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Am J Physiol Endocrinol Metab 298: E988–E998, 2010. First pub-
lished February 23, 2010; doi:10.1152/ajpendo.00307.2009.—Toll-
like receptor 4 (TLR4), a protein integral to innate immunity, is
elevated in skeletal muscle of obese and type 2 diabetic humans and
has been implicated in the development of lipid-induced insulin
resistance. The purpose of this study was to examine the role of TLR4
as a modulator of basal (non-insulin-stimulated) substrate metabolism
in skeletal muscle with the hypothesis that its activation would result
in reduced fatty acid oxidation and increased partitioning of fatty
acids toward neutral lipid storage. Human skeletal muscle, rodent
skeletal muscle, and skeletal muscle cell cultures were employed to
study the functional consequences of TLR4 activation on glucose and
fatty acid metabolism. Herein, we demonstrate that activation of
TLR4 with low (metabolic endotoxemia) and high (septic conditions)
doses of LPS results in increased glucose utilization and reduced fatty
acid oxidation in skeletal muscle and that these changes in metabolism
in vivo occur in concert with increased circulating triglycerides.
Moreover, animals with a loss of TLR4 function possess increased
oxidative capacity in skeletal muscle and present with lower fasting
levels of triglycerides and nonesterified free fatty acids. Evidence is
also presented to suggest that these changes in substrate metabolism
under metabolic endotoxemic conditions are independent of skeletal
muscle-derived proinflammatory cytokine production. This report
illustrates that skeletal muscle is a target for circulating endotoxin and
may provide critical insight into the link between a proinflammatory
state and dysregulated metabolism as observed with obesity, type 2
diabetes, and metabolic syndrome.
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SKELETAL MUSCLE, BY VIRTUE of its contribution to total body
mass, is a predominant site of substrate disposal. As such,
dysregulated metabolism in this tissue can have profound
deleterious effects on whole body energy homeostasis and is
associated with metabolic disorders such as obesity, insulin
resistance, and type 2 diabetes. Skeletal muscle from obese
humans possesses an abnormal metabolic phenotype in that,
despite chronic exposure to high lipid levels in a fasted state,
glucose tends to be the preferred substrate for ATP production
(32). This results in increased intramyocellular lipid accumu-
lation (22, 29, 43), which contributes to defective insulin

signaling (11, 12, 14, 22, 43). As such, a better understanding
of the mechanism(s) behind the inability of skeletal muscle to
adapt to lipotoxic conditions by increasing fatty acid oxidation
(FAO), in pathological states, is warranted and has yet to be
discerned.

Pathological states such as obesity, insulin resistance, and
type 2 diabetes are associated with chronic activation of proin-
flammatory pathways (13, 36, 40, 50). Toll-like receptors are
transmembrane receptors that play an important role in innate
immunity and the induction of proinflammatory responses
(64). Toll-like receptor 4 (TLR4) was identified as the first
human homolog of the Drosophila Toll gene (46) and is well
known as the receptor for lipopolysaccharide (LPS) (51). In
addition to its location on immune cells, TLR4 is also abundant
in adipose tissue, liver, and skeletal muscle (17, 24, 63).
Expression in these tissues suggests that TLR4 is not only a
common component of innate immunity but also perhaps a
modulator in metabolic systems. Frost and colleagues (19, 39)
were among the first to show that TLR4 is present in skeletal
muscle and when activated induces a local inflammatory re-
sponse. More recently, Reyna et al. (57) reported increased
expression and protein content of TLR4 in skeletal muscle of
obese and type 2 diabetic humans, which was associated with
insulin resistance. Radin et al. (52) and Shi et al. (60) have
shown that TLR4 is important to the development of fatty acid
(FA)-induced insulin resistance in skeletal muscle. In light of
the recently proposed phenomena termed “metabolic endotox-
emia” (7), the importance of these findings may now be more
pertinent. Metabolic endotoxemia refers to a condition of
increased circulating endotoxin levels in the blood of humans
and rodents in states of obesity, type 2 diabetes, or in response
to high fat feeding (8). What sets metabolic endotoxemia aside
from other situations of endotoxemia, such as sepsis, are that
endotoxin levels are only modestly increased (0–200 pg/ml)
(7). The observations that TLR4 is a necessary component in
lipid-induced insulin resistance along with the idea that obesity
is associated with a state of metabolic endotoxemia are the
foundation of our hypothesis that endotoxin-mediated activation
of TLR4 results in a shift in skeletal muscle substrate handling
that favors glucose as an energy source over that of FAs.

Herein, we demonstrate that activation of TLR4 with low
(metabolic endotoxemia) and high (septic conditions) doses of
LPS results in increased glucose utilization and reduced FAO
in skeletal muscle, and that these changes in metabolism in vivo
occur in concert with increased circulating triglycerides. More-
over, animals with a loss of TLR4 function possess increased
oxidative capacity in skeletal muscle and present with lower fasting
levels of triglycerides and nonesterified free fatty acids (NEFAs).
Evidence is also presented to suggest that these changes in substrate
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metabolism under metabolic endotoxemic conditions are independent
of skeletal muscle-derived proinflammatory cytokine production.
This report illustrates that skeletal muscle is a target for circulating
endotoxin and may provide critical insight into the link between a
proinflammatory state and dysregulated metabolism as observed with
obesity, type 2 diabetes, and metabolic syndrome.

