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Chen T, Moore TM, Ebbert MT, McVey NL, Madsen SR,
Hallowell DM, Harris AM, Char RE, Mackay RP, Hancock CR,
Hansen JM, Kauwe JS, Thomson DM. Liver kinase B1 inhibits the
expression of inflammation-related genes postcontraction in skeletal
muscle. J Appl Physiol 120: 876–888, 2016. First published January
21, 2016; doi:10.1152/japplphysiol.00727.2015.—Skeletal muscle-
specific liver kinase B1 (LKB1) knockout mice (skmLKB1-KO)
exhibit elevated mitogen-activated protein kinase (MAPK) signaling
after treadmill running. MAPK activation is also associated with
inflammation-related signaling in skeletal muscle. Since exercise can
induce muscle damage, and inflammation is a response triggered by
damaged tissue, we therefore hypothesized that LKB1 plays an
important role in dampening the inflammatory response to muscle
contraction, and that this may be due in part to increased susceptibility
to muscle damage with contractions in LKB1-deficient muscle. Here
we studied the inflammatory response and muscle damage with in situ
muscle contraction or downhill running. After in situ muscle contrac-
tions, the phosphorylation of both NF-�B and STAT3 was increased
more in skmLKB1-KO vs. wild-type (WT) muscles. Analysis of gene
expression via microarray and RT-PCR shows that expression of
many inflammation-related genes increased after contraction only in
skmLKB1-KO muscles. This was associated with mild skeletal mus-
cle fiber membrane damage in skmLKB1-KO muscles. Gene markers
of oxidative stress were also elevated in skmLKB1-KO muscles after
contraction. Using the downhill running model, we observed signifi-
cantly more muscle damage after running in skmLKB1-KO mice, and
this was associated with greater phosphorylation of both Jnk and
STAT3 and increased expression of SOCS3 and Fos. In conclusion,
we have shown that the lack of LKB1 in skeletal muscle leads to an
increased inflammatory state in skeletal muscle that is exacerbated by
muscle contraction. Increased susceptibility of the muscle to damage
may underlie part of this response.

LKB1; inflammation; oxidative stress; downhill running; AMPK

LIVER KINASE B1 (LKB1) is an important regulator of skeletal
muscle metabolic function. It phosphorylates and activates
members of the AMP-activated protein kinase (AMPK) family.
The best-defined of these targets are the �1 and �2 subunits of
AMPK itself, but 11 other AMPK-related kinases are likewise
phosphorylated by LKB1, although the role of these is poorly
understood in skeletal muscle. AMPK is activated by LKB1 in
working skeletal muscle and serves to promote catabolic pro-
cesses that help maintain ATP availability, while decreasing
ATP consumption. AMPK is also a well-established regulator

of gene expression in skeletal muscle (33), and its activity
increases the expression of many exercise-induced genes (18).
While the roles played by the other AMPK family members in
muscle have not been well studied, SNARK has been shown to
affect glucose transport (23), MARK2 is involved in utrophin-
dystroglycan and dystrophin interactions (54), ARK5 may
suppress glucose uptake (15) and regulate muscle strength
(53), and SIK1 appears to have prosurvival effects on muscle
cells (3).

We recently showed that contraction-induced expression of
several mitochondrial genes in skeletal muscle is dependent
upon LKB1 (47). Despite the suppressed expression of these
mitochondrial genes, we found that 2 h after muscle contrac-
tions, the phosphorylation of Erk was significantly elevated in
muscles from skmLKB1-KO vs. those from littermate wild-
type (WT) mice. The phosphorylation of p38 mitogen-acti-
vated protein kinase (MAPK) likewise tended to be elevated as
well in the skmLKB1-KO muscles, although not significantly.
Because the MAPK signaling cascades are also associated with
oxidative stress and inflammation-related signaling responses
(4, 13, 17, 24, 32, 42, 46), we subsequently questioned whether
the lack of LKB1 would lead to an exaggerated stress response
to contractions, which might partially explain the dysfunctional
phenotype that is associated with skmLKB1-KO muscles (22,
40, 45, 47, 50).

Inflammation refers to a localized immune response to tissue
injury or infection that leads to an accumulation and activation
of immune cells (neutrophils, macrophages, etc.) that coordi-
nate the clearance of damaged tissue and contribute to the
healing process. Communication between the immune cells
and the other cells that make up the inflamed tissue is accom-
plished through the secretion of many cytokines such as tumor
necrosis factor-� (TNF-�), interleukin-1� (IL-1�), and IL-6.
In skeletal muscle, the intracellular response to inflammation is
stimulated by these cytokines (31) and is mediated by the
activation of several downstream signaling proteins, including
p38, Erk, jun kinase (JNK), and janus kinase (JAK). These
pathways activate transcriptions factors including nuclear fac-
tor kappa B (NF-�B), activator protein-1 (AP-1; Jun/Fos), and
signal transduction activator of transcription (STAT). Tran-
scription is thus altered, leading to changes in the expression of
many genes. Exercise or muscle contraction can lead to an
acute skeletal muscle inflammatory response (9, 13, 24, 52),
mediated at least in part by the generation of reactive oxygen
species (14). In fact, NF-�B serves as a common signaling
pathway in the response to both inflammation and oxidative
stress, such that the inflammatory and oxidative damage re-
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sponses are closely interrelated (17, 24). This response is
necessary for proper adaptation to the exercise stimulus (2, 9,
24), including rapid resolution of the inflammation (34). How-
ever, if inflammatory signaling or oxidative stress is excessive
or prolonged, it promotes muscle degeneration and dysfunction
(6, 11, 24, 31). The role LKB1 may play in regulation of the
intracellular signaling response to inflammation/oxidative
stress is not currently understood.

