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ABSTRACT

ZBINDEN-FONCEA, H., J.-M. RAYMACKERS, L. DELDICQUE, P. RENARD, and M. FRANCAUX. TLR2 and TLR4 Activate
p38 MAPK and JNK during Endurance Exercise in Skeletal Muscle. Med. Sci. Sports Exerc., Vol. 44, No. 8, pp. 1463-1472, 2012.
Purpose: Toll-like receptors 2 and 4 (TLR2, TLR4) are found in the membrane of skeletal muscle cells. A variety of molecular
components can activate TLR2 and TLR4, among others, long-chain fatty acids. The subsequent downstream signaling triggers the
mitogen-activated protein kinase (MAPK) and nuclear factor-kB (NF-«kB) pathways. Therefore, the purpose of this study was to test
whether an elevation of extracellular nonesterified fatty acids (NEFA) observed during endurance exercise may activate the MAPK and
NF-kB pathways via TLR2 and TLR4. Methods: #/r2~'~ and #lr4~'~ mice and wild-type C57BL/6J animals (WT) were submitted to a
standardized endurance exercise. Results: Immediately after exercise, the phosphorylation state of p38 MAPK, c-Jun NH,-terminal
kinase (JNK), and c-Jun was increased in the tibialis anterior (TA) and soleus (SOL) muscles of WT (P < 0.05). The phosphorylation
state of extracellular signal-regulated kinases 1 and 2 (ERK1/2) and IkB kinase o/f3 and the DNA-binding of NF-«B remained un-
changed. The activation of p38 MAPK, JNK, and c-Jun was completely blunted in TA of #x2~'~ and #/r4~'~ mice, whereas in SOL, it
represented only 25% of the increase observed in WT mice. The causal relationship between NEFA concentration and MAPK activation
was evaluated by injecting mice with heparin. A similar increase in plasma NEFA was observed after heparin injection than after endurance
exercise. JNK and p38 MAPK were activated under heparin in TA and SOL of WT (P < 0.05) but not in muscles of #-2~'~ and #r4~'~ mice.
Conclusions: The present study supports the idea that during endurance exercise, TLR2 and TLR4 mediate a signal linking the elevated

plasma NEFA concentration to the activation of p38 MAPK and JNK. Key Words: NF-kB, FATTY ACIDS, HSP70, LPS

ndurance exercise results in an increased extracellu-

lar level of nonesterified fatty acids (NEFA), which

contributes to energy expenditure depending on the
relative power output and duration of exercise. Several
reports have suggested that beside their role in energy sup-
ply for skeletal muscle, NEFA could also play a role in ac-
tivating signaling pathways that regulate gene expression
(7,16,35).

Toll-like receptors (TLR) are transmembrane proteins
that detect a variety of molecular components. To date, 11
members of the TLR family have been identified in humans,
and 13 have been identified in mice (27). TLR are highly
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expressed in cells of the innate immune system, but TLR2
and TLR4 are also found in various other cell types includ-
ing myocytes (30). TLR2 and TLR4 bind specific ligands,
the best described being FSL-1 (Pam2Cys-GDPKHPKSF)
and peptidoglycan for TLR2 and lipopolysaccharide (LPS)
for TLR4. Other ligands such as heat shock protein 70 kDa
(HSP70) can bind both TLR2 and TLR4 (2). NEFA are
also able to activate them, although direct binding between
NEFA and TLR2 and TLR4 remains uncertain (12). NEFA
have been shown to activate TLR2 in C2C12 myogenic cells
(32) and TLR4 in the RAW264.7 macrophage cell line and
in 3T3-L1 preadipocytes (33). These observations suggest
that elevated levels of NEFA in the extracellular space could
trigger the TLR-mediated signaling pathways. On this ba-
sis, we hypothesized that an increase in plasma NEFA
concentration observed during endurance exercise might
activate intracellular signaling cascades through TLR2
and/or TLRA4.

Upon stimulation, TLR2 and TLR4 recruit interleukin 1
receptor type 1-associated protein kinases via adaptors such
as the myeloid differentiation primary response gene 88 and
toll-interleukin 1 receptor domain-containing adapter protein
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(1). TLR4 is also capable of inducing a myeloid differen-
tiation primary response gene 88—independent pathway
in which the toll interleukin-1 receptor domain-contain-
ing adapter-inducing interferon- and toll interleukin-1
receptor domain-containing adapter-inducing interferon-g—
related adaptor molecule play the role of adaptors (1). Both
signaling pathways lead to the activation of the mitogen-
activated protein kinase (MAPK) family and transcription
factors including nuclear factor-kB (NF-«kB) (1).

