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ABSTRACT

KIM, H. J., C. JAMART, L. DELDICQUE, G.-L. AN, Y. H. LEE, C. K. KIM, J.-M. RAYMACKERS, and M. FRANCAUX. Endo-
plasmic Reticulum Stress Markers and Ubiquitin—Proteasome Pathway Activity in Response to a 200-km Run. Med. Sci. Sports Exerc.,
Vol. 43, No. 1, pp. 18-25, 2011. Purpose: This study investigated whether a 200-km run modulates signaling pathways implicated in
cellular stress in skeletal muscle, with special attention paid to the endoplasmic reticulum (ER) stress and to the activation of the
ubiquitin—proteasome pathway. Methods: Eight men ran 200 km (28 h 03 min + 2 h 01 min). Two muscle biopsies were obtained from
the vastus lateralis muscle 2 wk before and 3 h after the race. Mitogen-activated protein kinase, ubiquitin—proteasome pathway, ER stress,
inflammation, and oxidative stress markers were assayed by Western blot analysis or by quantitative real-time polymerase chain reaction.
Chymotrypsin-like activity of the proteasome was measured by a fluorimetric assay. Results: Phosphorylation states of extracellular
signal-related kinase 1/2 (+401% + 173.8%, P = 0.027) and c-Jun N-terminal (+149% + 61.9%, P = 0.023) increased after the race,
whereas p38 phosphorylation remained unchanged. Increases in BiP (+235% + 94.7%, P = 0.021) and in the messenger RNA level of
total (+138% + 31.2%, P = 0.002) and spliced X-box binding protein 1 (+241% * 53.3%, P = 0.001) indicated the presence of ER stress.
Transcripts of inflammatory markers interleukin-6 (+403% + 96.1%, P = 0.002) and tumor necrosis factor-o (+233% + 58.4%, P =0.003)
as well as oxidative stress markers metallothionein 1F (+519% + 258.3%, P = 0.042), metallothionein 1H (+666% + 157.5%, P = 0.002),
and nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) (+162% + 60.5%, P = 0.016) were increased. The
messenger RNA level of the ubiquitin ligases muscle-specific RING finger 1 (+583% + 244.3%, P = 0.024) and muscle atrophy F-box
(+249% + 83.8%, P =0.011) and the C2 proteasome subunit (+116% * 40.6%, P = 0.012) also increased. Surprisingly, the amount of
ubiquitin-conjugated proteins and the chymotrypsin-like activity of the proteasome were decreased by 20% =+ 8.3% (P = 0.025) and
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21% + 4.4% (P = 0.001), respectively. The expression of ubiquitin-specific protease 28 deubiquitinase was increased (+81% + 37.9%,
P = 0.034). Conclusions: In the skeletal muscle, a 200-km run activates the expression of ubiquitin ligases muscle-specific RING
finger 1 and muscle atrophy F-box as well as various cellular stresses, among which are ER stress, oxidative stress, and inflammation.
Meanwhile, compensatory mechanisms seem also triggered: the unfolded protein response is up-regulated, and the chymotrypsin-like
activity of the proteasome is repressed. Key Words: ULTRAENDURANCE, BiP/GRP78, XBP1, INFLAMMATION, UBIQUITIN
LIGASES, OXIDATIVE STRESS

xtreme endurance exercise such as ultramarathons
impairs metabolic state (4), increases oxidative stress
(14,33), and promotes an inflammatory state by en-
hancing cytokine production (22). Ultraendurance exercises
also favor a catabolic state by activating protein degradation
(6). In the skeletal muscle, an increase in the permeability
of sarcoplasmic membrane has been reported (15) as well
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as disorders in myofiber ultrastructure (3). The resulting
disturbance of cell homeostasis gives the view of a general
cellular stress, the causes of which being likely multiple.

