, n = 5-6/group. *P < 0.05, **P < 0.01, and ***P < 0.001
vs. basal in the same group. TP < 0.05 and ""P < 0.01 vs. corresponding control.

AMPK and ERK phosphorylation, two signaling proteins acti-
vated in response to contraction, were also not altered by over-
expression of mtSNARK (Fig. S8 B and C).

Contraction-Stimulated Glucose Transport Is Impaired in SNARK

Heterozygotic Knockout /=) Mice. We studied glucose transport
in whole-body SNARK knockout mice. Because homozygotic
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SNARK knockout mice are embr%/onically lethal or abnormally
developed (27), we used SNARK */~) mice. We confirmed that
SNARK expression and activity were signiﬁcantly reduced in the
tibialis anterior muscles from SNARK /=) mice compared with
wild-type littermates (Fig. S9 4 and B). Mice were studied at 20
wk of age, a time point where there were no differences in body
weights, blood glucose concentrations, and voluntary exercise
capacity (Fig. S9 C-E). Soleus muscles were isolated and used to
measure contraction-stimulated glucose transport in vitro. Con-
traction increased glucose transport in the muscles from both
control and SNARK */2) mice, but contraction-stimulated glu-
cose transport was significantly lower in the SNARK /2 mice
(Fig. 4E). This impairment was not due to altered contraction
force, because force production during contraction was normal in
SNARK */2) mice (Fig. 4F). The SNARK (*/2) mice had normal
stimulation of AMPK phosphorylation with contraction (Fig. 4G).
Because overexpression of mtSNARK impaired contraction-
stimulated PAS phosphorylation on AS160/TBC1D1, we assessed
AS160/TBCID1 PAS phosphorylation in SNARK */~) mice.
Contraction-stimulated PAS phosphorylation was significantly
impaired in SNARK */~) mice compared with control mice (Fig.
4H). Insulin-stimulated glucose transport was not altered in
SNARK /) mice (Fig. S9 F and G). Therefore, both over-
expression of mtSNARK and heterozygotic knockout of SNARK
inhibited glucose transport in response to contraction, and these
decreases were associated with blunted AS160/TBC1D1 PAS
phosphorylation.

Discussion

Given the benefits of exercise in the maintenance of glucose ho-
meostasis, elucidating the mechanisms responsible for regulating
contraction-stimulated glucose transport in skeletal muscle is an
ongoing research challenge magnified by the increasing preva-
lence of type 2 diabetes. Though it has been known for many years
that the underlying molecular signaling mechanisms regulating
contraction- and insulin-stimulated glucose transport are distinct,
the specific signals mediating the contraction effect have
remained elusive. Our present findings suggest a role for the
AMPK-related kinase SNARK in this process. This conclusion
stems from studies of glucose transport using multiple model
systems showing that (i) overexpression of mtSNARK in tibialis
anterior muscle by electroporation decreased contraction-stimu-
lated glucose transport; (i) SNARK */~) mice had impaired
contraction-stimulated glucose transport; (iii) deletion of LKB1
in skeletal muscle, which resulted in near ablation of SNARK
activity, was associated with decreased contraction-stimulated
glucose transport; (iv) knockdown of SNARK in C2C12 cells
impaired sorbitol-stimulated glucose transport, a stimulus that
has some similar characteristics to the effects on contraction in
skeletal muscle; and (v) knockdown of SNARK and expression of
mtSNARK did not decrease insulin-stimulated glucose transport,
consistent with the concept of distinct intracellular signaling
mechanisms for insulin- and contraction-stimulated glucose
transport. In addition, we found that mtSNARK-expressing
muscles and muscles from SNARK /=) mice had reduced con-
traction-stimulated phosphorylation of AS160/TBC1D1 on PAS
sites, proteins critical in the regulation of contraction-stimulated
glucose transport (31). Taken together, these data suggest that
SNARK represents a unique signaling protein important in con-
traction-stimulated glucose transport in mouse skeletal muscle.
A role for SNARK in contraction-stimulated glucose transport
is reasonable given recent indications that AMPK cannot be the
sole signal mediating this metabolic function. A decade ago, the
first evidence emerged that AMPK can mediate glucose transport
in skeletal muscle (4, 11, 38), and subsequent studies using genetic
models demonstrated that AICAR-mediated glucose transport
and hypoxia, another potent stimulator of glucose transport in
skeletal muscle, are both mediated by AMPKa2 (20-22). How-
ever, in investigating muscle contraction, genetic manipulation to
decrease AMPK activity has been shown to partially decrease (22,
39, 40), not affect (20, 21, 41), or even increase (23) contraction-
stimulated glucose transport. In contrast, in the current study we
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found that disruption of LKB1 in skeletal muscle results in im-
paired contraction-stimulated glucose transport, consistent with
previous work investigating contraction-stimulated glucose trans-
port in a hypomorphic LKB1 model (12). Because AMPKa2 in-
active mice have normal contraction-stimulated glucose transport
in our system (20), and MLKB1KO mice have ablated AMPKa2
activity, it is clear that the decrease in contraction-stimulated
glucose transport in our MLKB1KO mice cannot be explained by
the lack of AMPKoa2 activity. We do not believe that AMPKal can
explain the decrease in contraction-stimulated glucose transport in
the MLKB1KO mice because AMPKal activity is not increased
with this contraction protocol (13, 20). Taken together, these
findings suggest that LKB1 is an important mediator of contrac-
tion-stimulated glucose transport in skeletal muscle and that one
or more AMPK-related protein kinases are important in the reg-
ulation of contraction-stimulated glucose transport.