Thus the purpose of this project was to assess the effect of
LKB1 deficiency on inflammation/oxidative stress-related sig-
naling pathways, downstream transcription factors, and inflam-
mation-related gene expression in muscles after contractions.
Our results suggest that LKB1 plays an important role in
damping the inflammatory and oxidative responses to muscle
contraction, and that this may be due in part to increased
susceptibility to contraction-induced muscle damage in LKB1-
deficient muscle.

MATERIALS AND METHODS

Ethical approval. All experimental procedures involving animals
were approved by the Institutional Animal Care and Use Committee
of Brigham Young University prior to experimentation.

Animal care and generation of knockout mice. Male and female
mice were bred and housed at 21-22°C with a 12:12-h light-dark
cycle, on an ad libitum diet of standard chow. Skeletal muscle-specific
LKB1 knockout mice were generated by crossing LKB1 conditional
mice that express a “floxed” LKB1 gene flanked by LoxP sites
(provided by R. DePinho and N. Bardeesy, Dana-Farber Cancer
Institute, Boston, MA) with myf6-Cre transgenic mice (12) heterozy-
gously expressing Cre recombinase specifically in skeletal muscle
under the Myf6 (MRF4) promoter (kindly provided by M. R. Capec-
chi, University of Utah, Salt Lake City, UT). The skeletal muscle-
specific expression of Cre in mice with homozygously “floxed” LKB1
leads to recombination and deletion of the LKB1 gene specifically
from skeletal muscle (skmLKB1-KO), as demonstrated previously
(47). Herein, LKB1 conditional mice with transgenic “floxed” LKB1,
but that lack Cre expression and thus retain LKB1 gene expression,
are referred to as wild-type (WT) mice. Littermate WT mice served as
controls. Genotyping was performed via polymerase chain reaction
using primers for Cre and floxed LKB1 as described previously (51),
and was verified by Western blotting for LKB1 as described below.
Mice were 3–5 mo old at the time of experimentation.

Sciatic nerve stimulation. Mice were anesthetized with 2–3%
isoflurane in supplemental oxygen. The sciatic nerve was accessed
through an incision in the lateral aspect of the left hindlimb and was
stimulated at 0.5 pulses/s and 5-ms pulse duration for 15 min to
produce contractions of the lower hindlimb musculature. Unstimu-
lated muscles from the unoperated right hindlimb served as resting
controls. The resting and stimulated gastrocnemius-plantaris-soleus
complexes were removed 0, 2, or 3 h after the cessation of stimulation
and clamp-frozen at the temperature of liquid nitrogen, or, in a subset
of mice, the gastrocnemius muscle alone was frozen in isopentane
chilled to the temperature of liquid nitrogen for histological exami-
nation. After stimulation, the incisions on the mice in the 2- and 3-h
groups were closed with surgical staples, and the mice were main-
tained under isoflurane anesthesia until the designated time of tissue
harvest. RNA and protein from some of these muscle samples were
obtained and utilized for measures reported on previously (47) and
have been utilized to assess novel measures as indicated below. A new
and distinct cohort of mice was injected with 0.008 ml/g body wt 1%
Evan’s blue dye (EBD) in sterile PBS, pH 7.45, the evening prior to
experimentation for assessment of sarcolemmal damage.

In a separate cohort of WT and KO mice (n � 6 mice/group), the
sciatic nerve was isolated and stimulated as described above, but prior

to stimulation the gastrocnemius tendon was attached to a muscle
lever system (Aurora Scientific, model 305C) for the measurement of
force production and fatigue during the contraction bout. The knee
was fixed and optimal voltage was determined for each mouse by
assessing contraction force at varying stimulation voltages, prior to
initiation of the contraction protocol indicated above.

Downhill running. Mice were injected with EBD the evening prior
to running. Mice were run on a motorized treadmill (Columbus
Instruments, Columbus, OH) with a �17° grade at 12 m/min. Mice
ran in bouts of 5 min separated by 2-min rest periods for a total of 61
min. The rest periods were necessary because the skmLKB1-KO mice
fatigue very quickly (47). Immediately after the running bout, the
mice were anesthetized with 2–3% isoflurane in supplemental oxygen
and quadriceps muscles were harvested and either frozen in liquid
nitrogen for protein analysis, or in isopentane chilled to the temper-
ature of liquid nitrogen for histological analysis.

Tissue homogenization. Muscles were homogenized in 19 vols of
homogenization buffer (50 mm Tris-HCl, pH 7.4; 250 mm mannitol,
50 mm NaF, 5 mm sodium pyrophosphate, 1 mm EDTA, 1 mm
EGTA, 1% Triton X-100, 50 mm B-glycerophosphate, 1 mm sodium
orthovanadate, 1 mm DTT, 1 mm benzamidine, 0.1 mm phenylmeth-
anesulfonyl fluoride, 5 �g ml soybean trypsin inhibitor), then frozen
at �90°C and thawed 3 times to ensure disruption of intracellular
membranes. They were vortexed vigorously, centrifuged at 10,000 g
for 20 min. The supernatants were analyzed for protein content (DC
Protein Assay, Bio-Rad Laboratories, Hercules, CA), then stored at
�90°C for later analysis.