METHODS

Human subjects. An Affymetrix Micro-Array (Human Genome
U133A and U133B GeneChips; Affymetrix, Santa Clara, CA) that has
been previously described (28) was revisited for this study. Subjects
included in this analysis provided written informed consent under an
approved protocol by East Carolina University Institutional Review
Board and were described previously (28, 29).

Animals. Animal studies were performed under an approved pro-
tocol by the Institutional Animal Care and Use Committee at Virginia
Polytechnic Institute and State University. Multiple studies were
conducted using 8-wk-old male C3H/HeJ (TLR4-mutant) and
C3HeB/FeJ (control) mice that were purchased from the Jackson
Laboratory (Bar Harbor, ME). The TLR-mutant mice possess a point
mutation in the TLR4 receptor and do not have functional TLR4
signaling. The control mice possess functional TLR4 signaling and
served as genetic background controls. The first experiments assessed

basal FAO, citrate synthase (CS) activity, and �-hydroxyacyl-CoA
dehydrogenase (�-HAD) activity in gastrocnemius whole muscle
homogenates from overnight-fasted, control (n � 5), and TLR4-
mutant (n � 5) mice. The second experiment assessed FAO, glucose
oxidation, and enzyme activities of CS, �-HAD, and phosphofruc-
tokinase (PFK) in whole muscle homogenates prepared from red and
white portions of gastrocnemius muscle harvested from control and
TLR4-mutant mice 4 h following a single intraperitoneal injection of
either saline (control, n � 6; TLR4-mutant), low-dose LPS (control,
n � 4; TLR4 mutant, n � 4; 0.025 �g/mouse), or high-does LPS
(control, n � 6; TLR4-mutant, n � 6; 25 �g/mouse). LPS from
Escherichia coli 0111:B4 was used for all studies (catalog no. L2630;
Sigma-Aldrich, St. Louis, MO). Mice for all studies were maintained
on a normal chow diet and a 12:12-h light-dark cycle.

Cell culture. Cell culture studies were conduced using C2C12

mouse and human primary myotubes. C2C12 were purchased from
the American Type Culture Collection (Manassas, VA) and grown
to �80% confluence in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% FBS, 50 U/ml penicillin, and 50 �g/ml
streptomycin (Invitrogen, Carlsbad, CA). Cells were grown to
confluence and then differentiated into myotubes in DMEM con-
taining 2% horse serum, 50 U/ml penicillin, and 50 �g/ml strep-
tomycin (Invitrogen). All experiments were performed between
days 4 and 6 of differentiation.

Fig. 1. Activation of toll-like receptor 4 (TLR4) in C2C12 skeletal muscle cells modulates glucose and fatty acid (FA) metabolism. Radiolabeled substrates
(glucose and palmitate) were used to measure glucose and FA metabolism in C2C12 cells following 2 h of lipopolysaccharide (LPS) treatment (500 ng/ml). In
response to LPS, there was an increase in glucose uptake (A), glucose oxidation (B), and lactate presence (C) in the media. LPS treatment also resulted in a
decrease in total FA oxidation {complete (CO2) and incomplete [acid soluble metabolites (ASMs)]} (D), increased FA partitioning to neutral lipid depots (E),
and reductions in citrate synthase (CS; F) and �-hydroxyacyl-CoA dehydrogenase (�-HAD; G) activities. Data are presented as means � SE. *P � 0.05, control
vs. LPS.
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Cultures of primary human muscle cells were performed as previ-
ously described (28) and were obtained from subjects who provided
written informed consent under approved protocols by the Pennington
Biomedical Research Center and Virginia Polytechnic Institute and
State University Institutional Review Boards. All experiments were
performed on day 7 of differentiation.

A C2C12 cell line with stable overexpression of TLR4/MD2 was
generated by transient transfection at �50% confluence with LyoVec
transfection media (Invivogen, San Diego, CA) and pDUO plasmid,
which coexpresses mouse TLR4/MD2 (Invivogen). Positively trans-
fected cells were selected and maintained using blasticidin (Invivo-
gen) at dosages of 30 and 10 �g/ml. TLR4 overexpression was
verified by quantitative RT-PCR (qRT-PCR) and Western blotting as
described under RNA extraction and qRT-PCR and Western blotting.