The results available in the literature regarding the activa-
tion of NF-kB pathways during exercise are equivocal. On
the one hand, an increased phosphorylation state of IKK (IkB
kinase), a kinase upstream of NF-«kB, has been observed in
rat skeletal muscle during a 60-min submaximal exercise,
whereas NF-«B activity increased only 1-3 h after the com-
pletion of exercise (15). In contrast, fatiguing muscle con-
tractions have been shown to diminish NF-«B activity in both
humans and mice (11). Another study showed no changes
in NF-«kB protein level 1 h after a 2-h run at 65% of VO max
in rats (22).

The MAPK family is composed of four distinct governing
members: 1) extracellular signal-regulated kinases (ERK)
1 and 2 (ERK1/2), 2) p38 MAPK, 3) c-Jun NH,-terminal
kinases (JNK), and 4) ERKS or big MAPK. With the ex-
ception of ERKS5, all MAPK are known to be activated by
exercise (for review, see Kramer and Goodyear [18]). They
participate in the regulation of metabolism, cell prolifera-
tion, differentiation, and growth by regulating transcription
factors and coactivators (18). The mechanisms by which p38
MAPK, JNK, and ERK1/2 are activated during exercise are
not fully understood. Local mechanisms of activation could
be implicated, such as reactive oxygen species, cell acidifi-
cation, and mechanical perturbations (18). In addition to
those general mechanisms, MAPK undergoing member-
specific regulations could be involved. For example, in an
animal model, the phosphorylation state of p38 MAPK and
JNK increases during endurance exercise, whereas the acti-
vation of ERK1/2 is not affected (36).

Exercise regulates various signaling pathways and the ex-
pression of related genes depending on exercise intensity,
duration, and paradigm, as well as the dietary status. For ex-
ample, glucose ingestion during endurance exercise modifies
the whole-body substrate flux, causing a decrease in plasma
NEFA levels and modifying exercise-induced expression
of fat oxidative genes (7). Administration of acipimox (5-
carboxy-2-methyl-1-oxidopyrazin-1-ium), a niacin derivative
used as a hypolipidemic drug, reduced both B-adrenergic—
induced fat oxidation and muscle uncoupling protein 3 mes-
senger RNA levels, suggesting a role of NEFA in the regu-
lation of gene expression (16). This was confirmed by cell
culture experiments in which gene expression of L6 cells was
modified when incubated with palmitate (35).

Taken together, these data indicate that extracellular NEFA
may regulate signaling pathways implicated in gene expres-
sion. This is important for the understanding of the molecular
mechanisms that lead to muscle adaptation during an endur-

ance exercise program. Because NEFA have been shown to
activate TLR in myogenic cell culture models, we tested in the
present study the hypothesis that the elevated plasma NEFA
concentration observed during endurance exercise may acti-
vate the MAPK and the NF-«B pathways via a signal trans-
duced by TLR2 and TLR4. The results provide evidence that
plasma NEFA participate in the activation of p38 MAPK and
JNK observed after treadmill exercise in mice via a mecha-
nism implicating TLR2 and TLR4.

METHODS
Animals

Male C57BL/6J mice (12-14 wk) were housed under
standard laboratory conditions (12:12-h light—dark cycle) and
provided with water and food ad libitum. tir2~'~ (24) and
tlr4~'~ mice (17) were purchased from the Transgenose In-
stitute, Centre National de la Recherche Scientifique Orleans,
France. Animals were systematically genotyped for verify-
ing deletion of genes coding for TLR2 or TLR4. All proto-
cols were approved by the ethical committee for animal use
of the Université catholique de Louvain (Belgium), and the
housing conditions were as specified by the Belgian Law of
November 14, 1993, on the protection of laboratory animals
(agreement number LA 1220548). The animals were housed
in accordance with the American College of Sports Medicine
standards for animal care.

