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Abstract Aging-related loss of muscle function is a predictor of mortality and a surrogate parameter of the aging process. Its consequences include a high risk for
falls, hip fractures, and loss of autonomy. Aging is associated with changes in the oxidant/antioxidant balance
including a decrease in plasma thiol (cysteine) concentration. To assess the importance of cysteine, we determined in a double-blind study the effects of N-acetylcysteine on the functional capacity of frail geriatric patients
and their response to physical exercise. The subjects on
placebo showed only a relatively weak response, and
31% showed even a decrease in more than one parameter
during the observation period. Low plasma arginine levels were correlated with a weak overall performance before exercise and a poor response to exercise. N-Acetylcysteine strongly enhanced the increase in knee extensor
strength and significantly increased the sum of all
strength parameters if adjusted for baseline arginine level as a confounding parameter. N-acetylcysteine had no
significant effect on growth hormone and IGF-1 levels
but caused a significant decrease in plasma TNF-α.
These findings may provide a basis for therapeutic intervention and suggest that the loss of function involves
limitations in cysteine and one or more other amino acids which may compromise muscular protein synthesis.
Keywords Antioxidants and aging · Cysteine, role in
aging · Tumor necrosis factor in aging · Muscular aging ·
Aging-related wasting
Abbreviations IGF: Insulin-like growth factor ·
NAC: N-Acetylcysteine · TNF: Tumor necrosis factor

Introduction
The loss of muscle mass, strength, motor function, and
balance is a hallmark of aging and often associated with
compromised physical and social functions [1, 2, 3, 4]. It
is also a leading risk factor for injurious falls and an important predictor for morbidity and mortality [5, 6, 7, 8,
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9, 10]. Physical exercise has been shown to improve average strength and functional performance but is not always effective in old age [4, 11, 12, 13, 14]. This variability and the causative mechanisms of the loss of muscle mass and function are poorly understood.
Aging is associated with oxidative stress and a shift in
the redox states of thiol/disulfide redox couples such as
glutathione, cysteine, and albumin [15, 16, 17, 18, 19,
20, 21, 22, 23, 24]. The oxidative shift in the plasma thiol/disulfide redox state between the 3rd and 9th decades
of life is associated with a decrease in the postabsorptive
plasma thiol (mainly cysteine) concentration [20] and
several aging-related pathophysiological processes, suggesting that oxidative changes in the plasma redox state
play a key role in processes and diseases which limit the
human life span [23, 24]. A study on mice has shown
that the plasma thiol/disulfide redox state is correlated
with the intracellular glutathione redox state in skeletal
muscle tissue [25].
Treatment with the thiol compound N-acetylcysteine
(NAC) has been shown to reverse the shift in redox state,
increase plasma albumin levels, enhance the hypoxic
ventilatory response and plasma erythropoietin levels,
ameliorate the loss of body cell mass in other wasting
conditions, and improve cognitive tasks in patients with
Alzheimer’s disease [20, 26, 27, 28]. We therefore performed a randomized double-blind trial to determine the
effects of NAC on muscular and cognitive functions of
frail geriatric patients and their response to physical exercise. Because changes in the plasma concentrations of
tumor necrosis factor (TNF) α, growth hormone, and insulin-like growth factor (IGF) 1 have also been implicated in muscle wasting [29, 30, 31, 32], we also determined the effects of NAC on these parameters and their
correlation with muscular functions.

Fig. 1 Trial profile
profile were submitted to the editorial office). The study was approved by the Ethics Committee of the University of Heidelberg
and conducted according to the guidelines of good clinical and laboratory practice and the principles of the Declaration of Helsinki.
The patients were examined before the start of therapy (t1) and
after 3 weeks (t2), 6 weeks (end of treatment, t3), and 12–13 weeks
(end of observation period, t4). Capsules with 200 mg NAC or placebo were administered at a daily dose of 1.8 g for 6 weeks starting at t1. During this period both treatment arms were subjected to
a standardized resistance training program. Both treatment groups
showed a similar compliance rate for the treatment and exercise
program (17/18 for placebo and 19/20 for NAC). The physical activity before and during the study was monitored by a standardized protocol and found to be similar in the two treatment groups.