A recently described cellular stress implicates the endo-
plasmic reticulum (ER), an organelle where folding and
posttranslational modifications of proteins occur. ER is
crucial in the selection and transport of proteins to other
compartments both within and outside the cell. Certain stress
conditions found at the level of skeletal muscle during
ultraendurance exercise—for example, high cytosolic [Ca*'],
high levels of extracellular lipids, low glucose availability,
or increased synthesis of secretory proteins—are known to
disrupt ER homeostasis and to lead to the accumulation of
unfolded or misfolded proteins within the ER lumen (9). To
cope with this stress, cells activate a signal transduction
system that links the ER lumen to the cytoplasm and the
nucleus; this process is called the unfolded protein response
(UPR; for a recent review, see Ron and Walter [32]). The
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UPR is required for the restoration of normal ER function
through three main actuators: activating transcription factor
6 (ATF6), inositol-requiring enzyme la (IREla), and pro-
tein kinase R-like ER protein kinase (PERK). In their
inactive state, each of these factors associates with the
chaperone protein BiP (binding protein) also called glucose-
regulated protein 78, a member of the heat shock protein
70 (Hsp70) family. On accumulation of unfolded/misfolded
proteins in the ER lumen, ATF6, IREl«a, and PERK are
released from BiP and become activated. The downstream
effectors of these three pathways induce the expression of
genes, such as X-box binding protein 1 (XBPI), CCAAT/
enhancer binding protein (C/EBP) homologous protein
(CHOP), and activating transcription factor 4 (ATF4),
which encode proteins that function to augment the ER
protein—folding capacity. The UPR leads to the expression of
molecular chaperones, the most studied being BiP, calnexin,
protein disulfide isomerase (PDI), and ER-residing protein
endoplasmic oxidoreductin la (ERO1-a), which associate
transiently with numerous newly synthesized proteins dur-
ing their maturation in the ER. The presence of chaperones
in the ER membrane alleviates the stress by up-regulating
appropriate folding and assembly of new proteins (32).

The UPR also aims to reduce cellular stress by inhibiting
protein synthesis and by activating protein degradation.
PERK activation leads to the phosphorylation of eukaryotic
initiation factor 2«, which inhibits the assembly of the 80S
ribosome and results in a general inhibition of protein syn-
thesis. ER-associated protein degradation is a mechanism
by which proteins in the ER are exported to the cytoplasm
for destruction by the proteasome (36). After an increase in
chaperone synthesis and translational attenuation, the acti-
vation of protein degradation represents a third mechanism
used by UPR to cope with ER stress.

Muscle protein degradation is a complex process im-
plicating four systems: the lysosomal proteases, the Ca**-
dependent proteases, the caspases, and the ubiquitin—
proteasome pathways (UPP); the latter can be activated by
ER-associated protein degradation as mentioned previously.
The contribution of each mechanism to muscle protein
degradation during ultraendurance exercise is unknown, but
UPP is likely to be the major actuator because it can degrade
the bulk of intracellular proteins, including myofibrillar
proteins (30).

We had the opportunity to take, in field conditions,
muscle biopsies in runners engaged in a 200-km run. The
purposes of this study were to examine different cellular
stresses potentially triggered during an ultraendurance ex-
ercise and, more specifically, to describe: 1) the presence of
ER stress in skeletal muscle because, to the best of our
knowledge, activation of ER stress has never been described
during exercise; 2) the activation of UPP in skeletal muscle;
3) the existence of an oxidative stress and an inflammatory
response in muscle cells; and 4) the activation of stress-
sensitive signaling cascades, namely, the mitogen-activated
protein kinase (MAPK) pathways.

METHODS

Protocol. Eight men, whose characteristics are pre-
sented in Table 1, took part in a 200-km running race held
at sea level in Cheju Island (South Korea). They were
experienced and well-prepared ultramarathon runners so
that all completed the distance within the cutoff time of
36 h. The local temperature ranged from 12.5°C to 25.3°C
(mean = 15.9°C) with a relative humidity between 59.0%
and 63.4% and a wind speed of 3-4.5 kmh ™. The experi-
mental protocol used in this study was approved by the
ethical committee of the Korea National Sport University,
and all the procedures used were in accordance with the
Declaration of Helsinki. The subjects were completely in-
formed about the experimental protocol before their written
consent was obtained.