Exercise Protocol

Thirty-six mice, including wild-type (WT, n = 12), tlr2~'~
(n=12), and tIr4~'~ (n = 12) mice, were familiarized with
treadmill exercise by running for 20 min (8-12 m'min”~ ") on
two successive days. On the third day, mice were submitted
to an incremental exercise test. The starting velocity was
8 m'min~ ' and was increased by 2 m'min~ ' every 2 min until
exhaustion. The maximal velocity (V.c) Was defined as the
velocity of the last stage completed by the animals. No in-
terventions were programmed on the next day. Afterward, the
animals were kept fasted 12 h overnight. Eighteen animals
(WT:n=6, tlr2~'": n==6, and tlr4~'~: n = 6) were kept at
rest (nonrunners), whereas the others (runners) were submit-
ted to an endurance exercise protocol previously used by
others (34). It consisted in two bouts of 60-min running at
70% of Viax. The two bouts were separated by a 30-min
recovery period. This exercise protocol was chosen because it
was reported to enhance adipose tissue lipolysis (34). Imme-
diately after exercise completion, the animals were anesthe-
tized by an intraperitoneal injection of a solution (4 mLkg ")
containing ketamine (40 mg'mL ") and xylazine (4 mg-kg ")
to preserve muscle circulation during dissection. The depth of
anesthesia was assessed by the disappearance of the eyelid,
corneal, and pedal withdrawal reflexes. The soleus (SOL) and
tibialis anterior (TA) muscles were rapidly removed, frozen in
liquid nitrogen, and stored at —80°C until subsequent anal-
yses. The duration of the procedure including the anesthesia
was about 5 min; this short delay should not have affected
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the state of phosphorylation of the studied proteins as blood
circulation was maintained. Blood samples were collected
through heart puncture by using syringes containing EDTA
and immediately centrifuged for 10 min at 1500g. Plasma was
kept frozen at —80°C. After dissection, the animals were
killed by rapid neck dislocation.

Lipolysis Stimulation by Heparin

After an overnight fast, 18 mice (WT, 27", ortrd™' ",
n = 6 in each group) were injected with 2000 Ukg ™' of
heparin (Heparin LEO®; Leo Pharma, Wilrijk, Belgium)
intraperitoneally. Pilot experiments had been conducted to
determine the dose required to induce a plasma NEFA con-
centration similar to the one observed after the endurance
exercise protocol. The same number of animals was injected
with a saline solution. After 150 min, the animals were anes-
thetized. Muscles and blood samples were collected following
the same procedure as described above.

Lipopolysaccharide Injection

Eighteen mice were injected with 8 mgkg™' of Ultra-
pure LPS (InvivoGen, Toulouse, France) (WT, #r2~'~, and
tlr4~'~, n =3 in each strain) or with a saline solution (WT,
277, and tlIr4~'", n = 3 in each strain). Blood samples
and muscles were collected after 120 min.

Analysis of Blood Samples

Plasma NEFA concentration was determined using a kit
coupling enzymatic reaction and spectrophotometric detec-
tion (550 nm) of the reaction end product (Wako, Neuss,
Germany). Plasma HSP70 concentration was determined by
an enzyme-linked immunosorbent assay kit (Biocompare,
Brussels, Belgium) according to the instructions of the
manufacturer.

Analysis of Muscle Samples

Preparation of muscle lysates. Muscles were ground
by using a pestle (Bel-Art Products, Pequannock, NJ) and
homogenized in an ice-cold lysis buffer containing 20 mM
of Tris, pH 7.0; 270 mM of sucrose; 5 mM of ethylene-
glycotetraacetic acid; 1 mM of EDTA; 1% Triton X-100
(Sigma-Aldrich, Bornem, Belgium); 1 mM of sodium
orthovanadate; 50 mM of sodium B-glycerophosphate; 5 mM
of sodium pyrophosphate; 50 mM of sodium fluoride; 1 mM
of 1,4-dithiothreitol; and a protease inhibitor cocktail (Roche
Applied Science, Vilvoorde, Belgium). Muscle homogenates
were centrifuged at 10,000g for 15 min at 4°C. Protein con-
centration was determined using a DC protein assay kit (Bio-
Rad Laboratories, Nazareth, Belgium) with bovine serum
albumin as a standard. Muscle lysates were stored at —80°C
until subsequent analyses.