Patients and methods
Randomized double-blind clinical trial on the effect of NAC
in combination with a program of physical exercise
Frail patients of a geriatric day clinic and rehabilitation ward were
recruited consecutively between 15 November 2000 and 30 September 2001. Inclusion criteria were: age over 65 years, ambulant
status, and informed written consent. Excluded were patients with
severe cardiac conditions, metabolic, neurological, or cognitive impairments, acute or terminal illness, oral corticosteroid or NAC
medication, and NAC incompatibility. The trial profile is shown in
Fig. 1. From 320 patients screened 44 were randomized, 19 plus 21
started treatment and exercise, 18 plus 20 were evaluable at t3 and
16 and 20 were evaluable at t4 in the placebo and NAC group.
Most of the remaining 276 patients were excluded for reasons indicated in the specific exclusion criteria listed above, some others did
not want to participate in the study, and a few others had to be excluded for logistical reasons such as geographical distance. Randomization and blinding of the medication was performed, and the
code was kept by the Biostatistics Unit of the German Cancer Research Center (L.E.). Medical status, comorbidity, medication, and
functional status were documented at baseline examination. The
Barthel/Mahoney Activities of Daily Living Index, the Lawton/
Brody Instrumental Activities of Daily Living Index, the Mini
Mental State Examination, and the Geriatric Depression Scale were
determined as described [13]. (Baseline data and complete trial

Resistance training of the lower extremities
The high-intensity progressive resistance training of functionally
relevant muscle groups 3 days a week for 6 weeks was essentially
performed as described previously [13]. Resistance was set at
70–90% of the maximal workload [33], and the load was increased at each session, as tolerated by the patient. Knee and hip
extension were trained by leg press in a sitting position. Knee
flexion was performed seated in three sets of 15 lifts. The trained
legs were attached to a cable pulley system by ankle cuffs. Ankle
plantar flexion was performed by heel rises during erect standing.
Resistance training was followed by stretching of trained muscles.
Tests for muscle function
The “one-repetition maximum” was used as a measure of maximal
dynamic concentric muscle strength of hip and knee extension
(Leg press, Kaphingst, Lahntal, Germany). Knee extension, knee
flexion and plantar flexion were also isometrically tested at a measuring unit (Diagnos-40, Schnell, Peutenhausen, Germany) which
was not used as a training machine to minimize improvement related to motor learning. Handgrip strength was assessed by a dynamometer (Vigorimeter , Kaphingst) to control for strength in untrained muscle groups [13].
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Tests for physical and cognitive function
Standardized tests for maximal gait speed, stair-climbing, chair
rise, timed-up-and-go, and Tinetti’s Performance Orientated Mobility Assessment were performed as described [13]. Health problems or complaints, adherence to training, and pharmacological
intervention were documented at each session. Cognitive functions were determined by speed-based tests, i.e., by an age-adjusted modified trail making test and a modified digit-symbol substitution test as described [34]. All time measurements were converted into reciprocal data so that positive changes (%) in all 13 parameters (Table 2) indicate improvements.
Determination of blood parameters
Plasma amino acids (including arginine) were determined with the
amino acid analyzer, and albumin was determined with a commercial kit (Sigma, Steinheim, Germany) as described previously
[20]. The plasma concentrations of TNF-α (Biosource Europe,
Nivelles, Belgium), growth hormone, IGF-1, and erythropoietin
(IBL, Hamburg, Germany) were determined by enzyme-linked immunosorbent assay according to the manufacturer’s protocols. Insulin was determined by radioimmunoassay (Shering, Berlin, Germany), glucose by the hexokinase method (Beckman-Coulter,
Krefeld, Germany), and lactate by the lactate dehydrogenase
method [35].
Statistical analysis
The statistical evaluation of individual changes (percentages) was
performed separately for the two treatment groups (Table 1) by the
paired t test for dependent samples (two-tailed). Table 1 and Fig. 2
show also the SEM. The changes in the two treatment groups were
statistically compared by Student’s t test for independent samples
(two-tailed). To reduce the number of parameters in the statistical
analysis we compared also the sum of the changes in strength parameters of the two treatment groups. Correlations between parameters
were described by scatter plots, linear regression functions (Fig. 2)
and by Pearson’s correlation coefficient (r). The regression functions
SP=a ARG+b were used to adjust the dependency of the strength parameters (SP) on NAC treatment for the baseline arginine level at t1
(ARG) as confounding parameter. The adjusted relative strength is
defined as: SPadjusted=(SP−b)/(a ARG).