LPS treatment in cell culture experiments. Cell culture experiments
were performed with 50 pg/ml and 500 ng/ml concentrations of LPS
(E. coli 0111:B4, catalog no. L2630; Sigma-Aldrich) unless otherwise
stated. All LPS preparations were made using endotoxin-free water. In
a majority of the studies, treatment time was 2 h, and all cell culture
plates were washed three times with PBS before initiating assessment
of glucose and FA metabolism or collection for any other assays
described below. A time course study using low (50 pg/ml) and high
(500 ng/ml) concentrations of LPS was performed in human primary
muscle cells in which glucose and FA metabolism were measured
following 2, 6, 12, and 24 h of LPS treatment. To ensure there were
no confounding effects of impure LPS, a series of experiments were
performed with ultra pure LPS (500 ng/ml, E. coli 0111:B4; Invivo-
gen) and lipid A (1 �g/ml, synthetic monophosphoryl lipid A from E.
coli; Invivogen). Studies were also conducted with 500 ng/ml of LPS
in C2C12 cells in the presence and absence of 20 �M of I�B kinase
(IKK) inhibitor, parthenolide (Sigma Aldrich), to determine whether
changes in substrate metabolism were dependent on the activation of
nuclear factor �-light-chain-enhancer of activated B cells (NF-�B).

FA metabolism. FAO was assessed in cell culture (C2C12 and
human primary myotubes) and whole muscle homogenates by mea-
suring and summing 14CO2 production and 14C-labeled acid-soluble
metabolites from the oxidation of [1-14C]palmitic acid as previ-
ously described (12, 28). Neutral lipids were extracted as previ-
ously described (28, 29), and incorporation of [1-14C]palmitic acid
was measured using an AR 2000 TLC plate scanner (Bioscan,
Washington, DC).

Glucose oxidation. Glucose oxidation was assessed in cell culture
(C2C12 and human primary myotubes) and whole muscle homoge-
nates by measuring 14CO2 production from the oxidation of
[U-14C]glucose (Perkin-Elmer, Waltham, MA) as previously de-
scribed (12, 28) with the exception that glucose was substituted for
BSA-bound palmitic acid.

Glucose uptake. Basal (non-insulin-stimulated) glucose uptake was
assessed in C2C12 cells in Krebs-Ringer HEPES buffer (in mM: 136

NaCl, 4.7 KCl, 1.25 MgSO4, 1.2 CaCl, and 20 HEPES, pH 7.4) with
the addition of 10 �M 2-deoxyglucose (1 �Ci/ml 2-deoxy-[3H]glu-
cose) and 10 �M cytochalasin B (control for extracellular binding).
After 10 min of incubation, plates were placed on ice, washed three
times with ice-cold PBS, and harvested in 400 �l of 0.2 M NaOH for
cell lysis. Glucose uptake was calculated based on specific activity
and expressed relative to protein content.

Cytokine release. Cytokine release from human myotubes was
measured in response to 2 h treatment with 50 pg/ml and 500 ng/ml
of LPS. After 2 h, the LPS media was removed, a sample was retained
for cytokine measures, cells were washed three times with PBS, and
fresh DMEM was added. Media was then sampled at 3, 6, 12, and 24

Fig. 2. Activation of TLR4 in human primary skeletal muscle cells modulates glucose and FA metabolism. Radiolabeled substrates (glucose and palmitate) were
used to measure glucose and FA metabolism in human primary skeletal muscle cells following 2 h of LPS treatment (500 ng/ml). In response to LPS, there was
an increase in glucose oxidation (A), a decrease in FA oxidation (B), and an increase partitioning of FAs toward neutral lipid depots (C). Data are presented as
means � SE. *P � 0.05, control vs. LPS.

Fig. 3. LPS dose and time course experiments. Radiolabeled substrates (glu-
cose and palmitate) were used to measure glucose and FA metabolism in C2C12

cells treated with either 50 or 500 ng/ml of LPS for 2, 6, 12, and 24 h. In
response to either dose of LPS, glucose oxidation was increased (A) and FA
oxidation was reduced (B) with no dose effects. Data are presented as means � SE.
*P � 0.05, control vs. LPS.
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h after the addition of fresh media, and concentrations of interleukin
6 (IL-6), monocyte chemoattractant protein 1 (MCP1), and tumor
necrosis factor-� (TNF-�) were measured using the Bioplex suspen-
sion array system (Bio-Rad).

Serum glucose, free fatty acid, and triacylglycerol analyses. Serum
was separated from blood that was collected, via postmortem cardiac
puncture, from control and TLR4-mutant mice 4 h after intraperito-
neal injections of either saline (control, n � 4; TLR4-mutant, n � 4)
or a 25 �g/mouse dose of LPS (control, n � 4; TLR4-mutant, n � 4).
Serum NEFA concentrations were determined by using the Free Fatty
Acids, Half-micro test kit (Roche) per instructions provided by the
manufacturer. Serum glucose concentrations were quantified by using
the YSI 2300 STAT Plus Glucose and Lactate analyzer (YSI Life
Sciences, Yellow Springs, OH). Serum triacylglycerides (TAGs) were
measured using the Triacylglycerol-GPO Reagent Kit for TECO
Diagnostics (TECO Diagnostics, Anaheim, CA).