Nuclear proteins were extracted using the method de-
scribed by Deldicque et al. (10). Muscles were ground and
then harvested in a hypotonic buffer containing 20 mM of
HEPES, 5 mM of sodium fluoride, 1 mM of sodium mo-

lybdate, 0.1 mM of EDTA, and 0.5% IGEPAL CA-630
(Nonidet P-40)(Sigma-Aldrich). Homogenates were centri-
fuged for 30 s at 10,000g. The pellet was resuspended in a
buffer containing 20 mM of HEPES, 5 mM of sodium fluo-
ride, 1 mM of sodium molybdate, 0.1 mM of EDTA, 20%
glycerol, and a protease inhibitor cocktail (Roche Applied
Science), to which the same volume of a saline buffer con-
taining 20 mM of HEPES, 5 mM of sodium fluoride, 1 mM
of sodium molybdate, 0.1 mM of EDTA, 20% glycerol, 0.8 M
of NaCl, and a protease inhibitor cocktail (Roche Applied
Science) was added. The solution was mixed for 30 min at4°C
and centrifuged for 10 min at 10,000g. The supernatant was
removed and stored at —80°C. Protein concentration was
determined as described above.

Western blotting. Protein lysates (25-50 pg) were com-
bined with Laemmli buffer and separated by sodium dodecyl
sulfatepolyacrylamide gel electrophoresis (10%—12%). After
electrophoretic separation (40 mA), the proteins were trans-
ferred to polyvinylidene fluoride membranes at 80 V for 2 h.
Membranes were blocked for 60 min in Tris-buffered saline
with 0.1% Tween 20 (TBST) and 5% nonfat dried milk. Then,
the membranes were incubated overnight at 4°C in TBST
containing 1% bovine serum albumin and one of the follow-
ing antibodies: p38 MAPK (1:1000), phospho-p38 MAPK
Thr180/Tyr182 (1:1000), stress-activated protein kinase
(SAPK)/INK (1:1000), phospho-SAPK/JINK Thr183/Tyr185
(1:750), ERK1/2 (1:1000), phospho-ERK1/2 Thr202/Tyr204
(1:1000), IKKea (1:1000), phospho-IKKa/B Ser176/180
(1:1000), c-Jun (1:1000), phospho-c-Jun Ser63 (1:1000),
IkBa (1:1000), and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) (1:10,000). All antibodies were
obtained from Cell Signaling Technology (Leiden, The
Netherlands) except GAPDH, which was from Abcam
(Cambridge, United Kingdom). Membranes were washed
three times with TBST and were incubated with a secondary
antibody at room temperature for 60 min (antirabbit (1:10,000)
or antimouse (1:20,000) from Sigma (Bornem, Belgium)).
After three additional washes, chemiluminescent detection
was carried out using an ECL Western blotting kit (Amersham
ECL Plus; GE Healthcare, Diegem, Belgium). Bands were
visualized on film, scanned, and quantified by densitome-
try using the ImageMaster 1D image analysis software
(Amersham-GE Healthcare, Diegem, Belgium). Results are
reported as the ratio of the signal induced by the protein of
interest divided by the signal induced by GAPDH.

DNA binding of NF-kB. DNA binding of NF-«B was
measured as described by Renard et al. (29). Ninety-six-well
plates were coated with a double-stranded oligonucleotidic
probe containing the consensus binding for NF-«kB. Muscle
lysate containing nuclear proteins (35 wg) was placed in the
wells and incubated for 1 h at room temperature. Then, the
wells were washed three times with a phosphate-buffered
saline (PBS) solution (phosphate = 10 mM, NaCl = 50 mM,
pH = 7.5) containing 0.1% Tween. Rabbit anti-NF-kBp65
(100 nL; Santa Cruz, Boechout, Belgium) diluted 1000 times
in a PBS-10 solution (phosphate = 10 mM, NaCl = 10 mM,
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TABLE 1. Body mass and maximal running velocity (Vmax) in WT and transgenic o'~
or tird™'~ mice.

Body Mass (g) Vinax (m'min ")

WT

Nonrunners 24.4 +0.83 19.0 + 1.34

Runners 26.1 + 0.57 18.0 £ 1.15
2=~

Nonrunners 244+ 027 19.3 + 1.60

Runners 23.2 £ 0.66 20.0 = 1.00
thrd~"~

Nonrunners 255+ 0.70 17.0 £ 1.10

Runners 23.7+048 16.3 + 0.60

1% nonfat dried milk, pH = 7.5) was added in each well for
1 h at room temperature. The wells were washed three times.
Subsequently, 100 uL of a peroxidase-conjugated goat anti-
rabbit immunoglobulin G (Santa Cruz) diluted 1000 times in
a PBS-10 solution was added in each well for 1 h at room
temperature. After three additional washes, tetramethylben-
zidine (100 wL; BioSource, Nivelles, Belgium) was added in
the wells and incubated for 10 min at room temperature be-
fore adding 100 wL of stopping solution (BioSource). Opti-
cal density was read at 405 nm using a 655-nm reference
wavelength with a Benchmark Microplate Reader (Bio-Rad
Laboratories).