Table 1 Medical and functional status at baseline; there were
no significant differences between randomized groups at
baseline in all patient characteristics (n=number, ADL Activities of Daily Living,
IADL Instrumental Activities of
Daily Living, MMSE Mini
Mental State Examination,
GDS Geriatric Depression
Scale, RM repetition maximum) examination

Fig. 2a–c Correlation between performance parameters and plasma arginine levels. a Correlations between changes in strength parameters during the 12–13 weeks observation period (i.e., between
t1 and t4) and plasma arginine levels at baseline examination (t1).
b, c Correlations of the baseline values of the five strength parameters and six motor performance parameters with the arginine level at t1. A Leg press; B knee extension; C knee flexion; D ankle
plantar flexion; E hand grip; F chair rise; G timed up and go;
H stair climbing; I walking speed; K step frequency; L performance-oriented motor assessment. Parameters based on time measurements are expressed as reciprocal values to ensure that higher
values correspond to higher performance. To compare the different
performance parameters at baseline examination on the same
scale all performance parameters were normalized in this case by
expressing the data as percentage of the best performer. Dashed
lines (a–c) Correlations between the sum of the changes in the
three isometric strength paramters B−D (P<0.05), the sum of all
five strength parameters at t1 (P<0.03), and the sum of the six motor performance parameters at t1 (P<0.02) with the arginine level
at t1

Age (years)
Total medication (n/day)
Comorbidity (n)
ADL (score)
IADL (score)
MMSE (score)
GDS (score)
Gait speed (m/s)
Physical activity, baseline (score)
Plasma arginine concentration (µM)
Strength, both legs (1 RM, leg press, kg)
Knee extension (N)
Knee flexion (N)
Ankle planar flexion (N)
Hand grip, untrained control! (kPa)
Chair rise, reciprocal (1/s)
Timed-up-and-go, reciprocal (1/s)
Stair climbing, reciprocal (1/s)
Walking speed (1/s)
Step frequency (1/s)
Performance oriented motor assessment (score)

Placebo (n=19)

NAC (n=21)

76.3±6.0
6.0±3.3
6.6±2.8
95.8±6.1
7.6±1.0
29.1±1.3
3.6±3.8
1.20±4.29
7.77±5.23
82.9±23.9
210±50
177±54
78.5±25.5
151±55
147±40
0.068±0.023
0.095±0.034
0.114±0.054
1.97±0.34
1.20±0.43
22.9±5.1

77.3±8.8
4.7±2.1
6.1±2.3
95.5±6.1
7.2±1.4
27.8±2.7
3.8±3.0
1.17±0.35
7.73±4.86
76.7±15.4
205±60
152±59
73.1±21.7
149±52
135±43
0.070±0.019
0.093±0.035
0.115±0.062
1.99±0.31
1.19±0.35
21.5±4.6
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Results
The variable response of elderly subjects
to physical exercise
In line with earlier reports [11, 12, 13], our exercise program led to a mean improvement of the five strength parameters and six motor functions in both treatment
groups (Tables 2 and 3). However, because the handgrip
served as an untrained strength parameter, and because
the dynamic strength parameter leg press was tested in
the training device and therefore believed to reflect
mainly the effect of the training on learning and coordination [36, 37], these two parameters were considered as
control parameters only in the further analysis of the
strength parameters. The other three (isometrically tested) strength parameters showed at the end of the observation period in 31% of the patients with placebo lower
than preexercise values. (The lower panel of Fig. 2a
shows the sum of the changes in the three isometrically
tested strength parameters.) We therefore determined
whether the training response of the placebo group as defined by the changes in strength between t1 and t4 are
correlated with one of the baseline parameters. The results showed indeed significant correlations between the
sum of the changes in the three isometric strength paTable 2 Changes in muscular
performance during a program
of physical exercise and treatment with N-acetylcysteine
(NAC) or placebo (t1−t3).
Changes between begin and
end of the treatment and exercise program (6 weeks)