Two weeks before the race, the subjects reported to the
laboratory in the morning. They were refrained from exer-
cise for a week before obtaining muscle sample and fed their
usual breakfast 3 h before the biopsy. A biopsy sample was
taken from the mid portion of the vastus lateralis muscle
with a 5-mm Bergstrom biopsy needle after local skin an-
esthesia with 2% lidocaine. The samples were immediately
frozen in liquid nitrogen and stored at —80°C for later
analysis. During the race and the recovery, the runners were
provided with food and drink ad libitum. Three hours after
race completion, a second muscle biopsy was taken about
1 cm apart from the first biopsy site in the same leg and
following the same procedure.

RNA extraction and quantitative real-time poly-
merase chain reaction. Tissue samples (~30 mg)
were homogenized in 1 mL of TRIzol reagent (Invitrogen,
Vilvoorde, Belgium), and RNA was isolated according to the
manufacturer’s instructions. RNA quality and quantity were
assessed by 1.5% agarose gel electrophoresis and NanoDrop
spectrophotometry. Reverse transcription was performed on
MylIQ2 thermocycler (Bio-Rad, Nazareth, Belgium). 1.5 ug
of RNA was associated with 10 uL of reverse transcription
(RT) buffer, 1 puL of 20x Enzyme Mix (Bio-Rad), and
RNase-free water to a final volume of 20 wL that was run
for 60 min at 37°C followed by 5 min at 95°C. Primers used
for quantitative polymerase chain reaction are reported in
Table 2. Primers of the total form of XBP1 (XBP1t) were
able to recognize both the spliced and the unspliced forms of
XBP1 messenger RNA (mRNA), whereas XBP1s primers
were designed to amplify only the spliced form. NADPH

TABLE 1. Subject characteristics and performance.

Subject Age (yr) Height (cm) Weight (kg) Race Time (h:min)
1 46 168 66.2 22:53
2 41 178 80.4 22:53
3 40 170 68.2 22:15
4 38 171 69.5 23:32
5 44 172 63.3 31:36
6 48 172 71.8 31:08
7 45 164 66.9 35:04
8 50 165 74.2 35:04
Mean 44 170 70.1 28:03
SEM 1 2 1.9 2:01
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TABLE 2. Sequences of primers (5-3").
Forward Reverse

ATF4 CCA ACA ACA GCA AGG AGG ATG GTC ATC CAA CGT GGT CAG AAG G
CHOP CTG GCT TGG CTG ACT GAG GAG ~ CGG GCT GGG GAA TGA CC
C2 CAT TGA AAA GGG CGC AATC  GCC ATA TCG TTG TGT TGG TA
IL-6 TGG ATT CAA TGA GGA GAC TTG ~ GAT TCT TTG CCT TTT TCT GC
MAFbx  CGA CCT CAG CAG TTACTG CAAC  TTT GCT ATC AGC TCC AAC AG
MT1F CCT CCC CTG ACT ATC AAA GCA  GCA CTT GCA GGA ACC AGC
MT1H TGT TCC ACT GCC TCT TCT CTT C CAG CTC TTC TTG CAG GAG GTG
MuRF-1  AAA CAG GAG TGC TCC AGT CGG CGC CAC CAG CAT GGA GAT ACA
NADPHox TGG CTG CCC ATC TGG TGA ATG CAG CAG CCC TCC TGA AAC ATG C
TNF-a GGT GCT TGT TCC TCA GCC TCT AGG GTT TGC TAC AAC ATG GGC
UspP28 TGC CTT CTG GAG CTG AAT G~ CCA AGG TAA GAG CAC CAA TG
XBP1s CGC TTG GGG ATG GAT GC TGG GCC TGC ACC TGC TG
XBP1t CGC TTG GGG ATG GAT GC TGG GGA GAT GTT CTG GAG GG
B2MG ATG AGT ATG CCT GCC GTG TGA GGG ATC TTC AAA CCT CCA TG