Western blotting. Homogenates were diluted in sample buffer (125
mm Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, 5% �-mercaptoetha-
nol, and 0.01% bromphenol blue), then loaded on Tris-glycine gels
(Bio-Rad Criterion System, Bio-Rad Laboratories). Proteins were
separated at 200 V for 55 min. Proteins were transferred to polyvi-
nylidene difluoride (PVDF) membranes which were then probed for
specific proteins via immunodetection using antibodies against the
following proteins: phospho-NF-�B (no. 3033), total NF-�B (no.
8242), phospho-STAT3 (no. 9145), total-STAT3 (no. 9139), phos-
pho-p38 MAPK (no. 4511) from Cell Signaling Technology, phos-

Table 1. RT-PCR primer sequences

Primer Direction Sequence

IL-1� forward 5=-TTCCCATTAGACAACTGC-3=
reverse 5=-GGATTCTTTACTTTGAGGC-3=

IL-6 forward 5=-CCAATTTCCAATGCTCTCCT-3=
reverse 5=-ACCACAGTGAGGAATGTCCA-3=

SOCS3 forward 5=-ATGGTCACCCACAGCAAGTTT-3=
reverse 5=-TCCAGTAGAATCCGCTCTCCT-3=

TNF-� forward 5=-CCCACGTCGTAGCAAACCAC-3=
reverse 5=-AAGGTACAACCCATCGGCTG-3=

IER3 forward 5=-GCCGAAGGGTGCTCTAC-3=
reverse 5=-CATAAATGGGCTCAGGTGT-3=

BclIII forward 5=-CCGGAGGCCCTTTACTACCA-3=
reverse 5=-GGAGTAGGGGTGAGTAGGCAG-3=

Fos forward 5=-CGGGTTTCAACGCCGACTA-3=
reverse 5=-TTGGCACTAGAGACGGACAGA-3=

ZFP36 forward 5=-TCTCTGCCATCTACGAGAGCC-3=
reverse 5=-CCAGTCAGGCGAGAGGTGA-3=

Hmox1 forward 5=-CACGCATATACCCGCTACCT-3=
reverse 5=-CCAGAGTGTTATTCGAGCA-3=

Hmox2 forward 5=-TACTCAGCCCTTGAGGAGGA-3=
reverse 5=-TCTGGCTCATTTTGCCCTAC-3=

NQO1 forward 5=-TTCTCTGGCCGATTCAGAGT-3=
reverse 5=-GGCTGCTTGGAGCAAAATAG-3=

ALDH3a1 forward 5=-ATGGGAGGATCATCAACGAC-3=
reverse 5=-TCATCCAAGCTTCGAACACA-3=

mGST3 forward 5=-CCTGAGAACGGGCATATGTT-3=
reverse 5=-CTCCTCGATACCGCTTGCTA-3=
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pho-Jnk (no. 12882) from Santa Cruz Biotechnology, and LKB1 (no.
07–694) from EMD Millipore.

RNA isolation. Gastrocnemius-soleus-plantaris muscles were
ground to powder under liquid nitrogen. RNA was isolated from the
powdered muscle using Trizol (Life Technologies, Carlsbad, CA),
then cleaned up with RNeasy columns (Qiagen) or Direct-zol RNA
purification columns (Zymo Research) following the manufacturer’s
directions. RNA concentration and purity (260:280 ratio � 1.9) was
assessed by spectrophotometry.

Microarray analysis. Microarray experiments (MouseRef-8 v2.0
BeadChip, Illumina) were performed by the Genome Technology
Access Center at Washington University, St. Louis, MO. Microarray
data were analyzed using both the limma (version 3.1) and lumi
(version 3.0) R packages in R (version 3.1.2). The data were back-
ground subtracted, normalized using Robust Spline Normalization
(RSN), and then log2 transformed according to lumi best practices.
We compared LKB1 expression values across the four groups (resting
and stimulated controls, and resting and stimulated knockouts) and
eliminated samples from 2 animals from further analysis because the
measured LKB1 (Stk11) expression was inconsistent with the geno-
typing results by PCR.

To explore differentially expressed genes between stimulated and
rest, we performed a differential expression analysis between stimu-
lated and rest within wild types, and then a separate comparison
within knockouts. The top 30 gene probes, ranked by P value, were
retained for further analysis with a maximum P value of 0.01. We then
clustered the data by gene using all genes from both differential
expression analyses. Samples were grouped by genotype and stimu-

lation status. Hypergeometric testing for over- and underrepresenta-
tion of biological process gene ontology terms was also performed
between resting and stimulated muscles within each genotype, as well
as between stimulated muscles from both genotypes. The significantly
affected pathways (P � 0.01) were ranked by P value. Microarray
data have been made available at GEO (http://www.ncbi.nlm.nih.gov/
geo), accession no. GSE72352.

Semiquantitative RT-PCR. Synthesis of cDNA was performed from
500 ng RNA using iScript Reverse Transciption Supermix (Bio-Rad,
Hercules, CA). Real-time PCR was performed using KiCqStart SYBR
Green qPCR ReadyMix (Sigma) or SsoFast EvaGreen Supermix
(Bio-Rad), according to the manufacturer’s instructions using a
CFX96 real-time detection system (Bio-Rad). Primer sequences were
designed for interleukin 1� (IL-1�), interleukin 6 (IL-6), suppressor
of cytokine signaling 3 (SOCS3), tumor necrosis factor � (TNF-�),
immediate early response 3 (IER3), B-cell lymphoma 3 (Bcl3), FBJ
murine osteosarcoma (Fos), zinc finger protein 36 (Zfp36) using
NetPrimer (Premier Biosoft). Design of oxidative stress primers
[heme oxygenase 1 (Hmox1), heme oxygenase 2 (Hmox2), NADPH
dehydrogenase quinone 1 (NQO1), aldehyde dehydrogenase 3A1
(ALDH3a1), and microsomal glutathione S-transferase 3 (mGST3)]
was performed using OligoPerfect Designer tool (ThermoFisher Sci-
entific). Sequence specificity was verified via Primer Blast (http://
www.ncbi.nlm.nih.gov/tools/primer-blast/). Sequences of primers are
shown in Table 1. Amplification efficiency was verified prior to
experimentation and was between 90 and 105% for all primer sets.
Melt curves analysis was also performed to verify the generation of a

Fig. 1. Force and fatigue characteristics of in
situ skeletal muscle contraction bout. The
sciatic nerve was isolated in wild-type (WT)
and littermate skeletal muscle-specific
LKB1-knockout (KO) mice, and the gastroc-
nemius tendon was attached to a muscle
lever system for force measurement. After
the optimal voltage for maximal force pro-
duction was determined, a contraction bout
was elicited for 15 min at 0.5 pulses/s and 5
ms/pulse while recording force production.
Maximal force production for each mouse
was recorded (A). Fatigue was measured as
the force production for the final contraction/
maximal contraction (B) and for each con-
traction as the percentage of initial force (C).
n � 6/group.
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single transcript. Gene expression relative to WT REST was per-
formed using the 2�		Ct method using beta-actin for normalization.