RNA extraction and qRT-PCR. RNA was extracted using an
RNeasy Mini Kit (Qiagen) and DNase I treatment (Qiagen, Valencia,
CA), according to the manufacturer’s instructions. qRT-PCR was
performed using an ABI PRISM 7900 Sequence Detection System
instrument and TaqMan Universal PCR Master Mix used according to
the manufacturer’s specifications (Applied Biosystems, Foster City,
CA). Target gene expression in rodent skeletal muscle and cell culture
was normalized to �-actin RNA levels. Target gene expression in
human skeletal muscle primary cell culture was normalized to cyclo-
philin B RNA levels. Primers and 5# FAM-labeled TaqMan probes
were purchased as prevalidated assays (ABI). Relative quantification
of target genes was calculated using the 2	
CT method. Derivation of
the 2	
CT equation has been described in Applied Biosystems User
Bulletin no. 2 (P/N 4303859).

Western blotting. Western analysis was performed using cell ly-
sates harvested in Mammalian Cell Lysis Buffer (Sigma Aldrich).
Proteins (30 �g) were separated using a 10% Criterion-Tris·HCl gel
(Bio-Rad, Hercules, CA) and subsequently transferred to a polyvi-
nylidene difluoride membrane (Bio-Rad). Blots were probed with
primary antibodies against �-actin (1:1,000; Cell Signaling, Danvers,
MA), peroxisome proliferator-activated receptor (PPAR)� (1:1,000;
Abcam, Cambridge, MA) and PPAR� (1:1,000; Santa Cruz Biotech-

nology, Santa Cruz, CA), liver X receptor (LXR) � and LXR� (both
5 �g/�l; Novus Biologicals, Littleton, CO), CCAAT-enhancer-bind-
ing protein (C/EBP) � and C/EBP� (both 1:1,000; Cell Signaling),
and TLR4 (1:1,000; Cell Signaling) followed by anti-rabbit, mouse, or
goat secondary antibodies (1:10,000; Jackson ImmunoResearch Lab-
oratories, West Grove, PA). Proteins were visualized using Super-
Signal Chemiluminescent Substrate (Pierce, Rockville, IL) and a
ChemiDoc XRS Imaging System (Bio-Rad).

Enzyme activity. Enzyme activities were assessed in cell lysates
(5-fold dilution) and muscle homogenates (20-fold dilution). Sample
buffer consisted of 0.1 mol/l KH2PO4/Na2PHO4 and 2 mmol/l EDTA,
pH 7.2. PFK, CS, and �-HAD activities were determined spectropho-
tometrically as previously described (25).

Statistics. Results were analyzed with two-tailed Student’s t-tests or
two-way ANOVA with Tukey’s post hoc tests (multiple compari-
sons). Results were expressed as means � SE. The level of signifi-
cance was set at P � 0.05.

RESULTS

Activation of TLR4 in skeletal muscle has functional conse-
quences on glucose and FA metabolism. Data from a previ-
ously described (28) Affymetrix data set from analysis of
rectus abdominus muscle from nonobese and obese humans
demonstrate that TLR4 mRNA levels were significantly higher
in skeletal muscle from obese individuals relative to nonobese
controls (P � 0.05; Supplemental Fig. 1A). These data support
the recent report from Reyna et al. (47), but it is important to
note that there was a lack of sample to confirm expression
levels by quantitative real-time PCR. As such, the results are
presented in Supplemental Fig. 1 (Supplemental data for this
article may be found in the American Journal of Physiology:
Endocrinology and Metabolism wesbsite.). Affymetrix expression
levels of TLR4 were significantly associated with body mass
index (Supplemental Fig. 1B; r � 0.58, P � 0.004), partition-
ing of FA toward neutral lipid synthesis (Supplemental Fig.

Fig. 4. Activation of TLR4 via ultra pure LPS and lipid A also modulates glucose and FA metabolism. C2C12 cells were treated with ultra pure LPS (500 ng/ml)
or lipid A (1 �g/ml), the active constituent of LPS, for 2 h. Both ultra pure LPS and lipid A resulted in an increase in glucose oxidation (A and D), a decrease
in FA oxidation (B and E), and increased FA partitioning to neutral lipid depots (C and F). Data are presented as means � SE. *P � 0.05, control vs. LPS.
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1C; r � 0.42, P � 0.04) and FAO (Supplemental Fig. 1D; r �
	0.46, P � 0.03).

These data from humans prompted experiments to assess the
functional significance of TLR4 activation using skeletal mus-
cle cull cultures by measuring substrate (glucose and FA)
metabolism and enzyme function in response to LPS. Experi-
ments were first carried out in C2C12 cells with high doses of
LPS (500 ng/ml) for 2 h. These studies showed that 2 h of LPS
treatment caused increases in glucose uptake and oxidation by
33 and 25% (both P � 0.05; Fig. 1, A and B), respectively,
which was accompanied by significant increases in lactate
concentrations in the incubation media (P � 0.05; Fig. 1C).
FAO was reduced by 20% (P � 0.05; Fig. 1D), and partition-
ing of FA toward neutral lipid synthesis was increased by 26%
(P � 0.05; Fig. 1E). Decreases in FAO were accompanied by
reductions in CS (P � 0.05; Fig. 1F) and �-HAD (P � 0.05;
Fig. 1G) enzyme activities.