Statistical Analysis

All results are presented as means £ SEM. The signifi-
cance of differences observed between means was inferred
by a two-way ANOVA design wherein mice strains and

o}

NEFA (mM)

A
1.51
mmmm Non runners
—= Runners
S 1.0
= dedede
g 5§ Fedek
<
[N
Ll
Z 05 g
ol M| ML i :
WT tir2”" tr4”"
C

| wsmmm Non runners
—= Runners

w

-

Plasma HSP70 (ng pl'1)
N

1

O

I}

/-

tIr2 tira™"

treatment were the independent factors. When appropriate,
Bonferroni post hoc tests were applied. Testing for outliers
was done with the Grubbs test (20). No more than one sample
was rejected in each series. The signification threshold was
set to P < 0.05.

RESULTS

Body weight and exercise performance. Baseline
characteristics such as body weight and V., were similar
between WT and transgenic #72~'~ and #/r4~'~ mice. Like-
wise, body weight and V., were not different between run-
ner and nonrunner mice, before training (Table 1).

Plasma NEFA concentration. Plasma NEFA con-
centration was similar in all mice kept at rest (Figs. 1A, B).
Higher plasma NEFA concentration was observed after ex-
ercise (P < 0.001) (Fig. 1A). NEFA level was more than
doubled after exercise in WT and increased even more in
2”7 (P=0.007) and in tlr4~'~ (P=10.019) in comparison
with WT mice, although the interaction between strain and
treatment did not reach statistical significance (P = 0.093;
Fig. 1A).

Heparin (2000 U-kg ™', intraperitoneally) was injected to
WT and transgenic #/+2~'~ and #lr4~'~ mice, whereas a con-
trol group was injected with an equal volume of sterile saline.
Heparin injection induced an increase in plasma NEFA con-
centration of about 290% (Fig. 1B) in all strains.

HSP70 is a TLR ligand that can be increased during exer-
cise (26) and could potentially influence the present results.
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FIGURE 1—NEFA and HSP70 concentrations after exercise or heparin-induced lipolysis. Significant differences between runner and nonrunner mice
(A and C) or between heparin- and vehicle-treated mice (B and D) from the same strain are indicated as follows: **P < 0.01 and ***P < 0.001.
Significant differences between WT and #r2~'~ or #lr4~'~ mice are indicated as follows: §P < 0.05 and §§P < 0.01. n = 5-6 for each histogram.
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FIGURE 2—Exercise-induced phosphorylation states of MAPK. Significant differences between mice from the same strain are indicated as follows: *P <
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None of the experimental strategies produced any increase in
plasma HSP70 concentrations, either in WT or in /72~ or
tlr4~'~ (Figs. 1C, D).

Implication of TLR2 and TLR4 in p38 MAPK, JNK,
and c-Jun activation by endurance exercise. In SOL
and TA, the level of total p38, ERK, and JNK was affected
neither by genetics nor by exercise. In #/r4~'~ animals, there
was a slight but nonsignificant decrease in total p38 (data
not shown). At rest, the phosphorylation states of p38 MAPK,
JNK, and ERK1/2 were similar between strains both in TA
and in SOL (Fig. 2). In WT, endurance exercise resulted in a
higher phosphorylation state of p38 MAPK (+2.3 + 0.40-
fold, P = 0.001; Fig. 2A) and JNK (+2.0 + 0.1-fold, P <
0.001; Fig. 2C) in TA. JNK and p38 MAPK activations
elicited by endurance exercise were repressed in #/r2~'~ and
tlr4~'™ transgenic mice (strain x treatment for p-p38 MAPK:
P =10.030, strain x treatment for p-JNK: P = 0.004; Figs. 2A,
C). In WT SOL, endurance exercise increased the phosphor-
ylation state of p38 MAPK (+2.1 + 0.4-fold, P = 0.006; Fig.
2B) and JNK (+2.5 £ 0.3-fold, P = 0.008; Fig. 2D), whereas
in /27’ and tlr4”'~ transgenic mice, the activation was
largely repressed without reaching the statistical threshold
(Figs. 2B and D). Both in TA and in SOL, the phosphoryla-
tion state of ERK 1/2 was not affected by the exercise protocol
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P
_g % 3] Tk
z8
295
o
s 27
% = §8§
=y j §88
: I N
(=}