Hematoxylin and eosin staining. Ten-micrometer sections were cut
from the muscle midbelly onto glass slides. Sections were cleared
with Histo-clear II, dehydrated in ethanol, and stained with hematox-
ylin followed by eosin, dehydrated with ethanol, and cleared again
with Histo-clear II. Slides were sealed with Cytoseal 280 and a
coverslip, then imaged via microscopy. Fibers with centralized nuclei
were counted using ImageJ, and expressed as a percentage of all fibers
counted.

Evans blue dye imaging. Ten-micrometer sections were cut from
the muscle midbelly onto glass slides. Coverslips were mounted over
the sections using Fluormount G (Southern Biotech), then red auto-
fluorescence was imaged using microscopy and the Cy3 filter. EBD
positive fibers were counted and expressed as the total number of
positive fibers per muscle.

Statistics. Statistical comparisons were performed using NCSS
statistical software (Kaysville, UT). Data are presented as means 

SE. Statistical comparisons for the electrical stimulation experiments
were performed by repeated-measures analysis of variance (ANOVA)
with the stimulated vs. nonstimulated muscle as the repeated measure,
and for downhill running experiments using general linear model 2 �
2 factorial ANOVA, with the significance level set at 0.05.

RESULTS

In situ fatigue resulting from twitch contractions is not
increased in KO muscles. Maximal specific force was not
different between WT and KO muscles (1.30 
 0.15 vs. 1.26 

0.14 g/mg muscle, respectively; Fig. 1A). Fatigue was likewise not
significantly affected by genotype as assessed by the ratio of the
final/maximal contraction (WT � 0.80 
 0.03, KO � 0.72 


0.07; Fig. 1B), or as percentage of initial force (Fig. 1C).
Furthermore, the contraction bout itself did not produce sig-
nificant fatigue in either genotype (Fig. 1, B and C), which was
not unexpected as the contraction bout was very mild, using
only twitch contractions.

LKB1 knock-out increases contraction-induced inflamma-
tory response in skeletal muscle. STAT3 and NF-�B are both
transcription factors that are activated by inflammatory stimuli,
and are important in the inflammation response. STAT3 is
activated by phosphorylation at Tyr705. Phosphorylation of the
p65 subunit of NF-�B at Ser536 by IKK results in increased
transcriptional activity without altering recruitment to response
elements in the promoter region (41).

Immediately after 15 min of sciatic nerve stimulation, phos-
pho-NF-�B increased 114% in skmLKB1-KO muscles but was
not significantly different in WT muscles (Fig. 2A). This effect
was short-lived, however, as 2 h after contraction, NF-�B
phosphorylation had returned to resting levels in the skm-
LKB1-KO muscles (Fig. 2B). However, a main effect of
genotype was observed at this time point with phospho-NF-�B
levels being approximately twice those in skmLKB1-KO vs.
WT muscles. This elevation in basal NF-�B phosphorylation in
skmLKB1-KO muscles was likely due in part to elevated
NF-�B protein levels, which were significantly elevated (main
effect) in skmLKB1-KO muscles at both 0 and 2 h postcon-
traction (Fig. 2, A and B).

Phosphorylation of STAT3, in contrast to NF-�B, was not
immediately affected by stimulation, but was elevated in skm-
LKB1-KO muscles, regardless of contraction status (Fig. 2A).
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Fig. 2. Phosphorylation of proinflammatory transcription factors is increased in LKB1-deficient muscles 0 and 2 h after in situ skeletal muscle contractions.
Western blotting was performed using protein from WT and skeletal muscle-specific LKB1-knockout (skmLKB1-KO or KO) muscles immediately or 2 h after
a 15-min in situ contraction bout. A: content of phosphorylated and total NF-�B and STAT-3 protein in gastrocnemius muscles immediately after a 15-min bout
of electrically stimulated contractions. B: content of phosphorylated and total NF-�B and STAT-3 protein in gastrocnemius muscles 2 h after a 15-min bout of
electrically stimulated contractions. Re, resting muscles; St, stimulated muscles. n � 8/group. *Significant difference (P � 0.05) vs. corresponding REST group.
#Significant difference vs. corresponding WT group. aMain effect of stimulation. bMain effect of genotype.

879LKB1 and Skeletal Muscle Inflammation • Chen T et al.

J Appl Physiol • doi:10.1152/japplphysiol.00727.2015 • www.jappl.org



However, 2 h after stimulation, phospho-STAT3 was again
elevated in the resting skmLKB1-KO vs. WT muscles, but also
increased substantially in the stimulated skmLKB1-KO but not
WT muscles (Fig. 2B). Similar to NF-�B, total STAT3 protein
concentration tended to be higher in skmLKB1-KO muscles
at both time points, regardless of contraction status, al-
though this difference was not significant (Fig. 2, A and B).
At 2 h poststimulation, stimulation induced a significant
increase in STAT3 levels in both WT and skmLKB1-KO
muscles (Fig. 2B).