*P<0.05, **P<0.02,
***P<0.01, 4*P<0.005,
5*P<0.001 (paired t test)

rameters (Fig. 2a, P<0.05) or the changes in all five
strength parameters (r=+0.55, P<0.04, data not shown)
and the baseline arginine level. In contrast, these training
responses were not significantly correlated with the sum
of the baseline strength parameters, or the plasma levels
of lactate, IGF-1, or cystine, i.e., a major determinant of
the plasma redox state (not shown). The regression functions in the upper panel of Fig. 2a indicate the changes in
the individual strength parameters, including the isometric strength parameters B−D and the control parameters
A and E.
The sum of the changes in the motor performance parameters was inversely correlated with the corresponding
baseline performance (r=−0.56, P<0.01) and also with
the postabsorptive (i.e., resting) plasma lactate level at t2,
i.e., during the program of physical exercise (r=−0.76,
P<0.005) and with the IGF-1 level (r=+0.59, P<0.05)
but not with the plasma arginine level at baseline examination (P=0.76, data not shown).
To determine whether the performance before exercise is also correlated with the arginine level, we normalized all performance parameters of t1 by setting the best
performer to 100%. The results show that the sum of the
five strength parameters and the sum of the six motor
performance parameters were both significantly correlated with the arginine level (Fig. 2b, c; P<0.03 and

Strength parameter

Placebo

NAC

Leg press (A)
Knee extension (B)
Knee flexion (C)
Ankle planar flexion (D)
Hand grip strength (untrained control!) (E)

51.67±5.695*
8.93±3.72*
16.50±5.69***
9.02±3.94**
1.51±1.68

49.10±6.385*
17.95±2.235*
19.49±3.795*
9.93±3.05**
1.30±2.23

Motor performance
Chair rise (F)
Timed-up-and-go (G)
Stair climbing (H)
Walking speed (I)
Step frequency (J)
Performance-oriented motor assessment (K)

22.23±6.99*
13.97±5.96
14.91±6.61
15.23±5.47**
8.03±2.57***
6.51±4.67

22.65±5.994*
21.24±7.01*
22.87±6.634*
21.11±5.475*
10.66±2.705*
12.39±2.295*

Table 3 Changes in strength during the entire observation period (t1−t4). Changes (% ±SEM) between beginning and end of the observation period (12–13 weeks).
% Change

Leg press (control parameter tested
in training device) (A)
Knee extension (B)
Knee flexion (C)
Ankle planar flexion (D)
Hand grip strength
(untrained control!) (E)
Sum of changes in isometric
strength parameters B–D
Sum of changes in all strength
parameters A–E

