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Previous studies, conducted on experimental animals, 
have indicated that reactive oxygen species (ROS) are 
involved in the aging process. The objective of this 
work was to study the relationship between oxidative 
damage and human skeletal muscle aging, measuring 
the activity of the main antioxidant enzymes super- 
oxide dismutase (total and MnSOD), glutathione per- 
oxidase (GPx) and catalase in the skeletal muscle of men 
and women in the age groups: young (17--40 years), 
adult (41-65 years) and aged (66-91 years). We also 
measured glutathione and glutathione disulfide (GSH 
and GSSG) levels and the redox index; lipid peroxida- 
tion and protein carbonyl content. Total SOD activity 
was lower in the 66-91 year-old vs. the 17-40 year-old 
men; MnSOD activity was significantly greater in 66- 
91 year-old vs. 17-40 year-old women. GPx activity 
remained unchanged. The activity of catalase was 
lower in adults than in young men but higher in the 
aged. We observed no changes in GSH levels and 
significantly higher GSSG levels only in aged men vs. 
adult men, and a significant decrease in aged women 
vs. aged men. The protein carbonyl content increased 
significantly in the 41-65 and 66-91 year-old vs. the 17- 
40 year-old men. Finally, young women have lower 
lipid peroxidation levels than young men. Significantly 
higher lipid peroxidation levels were observed in aged 

men vs. both young and adult men, and the same trend 
was noticed for women. We conclude that oxidative 
damage may play a crucial role in the decline of func- 
tional activity in human skeletal muscle with normal 
aging in both sexes; and that men appear to be more 
subject to oxidative stress than women. 

Keywords: Skeletal muscle, lipid peroxidation, sex, aging, 
antioxidant enzymes 

INTRODUCTION 

There  are  va r ious  theor ies  a b o u t  the poss ib le  

causes  of  aging;  m a n y  of  w h i c h  agree  and  each  
of  w h i c h  is s u p p o r t e d  b y  scientific ev idence ,  [11 

one  a d d r e s s i n g  the i n v o l v e m e n t  of  ox ida t ive  

d a m a g e  i n d u c e d  b y  react ive o x y g e n  species  
(ROS). [2~ 

Two t issues tha t  are pa r t i cu la r ly  vu lne rab le  to 

ox ida t ive  stress are the centra l  n e r v o u s  s y s t e m  

a n d  musc le ,  bo th  of  t h e m  con ta in ing  pos tmi to t i c  

* The present study was carried out in association with other research teams as part of the Sigma Tau Neurigen Project, "Recent 
Drugs for Peripheral Neuropathies'. 
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cells which are liable to accumulate oxidative 
damage over time, and both of which use a large 
amount of oxygen. Muscle mass and strength 
decrease with age: [3] type II fiber atrophy has been 
observed in the elderly; E41 a decrease in the 
mitochondrial volume, in the muscle respiratory 
rate and in the muscle content of mitochondrial 
enzymes. ~5"61 Thus, mitochondria are believed to 
be involved in the aging process. ~7~ 

As the main source of cell energy, mitochondria 
are considered to be among the most frequently 
affected ROS targets. ROSs are produced in 
mitochondria during respiratory chain electron 
transport and they should be rapidly transformed 
into more inactive species by the antioxidant 
enzymes superoxide dismutase (SOD), glutathi- 
one peroxidase (GPx) and catalase. However, the 
increased production of ROSs described during 
aging [8[ might not be counteracted by a concomi- 
tant increase in antioxidant enzyme activity. I91 

In addition to enzymatic antioxidant activity, 
glutathione also plays a protective role. The con- 
centrations and the ratio of GSH vs. glutathione 
disulfide can undergo dynamic changes in differ- 
ent physiological and pathological situations, 
thus it provides a sensitive measure of oxidative 
stress [1°1 and an index of cells' ability to cope 
with stressful conditions. Furthermore, muscle 
has little ability to synthesize GSH de novo; thus, 
muscle take up GSH mainly from extracellular 
sources. [11] 

The degree of membrane lipid peroxidation, 
detected by means of malondialdehyde and 4- 
hydroxy-2-nonenal production, and the protein 
carbonyl content are useful indexes of tissue 
damage. [12,13] 

The effects of aging on skeletal muscle antiox- 
idant systems may be quite different from those in 
liver, kidney, brain and heart: ~14j recent evidence 
reported a marked enhancement in rat muscle 
antioxidant enzymes in old age; f151 however, few 
data are available on human skeletal muscle aging. 

There is also a significant difference between 
sexes in aging. Rikans and coauthors E161 reported 
that cytosolic SOD (CuZnSOD) and GPx activities 

displayed sex-dependent variations in rat liver. 
In human aging there are also sex differences: 
in women estrogens protect cultured neurons 
against lipid peroxidation induced both by FeSO4 
and amyloid fl-peptide. [171 

The purpose of this study was to investigate the 
effects of aging on the activities of SOD, catalase 
and GPx in human muscle samples from men and 
women in three different age groups: young (17- 
40), adult (41-65) and aged (66-91). Secondly, we 
tried to identify whether the cellular GSH and 
GSSG levels and the redox index, are compro- 
mised during aging and whether a sex difference 
exists. Finally, we quantified the influences of 
age and sex on both protein carbonyl content and 
lipid peroxidation. 