LKB1 knock-out increases inflammation and oxidative
stress-related gene expression after muscle contraction. As
both NF-�B and STAT3 promote inflammation-related gene
expression, we performed a microarray analysis of RNA from
resting and stimulated muscles from skmLKB1-KO and WT
mice 3 h after the 15-min sciatic nerve stimulation bout. Since
our primary objective in this study was to determine whether
the lack of LKB1 would exacerbate inflammatory signaling in
response to muscle stimulation, the difference between gene
expression in STIM and REST muscles within each mouse was

Fig. 3. A cluster of inflammation/NF-�B-regulated genes is upregulated in LKB1-deficient muscles after in situ skeletal muscle contractions. Microarray analysis
was performed using RNA that was isolated from WT and skeletal muscle-specific LKB1-knockout (KO) muscles 3 h after a 15-min in situ contraction bout.
Cluster analysis of the top genes differentially expressed with muscle contraction was performed. Increasing intensity of red and green colors indicates the degree
of higher and lower gene expression, respectively. n � 6/group. *Cluster of genes whose expression is elevated in KO but not WT after muscle contractions.
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calculated and then cluster analysis was performed on the top
30 gene responders within each genotype. As illustrated in Fig.
3, a cluster of 14 genes was clearly induced by contraction in
the skmLKB1-KO but not WT muscles. Of these 14 genes, 12
are known in the literature either to be induced by NF-�B or by
other inflammatory stimuli. Comparison of GO processes in
stimulated muscles of WT and KO mice indicated altered gene
expression in 295 biological processes. As expected, 6 of the
top 10 processes were related to metabolism, while 3 of the
other top processes that were different between genotypes were
related to stress, and specifically, oxidative stress (see Table 2).

Contraction-induced expression of inflammation-related
genes is elevated in LKB1-KO muscle. To verify the results of
the microarray analysis, we performed RT-PCR to assess gene
expression for 4 of the inflammation-related genes identified by
microarray analysis, IER3 (Fig. 4E), Bcl3 (Fig. 4F), Fos (Fig.
4G), and ZFP36 (Fig. 4H). In addition, we also used RT-PCR
to analyze four classic inflammatory genes that are induced
through NF-�B signaling: IL-1� (Fig. 4A), IL-6 (Fig. 4B),
SOCS3 (Fig. 4C), and TNF-� (Fig. 4D). IER3 is a predictive
marker for inflammation diseases (1). Fos is another well-
known transcription factor that mediates many aspects of the

Table 2. GO terms overrepresented in KO vs. WT muscles following contraction, ranked by P value

Rank ID Term Pl n Genes

1 GO:0008152 Metabolic process 1.23E-07 132
2 GO:0044710 Single-organism metabolic process 6.25E-07 69
3 GO:0006950 Response to stress 8.80E-07 47
4 GO:0044237 Cellular metabolic process 9.25E-07 115
5 GO:0006979 Response to oxidative stress 1.11E-06 12
6 GO:0009987 Cellular process 4.74E-06 167
7 GO:0035556 Intracellular signal transduction 7.28E-06 37
8 GO:0071704 Organic substance metabolic process 1.37E-05 116
9 GO:0006793 Phosphorus metabolic process 1.39E-05 49

10 GO:0055114 Oxidation-reduction process 1.93E-05 25
11 GO:0016265 Death 2.16E-05 33
12 GO:0010941 Regulation of cell death 2.34E-05 29
13 GO:0051179 Localization 2.36E-05 71
14 GO:0055013 Cardiac muscle cell development 2.41E-05 5
15 GO:0016477 Cell migration 2.42E-05 21
16 GO:0010940 Positive regulation of necrotic cell death 2.45E-05 2
17 GO:0044699 Single-organism process 2.56E-05 154
18 GO:0040011 Locomotion 3.03E-05 26
19 GO:0055002 Striated muscle cell development 3.45E-05 8
20 GO:0061061 Muscle structure development 3.51E-05 15

KO, skeletal muscle-specific liver kinase B1 (LKB1) knockout mice; WT, wild-type littermates.

Fig. 4. RT-PCR measurement of inflammation-related gene expression after in situ muscle contractions. A–I: RT-PCR was performed using primers for the
indicated genes and RNA that was isolated from rested (REST) or stimulated (STIM) gastrocnemius muscles from WT and skeletal muscle specific
LKB1-knockout (KO) mice 3 h after contractions induced by unilateral electrical stimulation of the sciatic nerve. n � 6/group. *Significant difference (P � 0.05)
vs. corresponding WT group. #Significant difference vs. corresponding REST group.
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negative-feedback response to inflammation and oxidative
stress and can suppress NF-�B activity (39). Bcl3 can regulate
proinflammatory gene expression (7). ZFP36 also has anti-
inflammatory effects (56). IL-6 can act as both a proinflam-
matory cytokine and an anti-inflammatory myokine (44). NF-
�B, as a transcription factor, regulates IL-6 transcription (32),
and IL-6 can influence STAT3 activity (37). IL-1� is a proin-
flammatory cytokine that activates NF-�B (32). Gene expres-
sion of SOCS3 can be induced by IL-6, and SOCS3 can then
inhibit, in part, IL-6 function (37). TNF-� is another cyto-
kine that plays a key proinflammatory role via NF-�B
activation (29).

Three hours after stimulation, IL-6, SOCS3, IER3, Fos, and
ZFP36 mRNA content was increased between 20- and 120-fold
in stimulated skmLKB1-KO but not WT muscle. Bcl3 also
increased in skmLKB1-KO muscles with stimulation, but was
also elevated basally in skmLKB1-KO muscles. IL-1� also
tended (P � 0.08) to increase in skmLKB1-KO muscles with
stimulation, but this was not significant. TNF-� expression was
not affected by genotype or treatment. Thus the lack of LKB1
results in hyperexpression of inflammation-induced genes.

Contraction-induced expression of oxidative stress response
genes is elevated in LKB1-knockout muscle. GO-term analysis
indicated that oxidative-stress related processes were elevated
in skmLKB1-KO vs. WT muscles after contraction. To confirm
this, RT-PCR analysis of five oxidative stress-related genes (3
from the GO-term analysis and 2 other well-characterized
oxidative stress markers) was performed. Expression of
Hmox1 (Fig. 5A), Hmox2 (Fig. 5B), NQO1 (Fig. 5C),
ALDH3a1 (Fig. 5D), and mGST3 (Fig. 5E) were all elevated in
skmLKB1-KO vs. WT muscles after contraction. NQO1 and
mGST3 were also elevated in resting skmLKB1-KO vs. WT
muscles.

