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Abstract

Reactions involving thiol biochemistry seem to play a crucial role in skeletal muscle fatigue. A~
acetylcysteine amide (NACA) and L-ergothioneine (ERGO) are thiol-based antioxidants available
for human use that have not been evaluated for effects on muscle fatigue.

Purpose: To test the hypothesis that NACA and ERGO delay skeletal muscle fatigue.

Methods: We exposed mouse diaphragm fiber bundles to buffer (CTRL), NACA, ERGO, or /-
acetylcysteine (NAC; positive control). Treatments were performed /n vitro using 10 mM for 60
min at 37°C. After treatment, we determined the muscle force—frequency and fatigue
characteristics.

Results: The force—frequency relationship was shifted to the left by ERGO and to the right by
NACA compared with CTRL and NAC. Maximal tetanic force was similar among groups. The
total force~time integral (FT1; N-s-cm~2) during the fatigue trial was decreased by NACA (420

+ 35, P<0.05), unaffected by ERGO (657 + 53), and increased by NAC (P < 0.05) compared with
CTRL (581 £ 54). The rate of contraction (aFdty,4) during the fatigue trial was not affected by
any of the treatments tested. NAC, but not NACA or ERGO, delayed the slowing of muscle
relaxation (@F/dtyp) during fatigue.

Conclusions: In summary, NACA and ERGO did not delay skeletal muscle fatigue in vitro. We
conclude that these antioxidants are unlikely to improve human exercise performance.
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Skeletal muscle fatigue limits exercise performance by healthy subjects and patients with
chronic diseases. Recent evidence also suggests that fatigue of the diaphragm muscle
contributes to failure to wean patients from mechanical ventilation (5). In a recent review
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(11), we proposed that reactions involving thiol biochemistry play a crucial role in skeletal
muscle fatigue.

To our knowledge, N-acetylcysteine (NAC) is the only thiol-containing compound available
to humans that consistently delays fatigue /n vitro (6,10,19) and /n vivo (18,26,33,36).
However, the unpleasant smell, taste, and dose-dependent adverse reactions of NAC limit its
wide-spread use as an ergogenic aid. Thus, it is important to seek other antioxidants with
potential to delay fatigue and minimize adverse reactions. Increases in intracellular
glutathione content seem to mediate the fatigue-sparing effects of NAC (10,35). However,
the sulfur-containing compound L-2-oxothiazolidine-4-carboxylate (OTC) delays /n vitro
skeletal muscle fatigue independent of changes in glutathione content (10). Thus, our
working hypothesis is that sulfur-based antioxidants delay muscle fatigue.

There are several sulfur-based antioxidants with potential to delay muscle fatigue that are
available for humans. For example, N-acetylcysteine amide (NACA) was developed in the
last decade as a modified form of NAC (3) in which an amide group neutralizes the negative
charge of the carboxyl region. This modification increases NACA membrane transport such
that lower concentrations of NACA than NAC are required to alter some cellular processes
(14). Theoretically, NACA might improve exercise performance in humans at lower doses
than NAC, lessening or eliminating adverse reactions, and therefore is a candidate for
preclinical testing.

L-ergothioneine (ERGO) is a sulfur-based antioxidant found in human and animal diets
(9,16). ERGO is membrane impermeable; transport to the intracellular space occurs through
an organic cation transporter named OCTN1 (21,25). OCTN1 mRNA is expressed in
skeletal muscle (21), and dietary ERGO accumulates in rodent muscles (29). These findings
suggest that skeletal muscle expresses OCTN1 protein and transports ERGO to the
sarcoplasm. Thus, ERGO supplementation has the potential to delay muscle fatigue. If
ERGO delays fatigue, the advantage for human use is that ERGO’s sulfur atom is within an
aromatic ring, which eliminates the characteristic sulfur odor (7).

In the current study, we tested the hypothesis that NACA and ERGO act on muscle to delay
fatigue. NACA and ERGO effects were tested /n vitro using murine diaphragm fiber
bundles. Contractile function was measured in unfatigued muscle and during repetitive,
fatiguing contractions. NAC served as a positive control (10).