0 A

WT tir2”" tira™"

p-p38 MAPK — — —

GCAPDH . o o omm— — —

Cs—

N w B

JNK phosphorylation
(fold basal)

-

I 1

s
tir2™”" tird™

0 j
WT
P54 cmm—

PINK 46

GAPDH Sl S s st S S

(Figs. 2E and F). In WT mice, c-Jun, a target of JNK, was
more phosphorylated after exercise in both the TA (2.3 +
0.5-fold, P = 0.023) and SOL (3.2 *+ 1.0-fold, P < 0.001)
muscles (Figs. 2G, H). No significant increase in phosphor-
ylation was seen either in /2™~ or in tlr4~'~ muscles at rest,
whereas in #/r4~'~ SOL, a 3.7-fold raise in c-Jun phosphor-
ylation was observed after exercise (P < 0.05; Fig. 2H).

Activation of p38 MAPK and JNK by heparin
through TLR2 and TLR4 receptors. Heparin is known
to stimulate NEFA release in plasma (9). To assess whether
a higher level of circulating NEFA may initiate the acti-
vation of p38 MAPK and JNK, heparin (2000 Ukg™ ',
intraperitoneally) was injected into WT and transgenic
tr2™'" and tIr4~'~ mice.

In TA of WT mice, heparin increased the phosphorylation
states of p38 MAPK (+2.6 £ 0.5-fold, P < 0.001; Fig. 3A)
and JNK (+2.2 + 0.4-fold, P = 0.001; Fig. 3C). In transgenic
tr27'" and tlr4~'", these activations were not detectable
(strain x treatment: P = 0.004). Similar results were found in
the SOL muscle (strain x treatment: P = 0.038). In the WT
group, the phosphorylation state of p38 MAPK increased by
3.2 +£0.8-fold (P =0.01; Fig. 3B), and JNK phosphorylation
was significantly increased by 2.1 + 0.5-fold (P = 0.022;
Fig. 3D) above basal levels. As observed in TA, transgenic
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FIGURE 3—Heparin-induced phosphorylation states of MAPK. Significant differences between saline- and heparin-in;'ected animals from the same

strain are indicated as follows: *P < 0.05, **P < (.01, and ***P < 0.001. Significant differences between WT and #/r2—

~ or tir4”'” heparin-injected

mice are indicated as follows: §P < 0.05, §§P < 0.01, and §§§P < 0.001. n = 5-6 for each histogram.
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tr2”'" and tIr4~'~ mice did not show any change in the
phosphorylation state of p38 MAPK and JNK in the SOL
muscle.

Heparin injection did not modify either the phosphoryla-
tion state of IKKa/3 or the phosphorylation state of ERK1/2
(data not shown).

No effect of exercise on NF-xB pathway. Sev-
eral techniques were used to assess the activation of the NF-
kB pathway in skeletal muscle exposed to high levels of
NEFA in mouse. In resting conditions, both the total form of
IKKa (data not shown) and the phosphorylation form were
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FIGURE 4—Lack of exercise-induced activation of the NF-«B path-
way. Significant differences with vehicle are indicated as follows: **P <
0.01 and ***P < 0.001. n = 5-6 for each histogram, except for vehicle
and LPS (n = 3).

similar in WT and in /2"’ and #lr4~'" transgenic mice in
TA (Fig. 4A) and SOL (Fig. 4C). The exercise protocol did
not modify the phosphorylation state of IKKa/S.

To further ascertain that the NF-«kB pathway was not
activated by exercise, the DNA binding of NF-«kB was
measured. In the TA muscle, the DNA binding of NF-xB
was not different between strains and was not affected
by the exercise protocol (Fig. 4B). WT mice treated with
8 mgkg™' of LPS for 120 min were used as a positive
control. In TA, the phosphorylation state of IKKa/f3 was
more than doubled (Fig. 4A), and the DNA binding of
NF-kB increased approximately fivefold compared with
control conditions where mice were injected with a vehicle
(Fig. 4B).

DISCUSSION

This study is the first to unravel the role of TLR2 and
TLR4 in the activation of p38 MAPK and JNK during en-
durance exercise in mice. Lipids are among the multiple
ligands recognized by TLR (32,33). Although a direct acti-
vation of TLR by NEFA remains controversial (12,33), our
data support the idea that during exercise, p38 MAPK and
JNK activation might be related to circulating NEFA. TLR2
and TLR4 could thus play a role of signal transducer between
extracellular NEFA and p38 MAPK and JNK activation.