oxidase (NADPHox) primers were designed to target the
catalytic Nox4 subunit. B-2-microglobulin (B2MG) was
used as reference gene because it was previously shown
to be unaffected by exercise (5). Our data confirmed that
B2MG was unchanged after the 200-km run. Experiments
were performed on a MylQ2 thermocycler using the fol-
lowing conditions: 3 min at 95°C, followed by 35 cycles
of 30 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Samples
were analyzed in triplicate in 25.5 uL of reaction volume
containing 12.5 uL of IQ SybrGreen SuperMix (Bio-Rad),
0.25 pL of each primer (final concentration = 100 nM),
and 12 pL of complementary DNA. Melting curves were
systematically analyzed to ensure the specificity of the
amplification process.

Protein extraction. About 10-20 mg of frozen tissue
was ground in a mortar and homogenized in an ice-
cold buffer (20 mM Tris, pH 7.0, 270 mM sucrose, 5 mM
EGTA, 1 mM EDTA, 1% Triton X-100, 1 mM sodium
orthovanadate, 50 mM sodium B-glycerophosphate, 5 mM
sodium pyrophosphate, 50 mM sodium fluoride, 1 mM
1,4-dithiothreitol, and a protease inhibitor cocktail containing
1 mM EDTA (Roche Applied Science, Vilvoorde, Belgium))
for 5 min on ice. The homogenates were then centrifuged for
10 min at 10,000g. The supernatants were immediately stored
at —80°C. Protein concentration was determined using the
DC protein assay kit (Bio-Rad).

Western blot analysis. Cell lysates (50-80 pg of
protein) were combined with Laemmli sample buffer and
separated by sodium dodecyl sulfate—polyacrylamide gel
electrophoresis. For protein carbonyl measurements, 5 ug
of protein was derivatized with 2,4-dinitrophenyl hydrazine
before electrophoresis following instructions given by the
protein oxidation kit from Chemicon (Brussels, Belgium).
After electrophoretic separation at 40 mA, the proteins
were transferred to a polyvinylidene fluoride membrane
at 80 V for 2 h for a Western blot analysis. Membranes
were then incubated in a Blotto solution (5% nonfat milk in
Tris-buffered saline with 0.1% Tween 20 (TBST).). Subse-
quently, membranes were incubated with one of the fol-
lowing antibodies overnight at 4°C: phospho-p38 (p38
protein kinase) Thr 180/Tyr 182, p38 total, phospho—extra-
cellular signal-related kinase 1/2 (ERK1/2) Thr 202/Tyr 204,
ERK1/2 total, phospho—c-Jun N-terminal (JNK) Thr 183/

Tyr 185, INK total, dinitrophenyl, inhibitor of nuclear factor
kBa (IkBa) total, BiP, calnexin, ERO1-«, PDI, ubiquitin,
proteasome 20S a+f3, and glyceraldehyde 3-phosphate de-
hydrogenase (GAPDH). All antibodies were from Cell Sig-
naling (Leiden, The Netherlands), except proteasome
20S a+B and GAPDH from Abcam (Cambridge, United
Kingdom) and dinitrophenyl from Sigma (Bornem, Belgium).

Membranes were washed in TBST and incubated for 1 h
at room temperature in a secondary antibody conjugated to
horseradish peroxidase (1:10,000; Cell Signaling). After an
additional three washes, chemiluminescence detection was
carried out using an enhanced chemiluminescent Western
blotting kit (ECL Plus; Amersham Biosciences, Diegem,
Belgium). The films were then scanned on an ImageScanner
using the Labscan software and quantified with the Image
Master 1D Image Analysis Software (Amersham Biosci-
ences). Results were reported with GAPDH for adjusting
unequal protein loading or with the total form of the protein
when the phosphorylation state was studied.