METHODS

We studied a total of 26 male C57BL6 mice (6-8 wk old; Harlan, Indianapolis, IN). All
animals were maintained in a 12:12-h dark-light cycle. Water and a commercial rodent
chow were available ad /ibitum. The chow was prepared from natural ingredients that are
known to contain ergothioneine (e.g., oats and corn) (9). The chow did not contain synthetic
ergothioneine. Our experiments conformed to the guiding principles for use and care of
laboratory animals of the American Physiological Society and adhered to the American
College of Sports Medicine’s animal care standards. All procedures were approved by the
Institutional Animal Care and Use Committee of the University of Kentucky.
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On the day of the experiment, each animal was anesthetized using isoflurane (Aerrane;
Baxter Healthcare, Deerfield, IL) and Killed by exsanguination. The diaphragm muscle was
quickly excised and placed in Krebs—Ringer solution (in mM: 137 NaCl, 5 KCI, 1 MgSQy, 1
NaH,PO4, 24 NaHCO3, and 2 CaClsy) bubbled continuously using 95%0,-5%CO, to
maintain a pH of ~7.4. We dissected a fiber bundle from the left hemidiaphragm and tied the
associated rib and central tendon segments to a glass rod and force transducer (BG Series
100 g; Kulite, Leonia, NJ). The muscle fiber bundle was placed in a water-heated organ bath
between platinum plate electrodes (Radinoti LLC, Monrovia, CA) and was electrically
stimulated using supramaximal voltage (Grass S48; Quincy, MA). We positioned the fiber
bundle at the optimal length for twitch force production (L,). The temperature of the organ
bath was then increased to 37°C, and the muscle was exposed to buffer alone (control),
NAC, ERGO, or NACA for 60 min. All antioxidants were tested at 10 mM. At this
concentration, NAC delays fatigue of rodent diaphragm /n vitro without depressing maximal
force (10,19). Like NAC, NACA and ERGO contain one sulfur atom per molecule. Thus, the
concentrations of NACA and ERGO were matched to the optimal concentration of NAC for
in vitro experiments (10 mM) (19). NAC was from Sigma-Aldrich (St. Louis, MO), NACA
was provided by Dr. Patrick G. Sullivan (University of Kentucky) and Dr. Glenn A.
Goldstein (David Pharmaceuticals, New York, NY), and ERGO was from Oxis International
(Eugene, OR). All solutions were prepared on the day of the experiment and contained D-
tubocurarine (0.025 mM).

After 60 min of equilibration with each antioxidant, we determined the force—frequency
characteristics of unfatigued muscle using a standard protocol (19). One minute after the last
stimulation, we initiated a fatigue protocol consisting of tetanic contractions every 2 s for
600 s (stimulus frequency = 40 Hz, train duration = 500 ms, pulse duration = 0.3 ms). The
output of the force transducer was recorded by a computer using a sampling frequency of
1000 Hz and Minidigi 1A and AxoScope software (Axon Instruments, Molecular Devices,
Sunnyvale, CA) for later analyses. After the fatigue protocol, we measured L,and muscle
weight to estimate cross-sectional area. We used a custom-developed MatLab application
(Mathworks, Inc., Natick, MA) to calculate peak tetanic force, force-time integral (FTI), and
maximal rates of force development (+dF/dhyax) and relaxation (—adF/dhN) for each
tetanus of the fatigue trial.

Data analysis.

Specific and relative force measurements from unfatigued muscles stimulated at 1-300 Hz
were fitted with the Hill equation to determine the force—frequency relationship, maximal
tetanic force (P,), and the frequency required to elicit 50% of A,. Tracings from fatigue
protocols were analyzed for fatigue index (FI), where FI = [(Fnitial - 7! Finitial] % 100; the
subscript initial refers to specific force for the first contraction and #is force at 600 s, as
described previously (10). The time to reach 50% of peak tetanic force (#g,) Was
determined manually. We analyzed dF/diyax and dF/dey N data from the eighth contraction
of the fatigue protocol (16 s, approximately peak of dF/dhax and nadir of dF/dhyN) to the
end of the protocol (600 s) using Prism 5.0b software (GraphPad, La Jolla, CA). Data were
fitted with a monoexponential function of the form Y= Y; + (plateau - Yg)(1 — &%), where
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Yp refers to baseline, plateau is the asymptote of the response, ¢refers to time, and < is the
time constant (time to reach 63% of the response from baseline to platead).