% Change adjusted
for confounding parameter

Comparison between
treatment groups

Placebo

NAC

Placebo

NAC

45.86±5.32*

44.32±5.22*

1.06±0.66

0.70±0.73

P=0.77

15.75±3.28*
17.69±4.61*
10.03±3.94**
1.58±2.22**

0.96±0.20
0.99±1.46
1.00±0.13
0.95±0.30

1.65±0.15
1.46±0.17
1.38±0.24
1.28±0.27

P<0.01
P<0.05
P0.16
P=0.43

16.98±14.67

43.47±9.33

0.98±0.14

1.51±0.16

P<0.03

60.80±17.59

89.37±10.98

0.98±0.12

1.44±0.13

P<0.02

2.76±5.69**
7.61±7.19**
7.08±4.19**
1.01±3.21**

*P<0.001 for the longitudinal changes (paired t test), **P>0.05
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P<0.02, respectively). The sum of all 11 muscular parameters showed also a significant correlation (P<0.02,
not shown). Among all protein-forming amino acids plus
taurine and ornithine only arginine (P<0.02), alanine
(P<0.01), methionine (P<0.03), and the branched-chain
amino acids (P<0.03) but neither glutamine (P=0.7) nor
the total amino acids (P=0.10) showed significant correlations with the baseline performance (sum of the 11
muscular functions), and only the arginine level was a
significant predictor of the changes in the strength parameters during the exercise program (Fig. 2a).
Effect of NAC on the plasma TNF-α level
and other blood parameters
The placebo group showed during the treatment period
(t1–t3) and observation period (t1–t4) a mean increase in
the plasma TNF-α level by 21.4±12.9 and 35.8±11.2%,
respectively which was not seen in the NAC group
(2.5±8.3 and 9.0±6.5%, respectively, P<0.07 and P<0.04
for the differences between treatment groups; Fig. 3A).
The plasma TNF-α level showed, in contrast to the muscular performance parameters, at baseline examination
(t1) and during the exercise program (t2) highly significant correlations with the plasma cystine level (r=+0.49,
P<0.002, and r=+0.66, P<10−5, respectively).
Neither the NAC group nor the placebo group showed
significant changes in the arginine level during the period
t1–t3 (6.8±5.8 and 5.6±3.9%, respectively) or t1–t4
(3.8±4.9 and 7.1±7.2%, respectively, Fig. 3B), and the
resting plasma lactate levels of the NAC and placebo
groups at t2 were also not significantly different
(1.68±0.11 and 1.78±0.12 mM, respectively). Similarly,
the plasma IGF-1 concentration and the change in IGF-1
level of the NAC group (54.4±4.8 µg/l, 9.7±9.4%) and
the placebo group (73.1±6.5 µg/l, 1.5±4.1%) were not
significantly different, and the growth hormone concentration and change in growth hormone level during the
treatment and exercise period (t1–t3) were also not significantly different between the NAC group (3.3±0.6 µIU/ml,
102.2±59.7%) and the placebo group (2.8±0.6 µIU/ml,
43.2±29.1%).
In line with a previous study [27] the NAC-treated
group showed at the end of the treatment period (t3) a
mean increase in plasma erythropoietin level by
161.0±71.0% over the baseline level (P<0.04 by the
paired t test), but the difference to the placebo group
(19.8±22.1%) was not statistically significant (P=0.07).
The glucose/insulin ratio, i.e., an indicator of insulin responsiveness, showed at the end of the observation period (t4) an increase in the NAC-treated group by
11.6±12.6% and a decrease in the placebo group by
16.9±10.1% over the baseline value, but the difference
between the treatment groups was again not significant
(P=0.10). Neither the NAC group nor the placebo group
showed a significant change in the plasma albumin level
between t1 and t4 (−0.3±3.3% and −2.9±3.6%, respectively) and in the plasma level of sulfate (a catabolic

Fig. 3A–C Effect of N-acetylcysteine on biochemical parameters
and muscular performance during a program of physical exercise.
The data indicate the relative increase (percentage) in TNF-α level, arginine level, and knee extension strength during the 6-week
treatment and exercise program (tp) and during the 12 to 13-week
observation period (op). Filled circles Placebo; open squares NAC