To ensure that TLR4-mediated changes in substrate metab-
olism were not isolated to C2C12 muscle cells and relevant to
human skeletal muscle, experiments were repeated using hu-
man primary skeletal muscle cells with the same LPS concen-
tration (500 ng/ml). Figure 2, A–C, demonstrates the identical
LPS-mediated shift in substrate metabolism in human primary
cells. We next performed experiments to assess the time course
(2–24 h) of LPS-mediated metabolic effects and whether LPS
doses comparable to metabolic endotoxemia (50 pg/ml) would
elicit the same changes as observed with 500 ng/ml. These
studies were conducted in human primary myotubes with 2-,
6-, 12-, and 24-h treatments with 50 pg/ml and 500 ng/ml of
LPS followed by measures of glucose and FAO. These studies
revealed that 50 pg/ml of LPS elicited the identical effects as
500 ng/ml of LPS with no evidence of dose or time effects
(Fig. 3, A and B).

To assess the possibility of confounding effects of impure
LPS, a series of experiments were conducted in C2C12 cells
using ultrapure LPS (500 ng/ml; Invivogen) and lipid A
(1 �g/ml; Invivogen). Lipid A is the active constituent of LPS
that is responsible for binding and activating TLR4 (53).
Treatments with ultrapure LPS, relative to control, significantly
increased glucose oxidation (�22–27%) and partitioning of FA
to neutral lipid pools (�19–27%) and decreased FAO (	32–
56%) (Fig. 4, A–C). Treatments with lipid A, relative to
control, also significantly increased glucose oxidation (�27–
33%) and partitioning of FA to neutral lipid pools (�21–25%),
and decreased FAO (	25–35%) (Fig. 4, D–F).

Gain or loss of TLR4 function exacerbates or abolishes,
respectively, the LPS-induced shift in skeletal muscle substrate
metabolism in vitro. To determine if the LPS-induced shift in
substrate metabolism was heightened with increased protein
content of TLR4, a C2C12 muscle cell line with a stable
overexpression of TLR4/MD2 (C2C12-TLR4/MD2) was gen-
erated. The C2C12-TLR4/MD2 cells exhibited a 7.5- and 2-fold
increase in TLR4 mRNA (Fig. 5A) and protein (Fig. 5B) levels,
respectively, relative to empty vector controls. The increases
and decreases in glucose and FAO in response to LPS were
significantly more robust in the C2C12-TLR4/MD2 cells rela-
tive to empty vector controls (Fig. 5C).

LPS-induced shift in skeletal muscle substrate metabolism is
partially because of activation of NF-�B. To determine
whether the effects of LPS on metabolism were dependent on
the activation of NF-�B, cells were treated with 50 pg/ml and

500 ng/ml of LPS for 2 h in the presence and absence of 20 �M
of the IKK inhibitor parthenolide. IKK phosphorylates I�B�,
the regulatory subunit of NF-�B, and is therefore required for
nuclear translocation of NF-�B. The presence of parthenolide
either partially or completely attenuated the effects of both the
50 pg/ml (Fig. 6, A and B) and 500 ng/ml (Fig. 6, C and D) LPS
treatments on glucose oxidation and FAO. The data suggest
that the metabolic perturbations induced by TLR4 activation in
skeletal muscle are due in part to NF-�� activation.

High dose of LPS, but not low dose, results in increased
expression of proinflammatory cytokines in human primary
myotubes. Human primary myotubes were treated with 50
pg/ml and 500 ng/ml of LPS for 2 h and then harvested for
gene expression analysis of TNF-�, IL-6, and MCP1. No
changes in TNF-� mRNA levels were detected with either the
high or low doses of LPS (data not shown). mRNA levels of
IL-6 and MCP1 were not affected by 50 pg/ml of LPS but were
increased �4- and �10-fold, respectively, in response to 500
ng/ml of LPS (Fig. 7, A and B). Human primary myotubes were
then treated with 50 pg/ml and 500 ng/ml of LPS for 2 h, and,
at the 2-h time point, media was collected to measure TNF-�,
IL-6, and MCP1 concentrations. Cells were washed three times
with PBS, fresh media was added, and media was then sampled
at 3, 6, 12, and 24 h after the initial treatment with LPS. We did
not observe any changes in cytokine secretion at any time point
in response to 50 pg/ml of LPS (Fig. 7, C–E). No changes in

Fig. 5. Overexpression of TLR4 in C2C12 skeletal muscle cells results in an
enhanced LPS-mediated shift in substrate metabolism. C2C12 cells were
generated with a stable overexpression of the TLR4/MD2 and treated (500
ng/ml) with LPS for 2 h, and oxidation of [U-14C]glucose and [1-14C]palmitic
acid was assessed. Relative to empty vector controls, the stable cell line
possessed higher TLR4 mRNA (A) and protein (B) levels, and the LPS-induced
percent changes in glucose and FA metabolism were more robust (C). Data are
expressed as means � SE. *P � 0.05, control vs. LPS.
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TNF-� secretion were observed at any time point following
500 ng/ml of LPS treatment (Fig. 7C). IL-6 and MCP1 secre-
tion were both significantly increased in a time-dependent
manner in response to 500 ng/ml of LPS. Relative to untreated
cells, media concentrations of IL-6 were increased 3-, 15-, 33-,
79-, and 91-fold at 2, 3, 6, 12, and 24 h post-LPS treatment,
respectively (Fig. 7D). MCP1 concentrations in the media were
increased by 2-, 5-, 5.5-, 5-, and 3-fold at the same time points,
respectively (Fig. 7E).