Statistics.

We used one-way ANOVA to compare control, NACA, and ERGO. Post hoc analyses were
performed using the Fisher LSD test. Because NAC was studied as a positive control, we
used Student’s ~test to compare individual parameters between control and NAC-treated
muscles. Statistics were calculated using Sigma Stat v. 3.05 (Sigma Stat; Systat Software,
San Jose, CA), and significance was accepted at £< 0.05. Data are presented as mean +
SEM.

RESULTS

Force—frequency relationships of all experimental groups (Fig. 1A) were typical sigmoids
with the NACA curve shifted rightward and the ERGO curve shifted leftward relative to
control. A concern with pharmacologic probes is depression of 2, at high intracellular
concentrations (19). This did not occur with the current antioxidants. However, compared
with control, NACA decreased and ERGO increased the stimulus frequency that elicited
50% A, (Fig. 1B); NAC did not. These data are consistent with the observed shifts in the
force—frequency relationship.

Representative tracings of muscle force during the fatigue trial are shown in Figure 2. As
depicted, we evaluated fatigue using time-dependent changes in peak tetanic force, force
sustained between tetanic stimulations (baseline force), and the rates of tetanic force
development and relaxation. Grouped data showing changes in tetanic force and baseline
force are shown in Figure 3. NACA decreased the initial tetanic force during fatiguing
contractions (Fig. 3A) compared with all other groups—results were consistent with the
rightward shift in the force—frequency relationship. Initial tetanic forces of NAC- and
ERGO-treated muscles were not different from controls. Normalized for initial force, the fall
in relative force was blunted by NAC (Fig. 3B), evidence of diminished fatigue. NACA and
ERGO did not alter this relationship nor did any treatment affect changes in baseline force
(Fig. 3C). NAC alone increased the #qq, of specific force (Fig. 3D). NAC also decreased the
diaphragm fatigue index at 600 s (64% + 2%; P < 0.05) compared with control (70% % 1%);
NACA (69% + 1%) and ERGO (71% =* 1%) did not.

The initial FTI (N-s.cm~2) was decreased by NACA (2.91 + 0.19), increased by ERGO (4.65
+0.19), and not changed by NAC (3.89 + 0.17) compared with control (3.87 + 0.27). When
normalized to initial values, time-dependent increments in cumulative FTI did not differ
among NACA, ERGO, and control groups but was increased by NAC (Fig. 4A). Total FTI
accumulated during the fatigue trial was also increased by NAC (Fig. 4B). NACA decreased
total FT1 and ERGO had no effect.

The dF/dhyax increased during the first five contractions, reaching a peak between 15 and
20 s and decreasing thereafter in an exponential manner (Fig. 5). Accordingly, dF/dtax
was well fitted by a first-order exponential function (Fig. 5A). Sulfur-containing
antioxidants did not affect the profile of dF/dax during the fatigue trial (Fig. 5C). The
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aF/din decreased in the first 15-20 s and increased subsequently with a profile that could
be described by an exponential model (Fig. 5B). The drop in d~/dh N (Fig. 5D) reflects an
increase in the rate of relaxation during the first 30 s of repetitive contractions. The
subsequent increase in dF/diy N reflects slowing of relaxation during muscle fatigue (37).
The time constant of increase in dF/dh, Ny Was prolonged by NAC (147.2 + 28.4, P< 0.05)
compared with control (88.3 £ 8.9 s) but was unchanged by NACA (72.3 £ 9.8 s) or ERGO
(82.9 £14.7 s). Thus, NAC delayed the slowing of relaxation induced by fatigue.

DISCUSSION

NAC.

NACA.

Our main observation was that NACA or ERGO treatment did not increase the fatigue index,
500, OF FTI of diaphragm fiber bundles. These variables were increased by NAC, which
served as a positive control. NAC also delayed the slowing of relaxation and increased total
FTI, two more original observations. These findings provide new information on sulfur-
containing antioxidants and their potential efficacy as ergogenic aids.