product of cysteine) between t1 and t2 (0.08±0.02% and
0.06±0.01%, respectively).
Effect of NAC on strength and motor functions
The two control parameters leg press and hand grip (see
above) showed after the training program (t3) in the placebo group marginally greater improvement than the
NAC-treated group. (Hand grip served as the untrained
control parameter and leg press was tested in the training
device.) All the other parameters (9 of 11) showed greater
improvements in the NAC-treated group (Fig. 3C, Tables
2, 3). The increase in knee extension strength of the
NAC-treated group was at t3 about twice as high as that
of the placebo group (17.95±2.23 vs. 8.93±3.73%, respectively, P<0.05 for the difference between treatment
groups) and was maintained at a relatively high level during the follow-up period. In view of the strong correlation
between muscular performance and baseline arginine level (Fig. 2), NAC had to prove itself against the disadvantage that the NAC group happened to have a lower mean
arginine level at baseline (76.7±3.4 µM) than the placebo
group (82.9±5.5 µM). When adjusted for the baseline arginine level as a confounding parameter according to the
equation described above (“Statistical analysis”), the sum
of the strength parameters also showed a significant difference between treatment groups (Table 3). We therefore
determined the effect of NAC on the subgroups of patients with lower or higher than median (77.4 µM) arginine levels. At the end of the observation period (t4) the
placebo subgroup with low arginine had significantly less
increase on average of all 11 muscular performance parameters than both the NAC subgroup with low arginine
(P<0.03, Fig. 4a) and with the placebo subgroup with
high arginine levels (P<0.05, Fig. 4b). More importantly,
it had even lower than preexercise values in four of the
five strength parameters (Fig. 4a). These negative effects
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Fig. 4a,b Effect of NAC on patients with different baseline arginine levels. The data indicate changes in performance parameters
(for symbols see legend to Fig. 1) during the 6-wks treatment and
exercise program (t) and during the 12 to 13-week observation period (o). Filled circles Placebo; open circles NAC. a Subgroups of
patients with plasma arginine lower than 77.7 µM (median).
b Subgroups with arginine higher than 77.7 µM. αP<0.05 placebo,
arginine below median vs. NAC, arginine above median; βplacebo,
arginine below median vs. placebo, arginine above median

were not seen in the NAC-treated group (Fig. 4). The
mean arginine levels of the NAC and placebo subgroups
with less than median arginine were almost identical (i.e.,
66.6±4.0 and 65.6±3.0 µM, respectively). The NACtreated subgroup with less than median arginine level had
a mean arginine level (87.8±2.7 µM) somewhat lower
than that of the corresponding placebo subgroup
(97.2±7.1 µM), and its performance was also slightly but
not significantly less (Fig. 4b).
Effect of NAC on cognitive functions
The two cognitive tests, i.e., the trail-making test and the
digit symbol substitution test, revealed no significant
changes in the placebo group (9.40±6.93 and 2.42±3.71%,
respectively), and a significant improvement (P<0.05) in
the NAC-treated group (18.69±6.58 and 9.50±3.43%, respectively), but the differences between the two treatment
arms were not statistically significant. Also, the changes
in the two cognitive parameters were not significantly correlated with the plasma arginine level (not shown).

Discussion
The major conclusions from this study are (a) that the
muscular performance of elderly subjects is correlated