TLR4 activation does not alter protein content of metabolic
transcription factors. Previous work has demonstrated that
LPS modulates lipid metabolism in cardiac myocytes (16),
which was accompanied by decreases in protein content of
PPAR� and PPAR�, upstream transcription factors of FA
metabolism transcripts. In contrast, we observed LPS-induced
changes in FA metabolism in skeletal muscle cell cultures with
no concomitant changes in PPAR� or PPAR� protein content
(Fig. 8). TLR4 activation also did not alter protein content of
LXR� or LXR� or C/EBP� or C/EBP�.

Absence of TLR4 signaling is associated with increased
capacity for basal FAO in skeletal muscle and reduced serum
FA and triglyceride concentrations. Eight-week-old control
(C3HeB/FeJ, n � 9) and TLR4-mutant (C3H/HeJ, n � 8) male
mice were fasted overnight and killed, gastrocnemius muscles
were harvested, and whole homogenates were prepared for
measures of FAO, CS activity, and �-HAD activity. Blood was
also taken to measure fasting serum NEFAs and triglycerides.
The TLR4-mutant animals, which lack functional TLR4 sig-
naling, possessed significantly higher rates of palmitic acid
oxidation, CS activity, and �-HAD activity relative to control
mice (Fig. 9, A–C). These findings were accompanied by
significantly lower circulating levels of serum NEFAs and
triglycerides (Fig. 9, D and E) These data support the notion
that increased TLR4 activity in skeletal muscle may contribute
to a reduced capacity for FAO in skeletal muscle, which may

then contribute to reduced clearance of circulating NEFAs and
triglycerides.

Gain or loss of TLR4 function exacerbates or abolishes,
respectively, the LPS-induced shift in skeletal muscle substrate
metabolism in vivo. To confirm the cell culture experiments in
an in vivo model and determine if the LPS-mediated changes
in metabolism were occurring through TLR4, acute (4 h) LPS
(25 �g/mouse) experiments were conducted in 8-wk-old,
fasted, control (C3HeB/FeJ; saline, n � 6; LPS, n � 6) and
TLR4-mutant (C3H/HeJ; saline, n � 6; LPS, n � 6) mice.
After the intraperitoneal injections of saline or LPS (4 h), mice
were killed, gastrocnemius was harvested and separated into
red and white portions, and whole homogenates were prepared
for measures of FAO, PFK activity, CS activity, and �-HAD
activity. Blood was also collected for measures of NEFAs,
TAGs, and glucose. In control animals, LPS induced signifi-
cant increases and reductions in glucose (Fig. 10A) and FAO
(Fig. 10B), respectively, which was abolished in TLR-mutant
animals. Additionally, LPS increased PFK (Fig. 10C) enzyme
activity and reduced CS (Fig. 10D) and �-HAD (Fig. 10E)
enzyme activities in control animals with no effect in TLR4-
mutant animals. These changes in skeletal muscle metabolism
in control animals were accompanied by an increase in serum
TAGs (P � 0.05; Fig. 10G) with a tendency for increases in
serum NEFAs (P � 0.07; Fig. 10F) and reductions in serum
glucose (P � 0.08; Fig. 10H). No changes in blood glucose,
NEFAs, and triglycerides were observed in the TLR4-mutant
animals in response to LPS. It is important to note that the
increase in serum NEFAs in control mice but not TLR4-mutant
mice in response to LPS is consistent with results from Hoch
et al. (26) who demonstrated that activation of TLR4 stimu-
lated lipolysis in adipocytes. As such, the tendency for higher
concentrations of NEFAs in the control animals in response to
LPS cannot be solely attributed to a reduction in FAO in
skeletal muscle.

Fig. 6. The effect of TLR4 activation on substrate
metabolism is partially due to activation of nuclear
factor �-light-chain-enhancer of activated B cells (NF-
�B). C2C12 cells were treated with either 50 pg/ml (A
and B) or 500 ng/ml (C and D) of LPS for 2 h in the
presence and absence 20 �M of the I�B kinase (IKK)
inhibitor parthenolide. The presence of parthenolide
either partially or completely blocked the effects of
LPS on glucose oxidation and FA oxidation. Data are
expressed as means � SE. *P � 0.05, control vs. LPS.
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DISCUSSION