NAC is used as a cysteine donor to promote increases in intracellular glutathione (28,34).
NAC promotes a rightward shift in the force—frequency relationship of rat diaphragm (6,19).
However, we observed no effect of NAC on the force—frequency relationship of mouse
diaphragm—findings consistent with our previous study (10). NAC also slows the decrease
in isometric tetanic force in mouse and rat diaphragm preparations during repetitive
contractions /n vitro (6,10,19,30). Therefore, we used NAC as a positive control for fatigue
effects of sulfur-containing antioxidants. Our analyses of FTI and dF/dfy N provide new
insights on the fatigue-sparing effects of NAC. NAC increased FTI, an index that is
conceptually equivalent to work and determines the muscle metabolic rate during isometric
contractions (20). Our findings /n vitro are analogous to human data showing that NAC
increases the work achieved during strenuous, fatiguing exercise (26,27). NAC also delayed
the slowing of relaxation during fatigue. The rate of relaxation after isometric contraction is
determined mainly by Ca?* reuptake and cross-bridge detachment kinetics (12). Because
NAC has no effect on the rate of sarcoplasmic reticulum Ca2* reuptake in fatigued rat
diaphragm (30), our data suggest NAC delays the slowing of cross-bridge detachment
induced by fatigue.

NAC contains a carboxyl group that is negatively charged at pH 7.4, which limits membrane
transport and intracellular bioavailability. Atlas et al. (3) produced NACA by adding an
amide group to NAC to neutralize the negative charge of carboxyl and create a membrane-
permeable antioxidant. NAC and NACA have generally similar reactions with oxidants in
cell-free experiments (2). In biological systems, the effects of NACA on cytosolic oxidants
and glutathione are cell type—specific (14,39). In our study, NACA altered muscle function
in the unfatigued state, depressing peak force at submaximal tetanic stimulus frequencies
and shifting the force—frequency relationship rightward. NACA did not delay fatigue.
Distinct muscle responses to NACA and NAC may be a consequence of their effects on
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glutathione metabolism and/or antioxidant properties, despite similarities in thiol
biochemistry.

L-ergothioneine.

ERGO is a 2-thio-imidazole amino acid found in components of the human diet, mainly
mushrooms and grains (9), and accumulates in tissues at millimolar concentrations (25,29).
The biological role of ERGO is still unclear. ERGO scavenges agonist-induced oxidants in
cells and tissues (17,23,25,31,32), but a lack of antioxidant effect has also been reported (9).
Intracellular effects depend on transport of ERGO through OCTNL1 (32), which is present in
plasma membranes (15) and mitochondria (22). OCTNL1 has a high affinity for ERGO (15),
which undergoes bidirectional cotransport with Na* through OCTN1 (40). Previous studies
suggest a role for OCTN1-mediated ERGO transport in skeletal muscles. Rodent skeletal
muscle expresses OCTN1 mRNA (21) and accumulates dietary ERGO (29). Moreover,
ERGO delays palmitate-induced cell death in cultured muscle cells (23). ERGO effects on
the diaphragm were inconsistent with an antioxidant action. ERGO promoted a leftward
shift on the force—frequency relationship and had no effect on the rate of fatigue. Our
protocol was designed to optimize ERGO bioavailability. At the concentration we used,
OCTNL is saturated in non-muscle cells, and cellular uptake of ERGO reaches a plateau
within 30 min (15). The leftward shift suggests increased calcium release on electrical
stimulation and/or an increase in calcium sensitivity of the contractile apparatus. These
mechanisms could arise from a pro-oxidant action of ERGO (1). If ERGO had a pro-oxidant
effect, diaphragm bundles would have fatigued faster. Yet, fatigue characteristics of ERGO
and control muscles were generally similar. It seems that any potential effects of ERGO on
calcium release or sensitivity were independent of changes in the muscle oxidant/antioxidant
balance. Overall, our results suggest that exogenous ERGO supplementation does not delay
the decline in muscle contractile function during repetitive contractions.

Sulfur biochemistry and muscle fatigue.