Muscle damage is mildly elevated in skmLKB1-KO muscles
regardless of contraction status (REST vs STIM). To determine
whether the observed hyperresponse of inflammation-related
signaling and gene expression in skmLKB1-KO muscles could

be due to increased muscle damage with contraction, mice were
injected with Evans blue dye prior to the sciatic nerve stimulation
to assess membrane integrity. A main effect of genotype was
observed, with the skmLKB1-KO muscles having significantly
more EBD� fibers than WT muscles (5.2 
 2.2 vs. 1.9 
 0.6 at
rest, and 11.9 
 3.4 vs. 3.9 
 1.0 after contractions, Fig. 6B).
Also, contraction tended to increase the number of EBD fibers as
well, but this was not significant (P � 0.09). Therefore, skm-
LKB1-KO results in mildly elevated muscle membrane damage,
regardless of electrically stimulated muscle contractions.

LKB1 knockout results in muscle membrane damage after
downhill running. To further assess the muscle damage re-
sponse in a more physiologically relevant exercise model, we
subjected the mice to a downhill treadmill running protocol,
again using EBD to assess muscle membrane integrity as well
as centralized nuclei to assess muscle regeneration/repair.
EBD-positive fibers tended to be elevated in resting skm-
LKB1-KO muscles, but this was not significant. However,
downhill running strongly increased EBD-positive fibers im-
mediately after exercise in skmLKB1-KO, but not WT quad-
riceps muscles (Fig. 7, A and B). Five days after downhill
running, centralized nuclei were elevated in skmLKB1-KO
muscles regardless of running status (Fig. 7, C and D).

Inflammatory signaling is increased in skmLKB1-KO mus-
cles after downhill running. To determine whether downhill
running increased inflammatory signaling, we measured phos-
phorylation of NF-�B, STAT3, Jnk, and p38/MAPK, all of
which can contribute to the inflammatory response. NF-�B
phosphorylation (Ser 536) was increased in skmLKB1-KO
muscles regardless of running status, but was unaffected by
running in either genotype (Fig. 8, A and E). STAT3 (Tyr705)
and Jnk (Thr183/Tyr185) phosphorylation, on the other
hand, was strongly induced by downhill running in skm-
LKB1-KO, but not WT muscles (Fig. 8, B, C, and E).
Phosphorylation of p38 (Thr180/Tyr182) was induced by
running in both genotypes, with no genotype-dependent
differences (Fig. 8, D and E).

Fig. 5. A–E: RT-PCR measurement of
oxidative stress-induced genes after
in situ muscle contractions. RT-PCR
was performed for the indicated
genes using RNA that was isolated
from rested (REST) or stimulated
(STIM) gastrocnemius muscles from
WT and skeletal muscle-specific
LKB1-knockout (KO) mice 3 h after
contractions induced by unilateral
electrical stimulation of the sciatic
nerve. n � 3–4/group. *Significant
difference (P � 0.05) vs. correspond-
ing WT group. #Significant differ-
ence vs. corresponding REST group.
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Inflammation-related gene expression changes in LKB1-KO
muscle after downhill running. To determine how the expres-
sion of inflammation-related genes changes after downhill
running, we performed RT-PCR for IL-6, TNF-�, SOCS3,
IL-1�, Fos, and IER3 immediately after the hour-long running
bout. After running, SOCS3 expression was induced by run-
ning in skmLKB1-KO, but not WT muscles (Fig. 9A). A
similar, nonsignificant trend was observed for IL-1� (P �
0.096; Fig. 9B). IL-6 expression was induced by running in
both genotypes, although this main effect seemed to be driven
primarily by the increase in the skmLKB1-KO muscles (Fig.

9C). Fos expression was induced by running in both genotypes,
but the response was about twice as great in the skmLKB1-KO
muscles compared with WT (Fig. 9D). TNF-� and IER3
expression were unaffected by genotype or running (Fig. 9, E
and F).

DISCUSSION

We recently published data showing that contraction-in-
duced phosphorylation of extracellular-signal regulated kinase
(Erk) and possibly p38 MAPK (p38) is prolonged in skm-

Fig. 7. Downhill running leads to muscle
damage in LKB1-deficient skeletal muscle.
WT and skeletal muscle-specific LKB1
knockout (KO) mice were injected with EBD
and then allowed normal cage activity
(REST) or run downhill intermittently for 1 h
(RUN). Immediately (A and B; n � 8–9/
group) or at 5 days (C and D; n � 5–9/group)
quadriceps muscles were collected and ana-
lyzed for EBD positive (EBD�) cells (A and
B), or for centrally nucleated muscle fibers
via hematoxylin and eosin (H&E) staining (C
and D). A: representative images of EBD�
fibers in muscles from WT and KO mice
after REST or RUN. Arrows indicate EBD�
fibers. B: average EBD� fibers per quadri-
ceps muscle. C: representative H&E stains of
muscles from WT and KO mice after REST
or RUN. Arrows indicated fibers with cen-
trally localized nuclei. D: average percentage
of centrally nucleated muscle fibers. *Signif-
icant difference (P � 0.05) vs. corresponding
REST group. #Significant difference vs. cor-
responding WT group. bMain effect of
genotype.