There is mounting evidence that the immune response is
important in the pathophysiology of various obesity-associated
metabolic disorders (4, 61). Previous research has demon-
strated the presence of the TLR4 pathway in skeletal muscle
(17, 39), and a focus has been placed on the role of innate
immunity and inflammation on the development of insulin
resistance (52, 60). While this research is of utmost impor-
tance, we contend that it is also vitally important to understand
the signaling pathways that contribute to conditions of malad-
aptation in skeletal muscle when chronically heightened circu-
lating lipid levels are not met with increased FA utilization as
reported in skeletal muscle of obese humans in a fasted state
(32, 62, 65). Such a maladaptation can lead to increased
intramuscular lipid accumulation, which is a well-established
contributor to skeletal muscle insulin resistance (3, 6, 30, 32,

33). The results in this report confirm work from others (17–19,
38, 39, 47–49, 54–56, 68) that skeletal muscle is a target of
circulating endotoxin but also highlights that activation of
TLR4 signaling in skeletal muscle causes a shift in substrate
handling with preferential oxidation of glucose over that of
FAs. These results are important and perhaps expand the
relevance of the recent work of Cani et al. (7) who describe a
phenomenon that has been termed metabolic endotoxemia,
which persists in states of obesity, type 2 diabetes, and follow-
ing high-fat feeding.

Conditions of severe illness and/or infection are character-
ized by alterations in energy expenditure and metabolism (2,
35). LPS, a type of bacterial endotoxin, is found in the outer
membrane of gram-negative bacteria and is made up of a
polysaccharide and lipid A. Earlier studies conducted in the
sixties and seventies used high doses of LPS for the purpose of

Fig. 7. High dose of LPS, but not low dose, results in increased expression of proinflammatory cytokines in human primary myotubes. Human primary myotubes
were treated with either 50 pg/ml or 500 ng/ml of LPS for 2 h and then harvested for gene expression analysis of tumor necrosis factor-� (TNF-�), interleukin-6
(IL-6), and monocyte chemoattractant protein-1 (MCP1). mRNA levels of IL-6 and MCP1 were increased �4- and �5-fold, respectively, in response to 500
ng/ml of LPS (A and B); however, TNF-� mRNA remained unchanged. There was no effect 50 pg/ml on IL-6, MCP1, or TNF-� mRNA. Human primary
myotubes were then treated with either 50 pg/ml or 500 ng/ml of LPS for 2 h. At the 2-h time point, medium was collected to measure TNF-�, IL-6, and MCP1
concentrations. Cells were washed, and medium was then sampled at 3, 6, 12, and 24 h after the initial treatment with LPS. There was no effect of either low-
or high-dose LPS on TNF-� concentration at any time point following treatment (C). Media concentrations of IL-6 (D) and MCP1 (E) were significantly increased
at all time points following the high-dose LPS treatment. There was no effect on IL-6 or MCP1 concentrations at any time point following low-dose LPS
treatment. Data are expressed as fold change relative to control treatments � SE. P � 0.05, control vs. LPS (*) and low- vs. high-dose LPS (#).
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understanding the physiological consequences of sepsis and
septic shock. These studies demonstrated that LPS treatment to
induce septic shock also resulted in alterations in mitochondrial
respiration (44, 45, 68). Additionally, these earlier studies
identified that lipid A was the active component of LPS and
was required for the observed metabolic effects (31, 44). More
recent studies in immune cells demonstrated that stimulation
with LPS resulted in an increased reliance on glycolysis (20,
58). The current study extends these previous findings to
demonstrate that 1) the LPS-induced shift in basal metabolism
away from FAO toward glucose oxidation is relevant in skel-

etal muscle; 2) these effects are observed using much lower
doses of LPS than previously described; and 3) most impor-
tantly, the LPS-induced effects on skeletal muscle are depen-
dent on the presence of TLR4. Based on these findings, it is
important to better understand the role of TLR4 in altered
skeletal muscle substrate utilization not only in the obese state
but also in the progression of other proinflammatory human
conditions such as infection, sepsis, cancer, and cardiovascular
disease. It is also equally important to study the metabolic
effects of TLR4 activation in other tissues such as liver,
adipose tissue, and the pancreas.

The mechanism(s) contributing to the TLR4-mediated shifts
in metabolism in skeletal muscle still remains an area in need
of clarity and a direction of future study. The initiation of
TLR4 signaling results in the activation of a myriad of tran-
scription factors responsible for pro- and anti-inflammatory
responses. NF-�B is one such transcription factor and is known
to stimulate the production of the cytokines TNF-�, IL-6, and
MCP1. Previous studies have found that these cytokines illicit
a metabolic response in skeletal muscle, but the precise affect
remains equivocal due to disparity in models, doses, and time
course of treatments (1, 5, 9, 15, 21, 23, 34, 41, 42). One
finding of the current work is that pharmacological blockade of
NF-�B either partially or completely prevents the changes in
substrate metabolism in response to both low (50 pg/ml) and
high (500 ng/ml) doses of LPS in C2C12 muscle cells. Perhaps
a more significant finding is that the dose of LPS that is
synonymous with metabolic endotoxemia (50 pg/ml) results in
alterations in substrate metabolism, but occurs with no change
in mRNA and secreted levels of TNF-�, IL-6, and MCP1 in
human primary muscle cells, whereas, with a high dose of LPS
(500 pg/ml), there is the exact magnitude of change in substrate
metabolism as observed with 50 pg/ml of LPS, but it is
accompanied with robust changes in mRNA and secretion of
IL-6 and MCP1. The fact that both treatments illicit changes in