Proteasome activity. Chymotrypsin-like activity of
the 20S proteasome was assayed by the release of fluo-
rescent 7-amino 4-methylcoumarin (AMC) at 37°C, on a
96-well black plate (Greiner bio-one, Wemmel, Belgium). In
each well, 100 uM Suc-LLVY-AMC (Merck, Darmstadt,
Germany) and 200 wL of buffer (50 mM Tris—HCI pH 8,
5 mM MgCl,, 1 mM 1,4-dithiothreitol) were added to 50 g
of protein extract. Each sample was analyzed in triplicate,
with one replicate in which 50 uM MG-132 (Merck), a
proteasome inhibitor, was added to assess the specificity of
the activity. Release of AMC was measured every 2 min for
30 min on a fluorometer (Fluoroskan Ascent FL; Thermo
Scientific, Zellik, Belgium), at an excitation and emission
wavelength of 370 and 460 nm, respectively. Enzymatic
activity was calculated as the slope of the accumulation of
fluorescence, as a function of time, and was normalized to
the amount of 20S a+f proteasome protein measured by
Western blot analysis.

Statistics. The results after exercise are presented in
percentage of changes versus the preexercise condition
(mean + SEM). The statistical significance of these changes
was estimated by paired #-test. The threshold of significance
was set at P < 0.05.

RESULTS

The fastest runner completed the 200-km ultramarathon
within 22.2 h (9.0 km'h ™ "), whereas the slowest one needed
35 h to achieve the same distance (5.7 kmh™"). Muscle
biopsies were taken 3 h after the arrival of each subject. At
that time, p38 phosphorylation state was unchanged, whereas
the phosphorylation states of ERK1/2 and JNK were in-
creased by 401% + 173.8% (P = 0.027) and by 149% +
61.9% (P = 0.023), respectively (Fig. 1).

mRNA levels of markers of oxidative stress, i.e., metal-
lothionein 1F (MTI1F), metallothionein 1H (MT1H), and
NADPHox, were increased by 519% * 258.3% (P = 0.042),
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FIGURE 1—Changes in phosphorylation states of MAPK after a
200-km run (p38 (Thr 180/Tyr 182), ERK1/2 (Thr 202/Tyr 204), JNK
(Thr 183/Tyr 185)). Percentage of change: mean + SEM. Representa-
tive Western blots for the phosphorylated and total forms are added.

666% + 157.5% (P =0.002), and 162% + 60.5% (P = 0.016),
respectively, after the race (Fig. 2A). Protein carbonyls were
unchanged (Fig. 2B). Interleukin-6 (IL-6) mRNA level in-
creased by 403% + 96.1% (P = 0.002) and tumor necrosis
factor-a (TNF-«) by 233% £ 58.4% (P = 0.003; Fig. 3A).
IkBa protein level showed a large interindividual variability.

A
1000 -
P =0.002
c P =0.042
o 800 -
N ~
n o
22 600
S w®
é <
<l 4001
2 s P=0.016
£ 200 T
0
MT1F MT1H NADPHox
B c PRE POST
30 1 148kD — &
%, 20 - 98kD— . &
c — 64kD— 0 =
-g % 10 N - .
el = 50kD — -
§s 0 -
ge° 36kD —
‘g i\i -10 4
4 -20 1 e
GAPDH s s
-30 -

FIGURE 2—Changes in oxidative stress markers after a 200-km run.
Percentage of change: mean + SEM. A, mRNA level of MT1F, MT1H,
and NADPHox. B, Protein carbonyl level. C, Representative Western
blot with control for loading.
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FIGURE 3—Changes in inflammation markers after a 200-km run.
Percentage of change: mean + SEM. A, mRNA level of IL-6 and TNF-a.
B, Protein expression of IkBa total. A representative Western blot
with control for loading is added.

As a consequence, the mean value was not altered in com-
parison with the preexercise value (Fig. 3B).