Fig. 6. Muscle damage is mildly elevated in
LKB1-deficient muscles after in situ con-
tractions. Mice were injected with Evans
blue dye (EBD) after which a 15-min bout of
in situ muscle contractions was performed.
Gastrocnemius muscles were removed im-
mediately after the contraction bout. Detec-
tion of EBD-positive (EBD�) cells was per-
formed via fluorescence microscopy. A: rep-
resentative images of muscle sections from
WT and skeletal muscle-specific LKB1
knockout (KO) muscles. Arrows indicate
EBD� fibers. B: average number of EBD�
fibers in whole gastrocnemius (GASTROC)
muscle from WT and skmLKB1-KO mus-
cles. n size � 6/group. bMain effect of
genotype.
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LKB1-KO mice vs. WT controls (47). Erk and p38 MAPK are
both known activators of NF-�B in skeletal muscle (13), which
suggests that LKB1 may play an important role in controlling
NF-�B-mediated inflammation and oxidative stress-related
signaling in skeletal muscle after exercise. To test this hypoth-
esis, we examined the activation of NF-�B as well as STAT3,
another inflammation-induced transcription factor, along with
expression of inflammation and oxidative stress-induced genes
after an in situ contraction bout and after downhill running in
skmLKB1-KO mice. Here we have shown that LKB1 ablation
in skeletal muscle results in hyperactivation of these signaling
factors and gene expression after muscle contractions and
downhill running, and this is likely due in part to an increased
susceptibility to contraction-induced muscle damage in the
skmLKB1-KO mice.

The adaptive response of skeletal muscle to exercise and/or
damage relies heavily upon appropriate activation of inflam-
mation and associated intramuscular signaling pathways. Too
little or too much oxidative stress and inflammatory signaling
can result in impairments in muscle adaptation or repair (21,
35, 38) and must therefore be closely regulated. We found that
a brief electrically stimulated in situ contraction bout led to an
excessive inflammatory response and expression of markers
associated with the response to oxidative stress in skm-
LKB1-KO muscles compared with WT muscles.

Phosphorylation of NF-�B and STAT3 (both major regula-
tors of inflammation-induced gene expression) increased more
after stimulation in skmLKB1-KO than in WT mice. NF-kB
and STAT3 cooperate synergistically in the transcriptional

control of many targets influenced by inflammation, including
antiapoptotic, cell-cycle control, and cytokine genes. The pro-
moters of many of these genes have response elements for both
factors, and furthermore, unphosphorylated STAT3 physically
interacts with NF-�B, facilitating its nuclear translocation and
enhancing gene transcription (55). STAT3 also mediates the
acetylation and nuclear retention of NF-�B (27). Accordingly,
microarray analysis showed upregulation of gene expression
for a set of inflammation-linked genes with contraction in
skmLKB1-KO but not WT mice, and this was verified by
RT-PCR analysis. We also measured gene expression of the
well-characterized inflammatory target genes IL-1�, IL-6,
SOCS3, and TNF-�, all of which increased with the exception
of TNF-�. Thus contraction led to an excessive inflammatory
signaling response in skmLKB1-KO vs. WT muscle. This
increase in inflammatory gene expression cannot be linked to
increased relative contraction intensity during this mild con-
traction bout in the KO mice, as the force curves for both
genotypes were similar (Fig. 1C). This is in contrast to our
previous work where KO muscles fatigued more rapidly than
WT muscles using a much more intense tetanic contraction
protocol (47).

Previous research has shown the potential for direct suppres-
sion of the inflammatory response by LKB1 and its down-
stream targets. LKB1’s best-characterized target, AMPK, can
suppress saturated fatty acid-induced NF-�B activity in skele-
tal muscle (42), and also decreases NF-�B activity in myocytes
from obese individuals to levels observed in myocytes from
lean individuals (10). In macrophages, AMPK �1 knockout

Fig. 8. STAT-3 and Jnk are hyperphosphorylated after downhill running in LKB1-deficient muscles. WT and skeletal muscle-specific LKB1 knockout (KO) mice
were allowed normal cage activity (REST) or run downhill intermittently for 1 h (RUN). Quadriceps muscles were removed immediately after running, and
proteins were analyzed for phosphorylated NF-�B (A, E), STAT-3 (B, E), Jnk (C, E), and p38 (D, E) via Western blotting. n � 5–6/group. *Significant difference
(P � 0.05) vs. corresponding REST group. #Significant difference vs. corresponding WT group. aMain effect of running. bMain effect of genotype.
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prevents the normal transition from proinflammatory M1 to
anti-inflammatory M2 macrophages after muscle injury (36),
and AMPK �1 subunit knockout decreased inflammatory
markers in macrophages, as did inhibition of fatty acid oxida-
tion (8), suggesting that AMPK may control inflammation in
macrophages by promoting fat oxidation. Since we showed
that LKB1 knockout likewise leads to decreased fatty acid
oxidation in skeletal muscle (16, 49), this may likewise play a
role in the increased inflammatory markers that we observed
here. Salt-inducible kinase 3 (SIK3) and sucrose non-ferment-
ing-related kinase (SNRK), both additional AMPK family
members that lie downstream of LKB1, likewise appear to
have anti-inflammatory effects on macrophages and adi-
pocytes, respectively (28, 43). Interestingly, LKB1 itself can
bind to and suppress inhibitor of NF-�B (I�B) kinase (IKK),
leading to increased I�B stability, and therefore decreased
NF-�B nuclear translocation and transcriptional activity (30).
Thus the exaggerated inflammatory signaling and gene expres-
sion that we observed in skmLKB1-KO muscle after contrac-
tions is likely due, at least in part, to direct effects of LKB1 and
its downstream kinases.