Fig. 8. Potential mechanism(s) for TLR4 regulation of substrate metabolism.
C2C12 cells were treated with LPS as described above, cell lysates were
harvested, and Western blotting was performed. Treatment with LPS resulted
in no changes in peroxisome proliferator-activated receptor (PPAR)� (57 kDa)
and PPAR� (50 kDa), liver X receptor (LXR)� (50 kDa) and LXR� (56
kDa), CCAAT-enhancer-binding protein (C/EPB)� (37 kDa) and C/EBP� (29
kDa), and �-actin (45 kDa).

Fig. 9. Loss of TLR4 function is associated with an increased capacity to oxidize FAs in skeletal muscle. Gastrocnemius skeletal muscles were extracted from
control (C3HeB/FeJ, n � 9) and TLR4-mutant (C3H/HeJ, n � 8) mice, and whole muscle homogenates were prepared for measures of [1-14C]palmitic acid
oxidation and enzyme activities of CS and �-HAD. FA oxidation (A), CS activity (B), and �-HAD activity (C) were all higher in the TLR4-mutant mice relative
to control mice. Serum free fatty acids (D) and triacylglycerols (E) were lower in the TLR4-mutant mice. Data are presented as means � SE. *P � 0.05.
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substrate handling but only the high dose leads to inductions of
IL-6 and MCP1 implies a disconnect between TLR4-mediated
effects on metabolism and local cytokine production in skeletal
muscle. It is also important to mention that, in our hands, we
see no changes in TNF-� mRNA levels, protein levels, or
secreted protein in skeletal muscle cell cultures in response to
2 h of low- or high-dose treatments of LPS. We also observed
no changes in TNF-� mRNA and protein levels in skeletal
muscle samples extracted from mice 4 h after receiving intra-
peritoneal injections of low or high doses of LPS. This is in
agreement with a recent report (27) but in conflict with others
showing changes in TNF-� in skeletal muscle following an
endotoxin challenge (37, 39). The disparity in our studies and
those of others is unclear but may be due to dosage and time
course of treatments.

We also did not observe any changes in protein content of
the transcription factors PPAR�, PPAR�, LXR�, LXR�,

C/EBP�, or C/EBP� following 2 h of LPS stimulation, which
is not surprising considering the acute nature of the treatment
period used. We did observe consistent decreases in CS and
�-HAD activities following LPS stimulation in both skeletal
muscle cell cultures and skeletal muscle extracted from mice.
It is important to consider that cells and skeletal muscle were
collected, extracts were prepared without phosphates inhibi-
tors, and enzyme function was measured under neutral condi-
tions. As such, the likelihood of altered pH, covalent modifi-
cation, or allosteric modification contributing the changes in
enzyme activity in this ex vivo preparation is remote. Because
of the acute treatment period, it is also improbable that reduc-
tions in enzyme protein content caused these changes. A
plausible explanation may be that redox regulation (e.g., oxi-
dative damage) is contributing to altered enzyme function. It is
well established that reactive oxygen species interact with
proteins causing modifications and malfunction (10, 59, 66,

Fig. 10. LPS-induced shift in muscle substrate metabolism occurs in vivo and is TLR4 dependent. At 8 wk of age, control (C3HeB/FeJ, n � 14) and TLR4-mutant
(C3H/HeJ, n � 14) mice were injected with either saline (n � 7/group) or 1 mg/kg (�25 �g/mouse) of LPS (n � 7/group) and killed 4 h postinjection.
Gastrocnemius skeletal muscle was harvested and dissected into red and white portions. LPS treatment resulted in robust increases and decreases in LPS-induced
percent changes in glucose (A) and FA (B) oxidation, respectively, which was completely blocked in the TLR4-mutant animals. These effects coincided with
an increase in phosphofructokinase (PFK) activity (C) and decreased in CS (D) and �-HAD (E) activities in control mice, which were also blocked in the
TLR4-mutant animals. Serum triacylglycerols (G) were also significantly increased following LPS injection in the control animals, which was blocked in the
TLR4-mutant animals. Finally, although not significant, there was a trend for a decrease in serum free fatty acid (F) and an increase in plasma glucose (H) in
the control animal. Data are presented as means � SE. *P � 0.05.
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67), and this may be a fruitful area of future study with regard
to TLR4-mediated alterations in substrate metabolism.

In conclusion, we report that activation of TLR4 with LPS
doses as low as those reported in states of metabolic endotox-
emia causes a shift in substrate metabolism in skeletal muscle
that favors glucose oxidation over FAs. These effects are TLR4
dependent and appear to be disconnected to local skeletal
muscle cytokine production. These findings may provide the
critically needed link between a proinflammatory state and
dysregulated metabolism as observed with obesity, type 2
diabetes, and metabolic syndrome.
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