Transcription of XBP1 is a consequence of ER stress and
is regulated by the ATF6 pathway. The level of XBPIt
mRNA was increased by 138% + 31.2% (P = 0.002),
and XBPls was increased by 241% = 53.3% (P = 0.001;
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FIGURE 4—Changes in ER stress markers after a 200-km run. Per-
centage of change: mean = SEM. A, mRNA levels of XBP1s, XBP1t,
ATF4, and CHOP. B, Protein expression of BiP, also called GRP78,
PDI, and ERO1l-a. A representative Western blot with control for
loading is added.
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FIGURE 5—Changes in UPP after a 200-km run. Percentage of change: mean + SEM. A, mRNA level of MAFbx, MuRF-1, C2, and USP28.
B, Chymotrypsin-like activity of the proteasome (CT-like). C, Level of UbCP and protein expression of 20S. D, Representative Western blots with

control for loading.

Fig. 4A). This suggests a regulation on the transcription of
the gene and the splicing of its transcript, the latter being
under the control of the IREla pathway. On the other
hand, mRNA levels of ATF4 and CHOP, two other genes
implicated in the response to ER stress and regulated by the
PERK pathway, did not change (Fig. 4A). The expression
of BiP protein increased by 235% + 94.7% (P = 0.021),
whereas other chaperone proteins known to reflect ER stress
did not change significantly (Fig. 4B). Large variability
between subjects was observed in the expression of those
proteins. In basal conditions, ERO1-a was undetectable in
two subjects. Consequently, only results for six subjects
are reported for that protein (Fig. 4B).

The mRNA level of muscle-specific ubiquitin ligases
muscle-specific RING finger 1 (MuRF-1) and muscle at-
rophy F-box (MAFbx; also known as atrogin-1) was in-
creased by 583% + 244.3% (P = 0.024) and 249% =+ 83.8%
(P=0.011), respectively (Fig. S5A). Similarly, the mRNA of
the C2 proteasome subunit was increased by 116% + 40.6%
(P =0.012, Fig. 5A). Increases in the expression of genes
coding for ubiquitin ligases and for a subunit of proteasome
are elements in favor of a positive regulation of the UPP
after exercise. Therefore, it was unexpected to observe that
the chymotrypsin-like activity of the proteasome was reduced
by 21% + 4.4% (P = 0.001; Fig. 5B) and that the level of
ubiquitin-conjugated proteins (UbCP) diminished by 20% *
8.3% (P = 0.025; Figs. 5C and D) after the race, whereas
the expression of the 20S a+f proteasome subunit was un-
changed (Figs. 5C and D). These observations suggest an-
tagonistic modes of regulation of the ubiquitin—proteasome
system during a long-lasting exercise. Deubiquitinating en-

zymes could be implicated in these antagonistic modes of
regulation as suggested by the increase in the mRNA level
of ubiquitin-specific protease 28 (USP28; +81% + 37.9%,
P =0.034; Fig. 5A).

DISCUSSION

Only a few studies have analyzed the role of ER stress in
the skeletal muscle (25,28). In the earliest publication, ER
stress markers were reported to be unaltered in the skeletal
muscle when obesity and high-fat diet were used as cellular
stress inducers in animals. However, the ER stress markers
used to support the assertion were not specified in that
publication (25). A very recent study in diabetic patients
indicated that markers of the UPR were increased in myo-
genic cells isolated from muscle biopsies and cultured in
the presence of palmitate, indicating that ER stress can be
elicited in human muscle cells (28). The main finding of
the present study is to show, for the first time, the presence
of ER stress markers in the human skeletal muscle after
an ultraendurance exercise. This is compatible with the
view that exercise causes brief and sometimes robust cel-
lular stresses that are often necessary for inducing muscle
adaptation.

XBP1s mRNA is known to be a highly specific marker of
ER stress (8). Transcription of XBP1 is up-regulated by the
translocation of the cytoplasmic domain of ATF6 to the
nucleus. When activated, IRE1« catalyzes the removal of a
26-nucleotide intron from XBP1, RNA creating the spliced
form that encodes for an active transcription factor. Our
results suggest that ultraendurance exercise activates the

22 Official Journal of the American College of Sports Medicine
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ATF6 and IRE1a pathways because both XBP1t and XBP1s
were increased in the muscle samples. In this study, we
were not able to show any implication of the third signaling
cascade activated by ER stress, namely, the PERK pathway,
in response to ultraendurance exercise as the expression of
ATF4 and CHOP, two genes regulated by this pathway, was
not changed 3 h after the race. Further research is required to
shed light on the mechanisms by which ultraendurance ex-

ercise is able to specifically activate two cascades of the UPR.