Little has been reported on the function of SNARK in various
cells and tissues. SNARK induces tolerance of HepG2 cells to cell
death by glucose starvation, and increases expression of anti-
apoptotic genes in cancer cells, which can also lead to increased
motility and invasiveness (42). The effects of SNARK deficiency
on tumorig_enesis of the large intestine has been investigated using
SNARK /2 mice (27). Treatment with azoxymethane, a carci-
nogenic compound, increased aberrant crypt foci in SNARK +/~)
mice as compared with their wild-type counterparts, suggesting
that the presence of SNARK helps to prevent early tumor de-
velopment. A recent study of these SNARK (*/~) mice suggests
that SNARK may also function in the control of metabolism (27).
When treated with azoxymethane, SNARK */~) mice had in-
creased body weights and increased fat mass and fatty livers, as well
as increased serum triglyceride concentrations, hyperinsulinemia,
hyperglycemia, and glucose intolerance. Although the function of
SNARK in most tissues in the body is not known, it is possible that
chronic impairment in contraction-stimulated glucose transport in
skeletal muscle could be a major factor in the whole-body meta-
bolic phenotype observed in the SNARK (+/2) mice.

We found that SNARK activity was increased by treadmill
exercise, in situ contraction, and in vitro contraction in mouse
skeletal muscles, and by cycle ergometer exercise in human
vastus lateralis muscle. In contrast, we found no effect of insulin
on SNARK activity in C2C12 muscle cells or incubated mouse
muscle, which is in agreement with a recent study showing no
effect of SNARK in insulin-stimulated glucose transport in hu-
man primary myotubes (28), and is also consistent with the well-
established concept that the proximal signaling mechanisms
leading to contraction- and insulin-stimulated glucose transport
are distinct. Whereas insulin had no effect on SNARK activity,
we have found that s.c. injection with AICAR (0.5 mg/g) in-
creased SNARK activity in mouse skeletal muscle (Fig. S104).
This is consistent with previous studies showing that SNARK is
activated by AICAR, AMP, glucose starvation, and oxidative
stress in cultured cell lines (24-26, 43). The mechanism of
SNARK activation with any stimuli and in all cell types has not
been investigated extensively and therefore is not well un-
derstood. In vitro, LKB1 phosphorylates SNARK at Thr?%, in-
creasing SNARK activity by 50-fold (16). Our MLKB1KO mice
showed decreased SNARK activity, consistent with in vitro
findings. Future studies will focus on understanding the mecha-
nism of SNARK activation in skeletal muscle.

The present study clearly shows that LKB1 and SNARK are
important molecules in the regulation of contraction-stimulated
glucose transport. It is not apparent at this time if the reduced
SNARK activity in the MLKB1KO mice mediates the reduced
contraction-stimulated glucose transport in these animals. We
attempted a rescue experiment of the MLKB1KO mice gener-
ating a constitutively active form of SNARK by mutating the
LKB1 phosphorylation site, Thr to Glu at amino acid 208, and
overexpressing it in the tibialis anterior muscle of the MLKB1KO
mice. However, overexpression of the mutant in tibialis anterior
muscle did not increase enzyme activity (Fig. S10B). Expression
of wild-type SNARK increased SNARK activity 2-fold (Fig.
S10B), similar to the effects of contraction. However, wild-type
SNARK expression did not alter glucose transport in skeletal
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muscle. It is possible that expression of wild-type SNARK is not
sufficient to activate SNARK-mediated glucose transport in
skeletal muscle, and other factors may need to work in unison
with SNARK to increase glucose transport in skeletal muscle.

For many years, the signaling mechanisms by which exercise
increases glucose transport in skeletal muscle have remained
elusive. There is now strong evidence that multiple, or re-
dundant, signals may mediate the effects of contraction on ac-
tivating transport (18, 41). It is also now established that LKB1,
independent from it effects on AMPKa2, functions to regulate
contraction-stimulated glucose transport in response to muscle
contraction. Moreover, we define SNARK as a contraction-ac-
tivated signal involved in mediating glucose transport in skeletal
muscle. In future studies it will be important to understand the
mechanism of SNARK activation in vivo, as well as explore the
possibility that SNARK mediates other aspects of metabolism in
skeletal muscle.

Materials and Methods

Animals. Muscle-specific LKB1 knockout (MLKB1KO) mice were generated by
Cre/loxP gene targeting as previously described (13). SNARK “~ mice have
been described (27). Male mice were used for all experiments. All animal
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studies were in accordance with National Institutes of Health guidelines and
approved by the Joslin Institutional Animal Care and Use Committee.

Statistical Analysis. Data are means + SEM. All data were compared using
Student’s t test, paired t test, one-way ANOVA, or two-way ANOVA. The
differences between groups were considered significant when P < 0.05.

For further information on human studies, cell culture, Western blot
analysis, in vitro kinase assays, muscle incubation, treadmill exercise, and
glucose transport measurement, see S/ Materials and Methods.
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