Comparison of overrepresented gene ontology (GO) biolog-
ical processes in stimulated KO vs. WT muscles showed that
many of the most affected processes were related to metabo-
lism. This was to be expected based on previous studies (16,
22, 40, 47, 49–51) where mitochondrial and metabolic defects
were observed in LKB1-KO muscles. Although “inflammatory
response” processes were not among those most affected by the

KO, processes involved in oxidative stress response were
highly overrepresented based on the GO term analysis. That
metabolic and oxidative stress-related processes are both heav-
ily affected in the LKB1-KO muscles is consistent with the role
of mitochondrial deficiency on reactive oxygen species gener-
ation (19). This is also consistent with the elevated expression
of inflammatory genes observed in the cluster analysis. Indeed,
oxidative stress activates NF-�B, and therefore the response to
oxidative stress is similar in many respects to the inflammatory
response (24).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is activated
during periods of oxidative stress through a complex redox
shift-sensing mechanism and can upregulate many genes that
help to manage oxidative stress and return the basal oxidative
tone of the cell back to homeostatic conditions. All five of the
oxidative stress response genes measured here are regulated by
the transcription factor Nrf2, and Hmox1 and NQO1 in partic-
ular are hallmark genes regulated by Nrf2 activation (25).
Previous work shows that loss of LKB1 results in increased
activation of Nrf2 and would lead to an increase in Nrf2-related
gene expression (20), including Hmox1 and NQO1. The data
we have here support these previous findings but also suggest
that during exercise, LKB1 is important in the regulation of
antioxidative pathways in skeletal muscle to abrogate exercise-
induced oxidative damage.

It is also possible that part of the hyperinflammatory re-
sponse in skmLKB1-KO muscles was secondary to tissue/cell
damage. Shan et al. (45) previously reported substantial muscle

Fig. 9. Expression of inflammation-related genes is elevated in LKB1-deficient muscle after downhill running. WT and skeletal muscle-specific LKB1 knockout
(KO) mice were left resting in their cages (REST) or run downhill intermittently for 1 h (RUN). Quadricep muscles were removed immediately after running,
and gene expression was analyzed for IL-6 (A), TNF-� (B), SOCS3 (C), IL-1� (D), Fos (E), and IER3 (F) via RT-PCR. n � 5–6/group. *Significant difference
(P � 0.05) vs. corresponding REST group. #Significant difference vs. corresponding WT group. aMain effect of running.
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damage and regeneration in untreated muscles from skeletal
muscle specific LKB1 knockout mice. The degree of damage
and regeneration reported in that study was much more exten-
sive than observed in our mice. This may be due to an earlier
onset of LKB1 disruption during muscle development as they
used the MyoD promoter to drive LKB1 excision, rather than
the Myf6 promoter that was used in our mice (45). AMPK
likely plays a role in muscle integrity since similar evidence for
muscle damage and regeneration has been reported in muscle-
specific AMPK knockout mice (5, 48), and potentially linked
to defects in autophagy and/or vascularity of the muscle. Here,
we observed a main effect for increased EBD positive fibers in
resting and stimulated skmLKB1-KO muscles, with a trend for
an increased number of damaged fibers after stimulation.
However, the increase in damaged fiber number in our skm-
LKB1-KO mice after contraction only represented a very small
fraction of the total number of muscle fibers in the gastrocne-
mius (10 damaged fibers of 5,000 fibers in the whole
gastrocnemius). It is therefore not likely that the fiber damage
alone accounts for the increase in inflammatory signaling in the
KO muscle and suggests that the lack of LKB1 is likely
exacerbating inflammatory signaling independent of the mus-
cle damage itself.

Nonetheless, we determined whether skmLKB1-KO muscle
is more prone to contraction-induced damage using a more
physiologically relevant form of contractions by running the
mice downhill. We used a very mild bout of downhill running
because the skmLKB1-KO mice fatigue very quickly with
treadmill running (47). In preliminary experiments we found
that the skmLKB1-KO mice were unable to sustain running
downhill for more than 10 min even at only 12 m/min and a
�17° grade. Therefore we ran the mice for 5-min bouts with
2-min rest periods between bouts. The skmLKB1-KO mice
were able to sustain this running protocol for a full hour,
although they almost universally required substantial prodding
with a brush to do so. While this downhill running protocol
produced no significant damage in the WT mice, we observed
a clear increase in EBD-positive fibers in the quadriceps
muscles immediately after running in the skmLKB1-KO mice.
Centrally localized nuclei were also elevated in the skm-
LKB1-KO quadriceps, although running had no significant
effect on this 5 days postexercise. STAT3 and Jnk phosphor-
ylation were both increased more in the KO vs. WT muscle
immediately after the running bout, as was gene expression for
SOCS3, IL-6, and Fos. It is possible that expression of the
other inflammation-related genes might be affected at a later
time point. The susceptibility to damage in the skmLKB1-KO
muscles is likely mediated at least in part by AMPK since
skeletal muscle from AMPK �1/�2 double knockout mice
have an elevated number of fibers with centrally located nuclei
as well as increased gene expression of IL-6, suggesting that
the muscle is prone to damage and subsequent regeneration
(26). The role of other LKB1 targets in cell integrity is
unknown, but MARK2, an AMPK-related kinase also phos-
phorylated and activated by LKB1, has been shown to regulate
interaction between dystrophin and utrophin (54). Impaired
MARK2 activity could be an important defect contributing to
the apparent susceptibility of skmLKB1-KO muscle cells to
damage. It should be kept in mind that the increased damage
observed in the KO muscles could be due in part to the
increased relative intensity of the treadmill running bout (the

running was near maximal capacity for the KO but not the WT
mice). However, since the foremost reason for the downhill
running experiment was to assess inflammatory response in
relation to susceptibility to muscle membrane damage, we kept
the overall physical strain on the whole muscle consistent
between genotypes. Since the genotypes were of similar
weight, and the distance run was identical, the strain on the
muscles was likely similar, although uncharacterized biome-
chanical factors could contribute as well to the strain. Our
results suggest that while the KO mice in our study may or may
not have been limited metabolically in their running, it is likely
that the KO mice were actually limited in their running partly
by muscle damage and subsequent inflammation.

In conclusion, we have shown that the lack of LKB1 in
skeletal muscle leads to an increased inflammatory and oxida-
tive stress response after muscle contraction. Increased suscep-
tibility of the muscle to damage may underlie at least part of
this response, and suggests that targeting LKB1 and/or its
downstream targets may lead to improved treatment for
chronic inflammatory and degenerative skeletal muscle condi-
tions.
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