Oxidative stress is known to trigger ER stress because
reactive oxygen species (ROS) are able to directly damage
proteins in the ER folding machinery and to induce an ac-
cumulation of misfolded protein, leading to the UPR acti-
vation (17). The ER seems to be particularly sensitive to the
redox state of the cell because it contains proteins with a
high oxidizing potential specialized in protein folding and
disulfide bond formation. Alternatively, ROS may cause ER
stress via generation and accumulation of oxidized proteins
(35). In the skeletal muscle, the generation of ROS is low at
rest. During exercise, the skeletal muscle produces much
superoxide anions because of its higher oxygen uptake. A
recent article showed that mitochondrial H,O, was increased
during an ultraendurance event (33). Muscle damage occur-
ring during an ultramarathon activates inflammatory pro-
cesses (11), which may also play an important role in ROS
production. In the present study, ROS production was not
measured, but we show that NADPHox, MT1F, and MT1H
mRNA were increased after the race. Chronic oxidative
stress is known to be accompanied by up-regulation of
NAD(P)H oxidase (31), and exercise-induced oxidative stress
has been showed to trigger the expression of the antioxidants
factors MT1F and MT1H (13,27). Three hours after exercise
completion, the protein carbonyl level was unaltered in com-
parison with basal conditions. This observation is compatible
with the findings of Sahlin et al. (33) who showed that ROS
production was restored to basal level at recovery of an
ultraendurance event. This suggests that the carbonyls could
be quickly removed after the end of the exercise. The causal
relationship between ROS production and ER stress during
exercise remains to be demonstrated.

BiP is the most abundant protein in the ER lumen, and its
expression is regulated by the UPR (40). The larger amount
of BiP observed in the muscle after the ultramarathon may
be interpreted as an adaptive mechanism by which the
skeletal muscle protects itself against subsequent ER stress.
Nevertheless, other chaperones analyzed in the present study
were not changed significantly 3 h after the race possibly
because the kinetics of expression is slower, because re-
petitive stimulations are required, or because they are not
affected by the ultraendurance exercise.

Exercise has been reported to modulate UPP activation in
the human skeletal muscle depending on the loading mo-
dality and periods (19). UPP works in a two-step sequence.
First, the substrate protein is conjugated to a polyubiquitin
chain that leads to the formation and the accumulation of
UbCP (30). In this process, ligases are responsible for

the specific recognition of the numerous substrates of the
UPP and seem to be the key regulators of the pathway.
Transcriptome analyses have revealed muscle-specific li-
gases among which are MAFbx and MuRF-1 (1), which
interact with and possibly ubiquitinate a variety of myofi-
brillar proteins (38). Here, we show that mRNA for MuRF-1
and MAFbx was increased after the ultramarathon. The
transcriptional regulation of MuRF-1 and MAFDbx is con-
trolled by the members of the forkhead Foxo family. These
transcription factors are inactivated by Akt (also known
as protein kinase B). The phosphorylation state of Akt
(Ser-473) was unchanged 3 h after the race in comparison
with basal conditions (data not shown). Akt is highly
sensitive to insulin and dietary state (2,39). We may not
rule out that the activity of Akt was not decreased during
the race because the runners were fed between the end of
the race and the time of sampling biopsy. The levels of
MuRF-1 and MAFbx mRNA are also related to ROS pro-
duction and proinflammatory cytokines (18). The higher
levels of NADPHox, MT1F, MT1H, and TNF-a mRNA
after the race suggest that signaling events involving oxi-
dative stress and inflammation may also be implicated either
in a transcriptional regulation or in a higher stability of
MuRF-1 and MAFbx.