Activation of p38 MAPK. Several studies have shown
that MAPK signaling can increase in response to muscle con-
traction in the complete absence of systemic factors. Evidence
from studies on isolated muscle preparations show that p38
MAPK activation may be triggered by calcium/calmodulin-
dependent protein kinase II, suggesting that the increase in cy-
tosolic calcium concentration in skeletal muscle during exercise
might mediate the exercise-induced p38 MAPK activation (40).
Stretch, production of reactive oxygen species, and glycogen
depletion are other factors potentially involved in the activation
of p38 MAPK during endurance exercise (4,5,8). Previous
experiments made on cell cultures and ex vivo muscle pre-
parations indicate that MAPK could be activated by electrical,
mechanical, or chemical conditions without the need of NEFA
(14). However, Widegren et al. (38) showed that a 30-min one-
legged exercise induced a 2.2-fold increase in p38 MAPK
phosphorylation in muscles from both exercised and unexer-
cised legs, indicating that p38 MAPK is sensitive to systemic
agents. This was not the case for ERK1/2, which presented
an increased phosphorylation in the exercised leg only.

Activation of JNK. Activation of JNK seems particu-
larly sensitive to stretch because eccentric contractions in-
duce a larger activation of JNK than concentric contractions
(3). The results of the present study reveal that the signaling
cascades initiated by TLR2 and TLR4 are major players
of p38 MAPK and JNK activation during running endur-
ance exercise in mice. The transgenic animals showed an
almost complete repression of the increase in p38 MAPK
and JNK phosphorylation in TA. In SOL of transgenic mice,
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the increase in p38 MAPK and JNK phosphorylation was
not completely repressed but represented only 25% of the
increase observed in WT mice.

SOL and TA were selected because they contain most
slow- and fast-twitch fibers, respectively (28). Thereby, we
aimed at exploring a potential fiber type—specific response,
but SOL is definitely more recruited than TA during running
exercise in rodents. Therefore, TLR-independent mecha-
nisms of p38 MAPK and JNK activation should be more
visible in SOL than in TA. However, they remained quan-
titatively lower than the TLR-dependent mechanisms, which
qualify thus as main regulators of p38 MAPK and JNK ac-
tivation during endurance running exercise in mice.

The MAPK activation modulates various transcription
factors that are implicated in the adaptation to exercise
training. To verify if increased phosphorylation of MAPK
reflects higher kinase activity, we also measured c-Jun, a
transcription factor downstream of JNK, in SOL and TA
muscles from exercised mice. In WT animals, c-Jun was
more phosphorylated after exercise, confirming the higher
activity of INK. In SOL of #»2™'~ and tlr4~'~ mice, INK
tended to be more phosphorylated after running, which is
in line with a higher phosphorylation state of c-Jun in those
mice, reaching the statistical threshold in 74~ mice.
This might suggest that small nonsignificant increases in
phospho-JNK are able to activate c-Jun, although we may
not rule out that other kinases, such as cyclin-dependent
kinase-3 (6), were involved in the increase in phospho-c-Jun
in tlr4~'~ mice after exercise.

Activation of p38 and JNK by NEFA. To rule out any
confounding effect of other exercise-induced factors, we
injected animals with heparin, a well-known activator of li-
polysis (9), with the goal of increasing NEFA concentration
at rest. After heparin injection, the phosphorylation state of
p38 MAPK and JNK was increased in WT animals to sim-
ilar levels as during exercise, i.c., two- to threefold. How-
ever, the increase in phosphorylation of p38 MAPK and
JNK under these conditions was completely repressed in
tr2”'" and #lr4”'" mice in both TA and SOL. This rein-
forces the suggestion that the incomplete repression of p38
MAPK and JNK activation observed in SOL of #r2~'~
and tlr4~'~ mice after exercise is probably due to TLR-
independent mechanisms. Although heparin increases plas-
ma NEFA concentration, the MAPK activation observed
after heparin injection does not certify a causal relationship.
Nevertheless, the lack of MAPK activation in transgenic
mice highlights the essential role for TLR in the increased
phosphorylation state of p38 MAPK and JNK. Plasma
NEFA concentration is also increased during endurance
exercise, and the pattern of MAPK activation is similar to
the one observed after heparin injection. Taken together, our
data strongly suggest that NEFA play a role in MAPK ac-
tivation and that TLR plays a critical role in this activation.

