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NASA'’s Critical Path Roadmap identifies loss of skeletal muscle function as a key concern for long-term missions.
Gravitational unloading causes weakness of antigravity muscles due to loss of muscle mass (atrophy) and contractile
dysfunction. In selected conditions, especially extravehicular activity (EVA), performance can also be limited by
muscle fatigue. The current project evaluates selected compounds, nutritional supplements and pharmacologic agents,
that may oppose oxidative stress in muscle and protect against weakness and fatigue. The experimental approach is
designed to identify and develop countermeasures for human testing in the near-to-mid term. Initial experiments will
define the loss of oxidant regulation that occurs with muscle unloading. Subsequent studies will evaluate compounds for
protective effects on muscle function. The efficacy of each compound tested in this project is supported by preliminary
data from animal studies, human trials, or both; each compound is approved for systemic administration to humans.
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Experiments will address three specific aims: Aim 1. To determine the time course, composition, and source of
increased oxidant activity in unloaded muscle. Experiments will use mice conditioned by hindlimb unloading for up to
two weeks. The antigravity muscle soleus will be studied to define the time course of oxidant dysregulation after
unloading, to determine the relative contributions of reactive oxygen species vs. nitric oxide derivatives, and to test
mitochondria as the primary source of increased oxidant activity. Aim 2. To evaluate selected antioxidants as
countermeasures for weakness in unloaded muscle. In these experiments, mice conditioned by hindlimb unloading will
be treated with one of four interventions that oppose oxidant activity or oxidant-mediated signaling: allopurinol
(xanthine oxidase inhibitor), curcumin (NF-kappaB inhibitor), Bowman-Birk inhibitor complex (protease inhibitor), or
N-acetylcysteine (NAC; reduced thiol donor). Unloaded soleus will be tested for protection against oxidative stress,
contractile dysfunction, and muscle atrophy. Aim 3. To test NAC as a countermeasure for handgrip fatigue in humans.
Experiments in healthy volunteers will define the appropriate preparation (solution vs. capsule) and dosage for oral NAC
administration and will test NAC effects on handgrip strength and handgrip fatigue during concentric exercise.

This research directly addresses two Earth-based problems, loss of function in unloaded muscle and muscle fatigue. The
first problem occurs in individuals who are immobilized by injury or surgery. Muscles of the affected limbs atrophy and
weaken, making it difficult for the individual to return to normal daily activity. The resulting inactivity lessens the
quality of life, increases hospitalization and therapeutic costs, and increases the likelihood of pneumonia, venous
thromboses, and other serious medical complications. A practical countermeasure to lessen atrophy and weakness
would directly benefit these individuals, lessening the problems caused by transient immobilization. The second
problem is familiar to us all. Acute muscle fatigue is a common feature of strenuous exercise. A countermeasure to
inhibit fatigue would benefit a broad range of the US populace whose work requires physical exertion ranging from
military professionals to firefighters, from police officers to construction workers. [The implications for professional
athletes are all too obvious.]

Our project is designed to address three sets of tasks, also known as specific aims. Our progress on each of these tasks is
as follows:

1. To determine the time course, composition, and source of increased oxidant activity in unloaded muscle. Our
experiments use mice conditioned by hindlimb unloading for up to three weeks. The antigravity muscle soleus is tested
using functional and biochemical assays to determine any changes in free radical regulation by the muscle. Data from
the previous year show that soleus muscles respond to hindlimb unloading by increasing the activity of NF-kappaB, a
signaling molecule that promotes muscle atrophy. Also, soleus muscle mass decreases 43% after 10 days of unloading.
This atrophy is biphasic, occurring rapidly over the first 3 days and then more slowly. Free radical activity in the muscle
shows the opposite response, increasing during the first three days and then leveling off. These data suggest free radicals
stimulate wasting of unloaded muscles.

2. To test selected antioxidants as possible countermeasures for weakness of unloaded muscle. Mice conditioned by
hindlimb unloading are being treated with compounds that inhibit free radical activity. These include curcumin,
N-acetylcysteine (NAC), allopurinol, and Bowman-Birk inhibitor concentrate (BBIC). Soleus muscle atrophy and
contractile function are measured to determine the effectiveness of these possible countermeasures. We have found that
antioxidant countermeasures vary in their effectiveness. Dietary supplementation with curcumin or NAC caused
biochemical changes in the muscles that appeared promising. But the overall effects of these two compounds was
unremarkable. Neither inhibited muscle atrophy or improved muscle function during unloading. In contrast, oral
administration of allopurinol was protective. This compound lessened the weakness caused by muscle unloading despite
the fact that muscle atrophy still occurred.

3. To evaluate NAC as a countermeasure for handgrip fatigue in humans. NAC has been shown to inhibit human muscle
fatigue in several recent studies. Experiments in healthy volunteers are optimizing the preparation and dosage of oral
NAC administration used to delay muscle fatigue during handgrip exercise. In the past year, we recruited a study
coordinator and created a specially-designed device (‘ergometer’) to measure handgrip fatigue. The new ergometer
overcomes several limitations of an earlier machine used in our previous research studies. We hope the new ergometer
will provide more reliable measurements. We are now conducting dose-response studies of NAC capsules administered
orally. To date we have screened 11 volunteers. Eight were unable to perform our fatiguing exercise protocol
reproducibily and have been excused from the study. Three individuals have successfully completed the entire protocol
and their blood samples are currently being analyzed to determine NAC effects.
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