The second step of the UPP is the degradation of the
UDbCP by the 26S proteasome, a large multicatalytic protease
complex comprising a 20S catalytic core, which contains the
proteolytic sites, and a 19S regulatory complex, which is
responsible for substrate recognition and unfolding. The
20S proteasome exhibits chymotrypsin-like, trypsin-like, and
caspase-like catalytic activities, the first one being the most
important in the skeletal muscle (7). The increases that we
observed in the expression of genes coding for ubiquitin li-
gases and for a subunit of proteasome are favorable elements
for the positive regulation of the UPP and for the activation
of protein breakdown. Surprisingly, however, the amount of
UDbCP and the chymotrypsin-like activity of the proteasome
were not only lower after the race than that in basal con-
ditions, but no change in the protein level of the 20S a+f3
proteasome subunits was detectable. These observations
suggest antagonistic modes of regulation of the ubiquitin—
proteasome system in response to ultraendurance exercise.
Deubiquitinating enzymes could be implicated in these an-
tagonistic modes of regulation as suggested by the increase
in the mRNA level of USP28, which is a member of the
ubiquitin-specific proteases. The function of this group of
enzymes is to reverse the ubiquitinating reaction by remov-
ing ubiquitin moiety from a large variety of substrates. The
increase in the muscle-specific E3 ligases, MuRF-1 and
MAFbx, and in USP28 suggests that the ubiquitination/
deubiquitination cycle could be enhanced by muscle cells in
response to ultraendurance exercise. This is not incompatible
with an increased UPP activity because deubiquitinating
enzymes not only prevent inappropriate proteasomal degra-
dation but also take a role in polyubiquitin chain recycling
after proteasomal degradation (37).
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The proteasome C2 is one of the 20S proteasome sub-
units, and it seems to be important for the stimulation of the
peptidase activities of 20S. C2 mRNA was increased during
the race, suggesting a transcriptional regulation induced
by endurance exercise. However, no change in the protein
level of the 20S a+f proteasome subunits was detectable,
and unexpectedly, the chymotrypsin-like activity of the
proteasome was decreased. The activity measured in vitro
by chemical assays provides a catalytic activity of the 20S
subunit of the proteasome for a determined substrate con-
centration. Our data suggest the presence of an inhibitory
mechanism that would down-regulate the chymotrypsin-like
activity of the proteasome in response to ultraendurance
exercise. Although the mechanism of regulation is unknown,
oxidative stress is a potential candidate because it has
been shown to repress the chymotrypsin-like activity of
proteasome in vitro (10).

Solid evidence supports an up-regulation of IL-6 by
exercise both at the mRNA and at the protein levels (for
review, see Nielsen and Pedersen [20]). Our results are
compatible to those previous findings. The increase in
IL-6 mRNA was more pronounced in the four slowest
runners than in the four fastest runner (¢-test, P = 0.046),
suggesting that the duration of the exercise instead of the
intensity is the main regulator of IL-6 expression in response
to ultraendurance exercise. IL-6 has proinflammatory and
anti-inflammatory properties (29) and has been showed to
suppress TNF-a production in exercising humans (34). After
resistance exercise, both IL-6 and TNF-a mRNA are in-
creased in the skeletal muscle, but plasma concentrations are
only modestly altered (21). This highlights the importance of
IL-6 plasma concentration, which is probably large enough
to blunt TNF-a expression in the skeletal muscle during
endurance events such as marathons (24) but not during re-
sistance exercise (21). In this study, we observed a clear
increase in TNF-a mRNA after the 200-km run despite a
large increase in plasma IL-6 concentration (11). Although
we were not able to show any decrease in the IkBa level, we
may not rule out that the nuclear factor kB pathway was
activated during exercise and rapidly inactivated at recovery.
Taken together, our observations support the idea that an
ultramarathon induces a strong proinflammatory stress in the
skeletal muscle as assessed previously at the systemic level
(23,26). Nevertheless, immune cells are known to invade
damaged muscles, and therefore, we may not rule out any
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