Another potential confounding factor is the role of non-
muscle cells in the observed results. The activation of the
same pathways both by endurance exercise and by heparin

injection suggests that the muscle cells are likely responsi-
ble for the observed effects, even if we may not rule out a
contribution of other cell types such as immune cells.

In separate experiments, we attempted to block lipolysis
during exercise by injecting various doses of acipimox or
nicotinic acid (13) (data not shown). We did not succeed in
reducing the increase in NEFA plasma concentration with-
out affecting significantly the exercise capacity of animals.
This is a limitation of our study.

Cooperation between TLR2 and TLR4. Cooperation
between TLR2 and TLR4 has been demonstrated in immune
cells (23). Recognition of Mycobacterium bovis bacillus
Calmette-Guérin by TLR activates MAPK. This activation is
completely blocked by anti-TLR2 monoclonal antibody
(MADb) or anti-TLR4 MADb, indicating that simultaneous rec-
ognition of Mycobacterium bovis bacillus Calmette-Guérin
by TLR2 and TLR4 is required to activate MAPK (23). The
results of the present study extend our knowledge of the ac-
tivation of p38 MAPK and JNK by extracellular NEFA in
skeletal muscle. Whatever the mechanism by which extracel-
lular NEFA were increased, i.e., endurance exercise or heparin
injection, the phosphorylation state of p38 MAPK and JNK
was largely repressed in #/2~'~ and in #lr4~'~ animals, in-
dicating that recognition of NEFA by both TLR2 and TLR4
is necessary to activate p38 MAPK and JNK.

Exercise is known to activate the ERK1/2 pathway in an
intensity-dependent manner (39). In the present study, the
endurance exercise protocol was primarily designed to in-
crease plasma NEFA concentrations (34). It did not change
the phosphorylation state of ERK1/2, either in WT or in
tr2”'" or in tlr4”'~ animals, suggesting that the intensity
of our exercise protocol was likely too low to stimulate
ERK1/2. Moreover, ERK1/2 phosphorylation was not
changed by heparin injection. Therefore, our results do
not support the hypothesis of an activation of ERK1/2 ini-
tiated by extracellular NEFA during endurance exercise.

Lack of NF-kB pathway activation. TLR4 is known
to mediate the activation of the NF-kB pathway by long-
chain unsaturated fatty acids in preadipocytes in culture and
by lipid infusion in mice (33). It has also been shown that
the activation of the NF-kB pathway by palmitate is re-
pressed when TLR2 is blocked by anti-TLR2 MAb or by
small-interfering RNA (32). We were unable to detect changes
in the phosphorylation state of IKK«/@ after endurance ex-
ercise and after heparin injection, although plasma NEFA
concentration was increased. To ensure that we did not miss
any activation of the NF-«B pathway, we measured the
DNA binding of the NF-kB and injected some animals with
LPS as a positive control. These results convince us that our
experimental running protocols did not induce any activation
of the NF-kB pathway, possibly because extracellular lipid
levels were not high enough and/or because the stimulation
was too short. Our results are in agreement with those re-
ported by McKenzie and Goldfarb (22), who did not observe
any activation of the NF-kB pathway during endurance ex-
ercise in rats.
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Metabolism regulation. Transgenic animals used in
this study (17,24) were not muscle conditional knockout
mice. The higher plasma NEFA concentrations observed
after exercise in #2~'~ and /r4”'~ animals suggest that
TLR2 and TLR4 could also regulate metabolic functions
in organs such as adipose tissue or modify the repartition
of energy substrates used during exercise. This does not
challenge the main findings of our study because circulating
NEFA concentrations after exercise were higher in TLR-defi-
cient mice compared with WT mice. These observations open
new research perspectives regarding the role of TLR2 and
TLR4 in various tissues during exercise.

HSP70 is one of many ligands recognized by both TLR2
and TLR4 (2). Plasma HSP70 concentrations were not
changed during our exercise protocol, indicating that HSP70
does not interfere with the proposed mechanisms of acti-
vation of p38 MAPK and JNK. The question if HSP70
increases after exercise is controversial. An increase in
HSP70 after exercise has been observed both in animals
(21,31) and in humans (37), but contradictory findings exist
(19). These controversial results may be explained by the
fact that HSP70 production after exercise is intensity de-
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