with the postabsorptive plasma arginine levels, and (b)
that NAC treatment improves the overall performance of
frail elderly subjects with a low arginine level and causes
a decrease in plasma TNF-α levels. The role of the resting lactate level remains to be clarified.
Earlier studies suggested that the age-related loss of
muscle mass and function may largely result from the decrease in muscular protein synthesis [38, 39, 40]. TNF-α
inhibits muscular protein synthesis [41, 42] and induces
protein breakdown [43]. TNF-α levels increase in frail elderly subjects and have been implicated in muscle wasting [29, 30], insulin resistance [44], and dementia [45].
Our finding that TNF-α is correlated with the plasma cystine level suggests (a) that the effect of NAC on the
TNF-α level is mediated through changes in the plasma
redox state, and (b) that the age-related increase in
TNF-α levels results from the shift in thiol/disulfide redox state which has been reported earlier [20]. We have
been dealing with elderly subjects who are generally believed to have higher TNF levels than younger subjects.
The absolute baseline TNF levels were 22.5±2.3 and
20.7±1.8 pg/ml in the NAC and placebo-treated groups,
respectively. Irrespective of its magnitude, the statistically significant effect of NAC on the TNF level is mechanistically interesting because TNF is known to be regulated by the redox-responsive transcription factor nuclear
transcription factor κB. We acknowledge that relatively
high TNF levels are needed to demonstrate rapid and
strong effects on muscular protein synthesis in experimental studies. However, the aging-related loss of skeletal muscle mass and muscle function per time unit! is relatively small. There is thus a strong possibility that the
(moderate) increase in TNF level in the control population and the statistically significant decrease in the NACtreated group may have an effect on the process of agingrelated wasting. The plasma cystine level was previously
shown to be correlated with plasma glutathione disulfide
and mixed protein-cysteine disulfide levels [46].
The correlation between muscular performance and arginine level (Fig. 2) is interpreted as a comodulating effect
of the arginine level on muscular protein synthesis in old
age. Protein synthesis is regulated at the translational level
through p70 S6 kinase [47, 48]. While insulin and muscular activity are the most prominent inducers of muscular
p70 S6 kinase and protein synthesis [49], certain amino
acids play also a regulatory role [47]. Arginine or leucine
deficiency inhibits p70 S6 kinase independent of insulin,
and high amino acid concentrations stimulate p70 S6 kinase activity even in the absence of insulin, suggesting
that the free amino acid level plays a decisive role in the
postabsorptive period and in old age when insulin responsiveness [50] and muscular activity are relatively low. The
availability of amino acids was also shown to regulate
muscular protein synthesis in vivo [51, 52], and amino acids synergize with insulin in the suppression of proteolysis
[53]. Other functions of arginine, however, including its
role as a biosynthetic precursor of creatine, carnitine, and
nitric oxide may also contribute to the correlation between
arginine level and muscular performance.
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A low plasma free amino acid level may result either
from an inadequate protein diet or from a high rate of
protein synthesis in (some of) the muscle tissues [54]
which may be mediated by muscular activity or by insulin stimulation, i.e., through dietary carbohydrate. Average arginine levels in young and elderly subjects do not
differ markedly. Our analysis (Dröge, unpublished observation) of postabsorptive plasma arginine levels of more
than 200 randomly selected healthy subjects of both
sexes revealed 86.0±24.8, 87.4±34.7, 89.1±26.3, and
97.8±39.9 µM for the age groups of 20–35, 35–60,
60–70, and over 70 years, respectively. Elderly subjects,
however, show significantly decreased plasma thiol (cysteine) levels [20]. The fact that elderly with plasma arginine levels lower than 77 µM do not show the relativley
poor muscular performance, if supplemented with a
source of cysteine (Fig. 4), suggests therefore (a) that the
aging-related impairments of skeletal muscle function
and quality of life are related to the decrease in cysteine
concentration, and (b) that the consequences of the limited cysteine availability are aggravated by a low arginine
level. The fact that the muscular performance, in contrast
to the TNF-α level, was not correlated with the plasma
cystine level suggested strongly that the effect of NAC
on muscular performance was not mediated by the redox
state but rather by the availability of cysteine. Even a
several-fold higher plasma concentration of cystine cannot substitute for cysteine as a precursor for intracellular
glutathione and protein biosynthesis because most somatic cells and tissues have little or no cystine transport
activity [55].
In human subjects NAC treatment has been shown to
have a number of effects which are potentially related to
its effect on muscle functions and aging [20, 26, 27, 28]
(see “Introduction”). In experimental animals NAC and
other related compounds have been shown to enhance
longevity and to ameliorate certain age-related changes
including the decrease in oxidative phosphorylation in
liver mitochondria (reviewed in [56]). Intragastric cysteine supplementation suppresses protein ubiquination
and myosin heavy-chain degradation in skeletal muscle
[57]. Dihydrolipoate, which is generated from α-lipoic
acid by intracellular reduction, can be released from
the cells and reduce extracellular cystine to cysteine.
Through this mechanism α-lipoic acid increases the cellular availability of cysteine and raises intracellular levels of glutathione similar to NAC (reviewed in [58]). In
analogy to our findings in patients, α-lipoic acid has
been shown to ameliorate various manifestations of aging in rodents including the decrease in cognitive functions [17, 59], mitochondrial decay [17], and other manifestations of oxidative stress [17, 18, 58, 59]. The increase in intracellular glutathione may ameliorate among
other things the enhancement of protein catabolism by
reactive oxygen species [60, 61], or TNF-α [43].
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