The sulfur atom of biological antioxidants can exist in several forms. Relevant to the current
study, sulfur is present in the thiol (R-SH) or thiolate (R-S") forms, depending on local pH
and pKj of the sulfur-containing residue (4,8,16). In aromatic rings, sulfur can be present as
thiol or thione (/,C = S) form. These three forms of sulfur have different biochemical
reactivity: thiolate > thiol >> thione (8,13,16). Sulfur atoms in cytosolic NAC and NACA are
predominantly in the thiol/thiolate form, whereas in cytosolic ERGO, sulfur is mostly in the
thione form (17). NAC delayed fatigue, whereas ERGO or NACA did not. OTC is another
sulfur-containing antioxidant that, through enzyme metabolism, increases cellular thiols
(mostly cysteine and glutathione [38]). OTC delays diaphragm muscle fatigue in vitro (10).
Glutathione, which contains sulfur in the thiol/thiolate form (28), does not increase time to
fatigue in rats performing treadmill running (35) and swimming exercises (24). Therefore,
the presence of a thiol group per se does not ensure that a sulfur-containing antioxidant will
delay muscle fatigue.
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CONCLUSIONS

We speculate that the inability of NACA and ERGO to delay muscle fatigue is a
consequence of, respectively, the biochemistry of the carboxyl group and sulfur on each
antioxidant. The existing literature suggests that reactions involving thiol/thiolate groups of
sulfur-based antioxidants oppose skeletal muscle fatigue. However, our current findings
show that the presence of thiol/thiolate groups in a compound per seis not sufficient to slow
the fatigue process. Additional research is needed to identify the biochemical properties that
render sulfur-containing antioxidants effective against fatigue. In contrast to NAC, which
reproducibly delays fatigue in exercising humans (18,26,27,33,36), our current data suggest
that NACA and ERGO supplementation is unlikely to increase human performance.
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FIGURE 1 —.

Force—frequency characteristics of unfatigued diaphragm muscle bundles. A, Symbols are
mean + SEM for CTRL (c/osed circles), NAC (open circles), NACA (squares), and ERGO
(triangles). Lines are best fit of mean data using Hill equation: CTRL (solid gray line), NAC
(solid black line), NACA (long-dashed line), and ERGO (dotted line). B, Stimulus frequency
that elicited 50% maximal tetanic force. Results obtained from curve fitting of individual
muscle responses using Hill equation. * £< 0.05 versus control.
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FIGURE 2 —
Tracings of diaphragm muscle force during fatiguing contractions /in7 vitro. Muscles were

electrically stimulated after incubating in buffer (control) for 60 min. A, Representative
recording of an entire fatigue protocol. B, Tracing from one tetanic contraction illustrating
variables used to analyze muscle fatigue. dF/dtrefers to the first derivative of force as a
function of time. Data shown were collected at 1000 Hz.
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FIGURE 3 —.
Temporal changes in tetanic force and baseline tension during fatiguing contractions after

exposure to sulfur-based compounds: CTRL (solid gray line), NAC (solid black line), NACA
(long-dashed line), ERGO (dotted line). Error bars are shown at 60-s intervals. A, Initial
tetanic force was decreased by NACA and increased by ERGO compared with control and
NAC (< 0.05). B, NAC increased tetanic force (%initial) at 300 s compared with CTRL
(*P<0.05). C, Sulfur-based compounds did not affect baseline force throughout the

protocol (data from 300 to 600 s not shown). D, Time to reach 50% of initial tetanic force
(&09)- *P < 0.05 versus CTRL.
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FIGURE 4 —.
Cumulative and total FT1 during fatiguing contractions. A, Cumulative FTI during fatigue

trials; data normalized for FTI of first tetanic contraction; solid gray line, CTRL; solid black
line, NAC; long-aashed line, NACA; dotted line, ERGO. Error bars are shown at 60-s
intervals. B, Total FTI represents sum of absolute FTI from all contractions of fatigue trial.
*P < 0.05 control versus NAC.
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FIGURE 5 —.

Rate of contraction (dF/dhupax) and relaxation (dF/dyn) during fatiguing contractions.
Representative data from control muscle (open circles) and line of best fit using nonlinear
regression (solid line) for dF/daax (A) and dF/diyn (B). C, Sulfur-containing antioxidants
did not alter dF/dfypx. D, ERGO decreased dF/dhy N (initial and nadir); NAC slowed the
increase in dF/diy N as evidenced by a 1.6-fold increase in the time constant of the response
(see text for further details). Data for panels (C) and (D) are mean + SEM: control (solid
gray line), NAC (solid black line), NACA (long-dashed line), ERGO (dotted line).
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