MATERIALS A N D  METHODS 

Chemicals 

All chemicals used in this study were from Sigma 
Chemical Co. (St. Louis, MO, USA) and were of 
analytical grade or the highest grade available. 

Subjects 

Human muscle biopsy samples were obtained 
with informed consent, from 120 hospitalized 
patients who had undergone orthopedic surgery 
under general anesthesia. On the whole, men and 
women who participated to this study were in a 
healthy state. 

Muscle samples were essentially of three types: 
vastus lateralis, rectus abdominis and gluteus 
maximus. 

Of the 120 samples 57 were from men and 63 
were from women. Samples were divided into 
three groups according to the age of the donor: 
young (17-40, n - 1 9 ,  11 men and 8 women, 
average age 28.3), adult (41-65, n = 53, 26 men 
and 27 women, average age 53) and aged (66-91, 
n = 48, 20 men and 28 women, average age 75.8). 
According to age, no statistical differences were 
reported in the young group. 
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AGING, SEX DIFFERENCES IN ROS 289 

The total weight of each muscle sample ob- 
tained during the biopsy was about 3 g, of which 
we used 150-200 rag. 

Preparation of Tissue Samples 

To measure the activity of the three main anti- 
oxidant enzymes (SOD, GPx and catalase) and the 
lipid peroxidation levels, muscle samples were 
weighed and diluted 20% w/v  in 20mM Tris- 
HC1, pH 7.4. Samples were homogenized twice: 
once with a Polytron and the second with a Potter 
Braun homogenizer. Part of the homogenate was 
used for lipid peroxidation level determination, 
and the rest was centrifuged at 5000 x g for 10 rain. 
The supernatant fraction was used to evaluate the 
total SOD activity; MnSOD activity was deter- 
mined using the mitochondrial fraction obtained 
after two homogenizations of the muscle tissue in 
0.32 M sucrose and 1 mM ethylenediaminetetra- 
acetate (EDTA) buffer (IM) and a 800 x g centrifu- 
gation for 15 rain. Supernatants were centrifuged 
again at 14000 x g for 20 min, and the mitochon- 
drial sediment was resuspended in sucrose- 
EDTA to obtain a dilution of 10 mg supernatant 
in 0.1 ml sucrose. 

The muscle samples used for the glutathione 
level evaluation were weighed, homogenized in 
5% sulfosalicylic acid (SSA) 10% w/v, and cen- 
trifuged at 9500 x g for 5 rain. After the centrifu- 
gation we used the supernatant fraction to 
measure the glutathione content. 

Finally, to assay protein carbonyl content, hu- 
man muscle samples were homogenized in 5 mM 
phosphate buffer (pH 7.5) with protease inhibi- 
tors (leupeptin 0.5 ~tg/ml, aprotenin 0.5 ~tg/ml, 
and pepstatin 0.7 pg/ml) and 0.1% Triton X-100. 
The homogenate was centrifuged at 700x g for 
20 rain and the biochemical analysis performed 
on the resulting supernatant. 

Procedure 

The total (10 ~tM KCN) and the MnSOD (1 mM 
KCN) activities were measured by monitoring 

at 550nm the rate of cytochrome c reduction 
by superoxide radicals (02-) produced by a 
xanthine/xanthine oxidase system. ~18~ 

Catalase activity was detected spectrophoto- 
metrically at 240 nm by measuring H202 decay. ~19j 

GPx activity was evaluated by spectrophoto- 
metrically measuring at 340 nm NADPH oxida- 
tion in the presence of GSH and hydrogen 
peroxide (H202) .~201 Malondialdehyde and 
4-hydroxy-2-nonenal were evaluated colorimetri- 
cally at 586nm according to Esterbauer and 
Cheeseman method. [211 

Total glutathione levels (data not shown) were 
assayed in the 5% SSA supernatant in the presence 
of 5-5~-dithionitrobenzoic acid (DTNB). The rate 
of DTNB reduction was monitored at 412 nm. [22] 
Glutathione disulfide (GSSG) was measured 
according to the same method after derivatization 
of GSH with 2-vinylpyridine. Both the reactions 
started after the addition of glutathione reductase. 
GSH was calculated as difference between total 
glutathione and GSSG. 

Protein carbonyl content was detected using the 
2,4-dinitrophenyl hydrazine (DNPH) proce- 
dure. [23] The difference between the DNPH- 
treated and the HCl-treated (blank) samples was 
determined at 366 nm and the results were ex- 
pressed as nmol carbonyl groups/mg of protein 
using an extinction coefficient of 22,000M -~- 
cm -~. Sample protein concentration was evalu- 
ated using bovine albumin as a standard.[24] 

Statistical Analysis 

Statistical analysis was carried out with the 
Student's t test; and differences were considered 
statistically significant at p < 0.05. 

RESULTS 

Total SOD and MnSOD 

As reported in Table I, total SOD activity 
decreased in aged men, but no differences were 
observed between men and women. MnSOD 
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TABLE I Age-related changes  in total, MnSOD, GPx activities and  in GSH, GSSG levels and  the  redox index,  ([GSH]--  
2[GSSG])/(2[GSSG] x 100), eva lua ted  in 17-40, 41-65 and  66-91 year-old m e n  and  women .  The va lue  are expressed  as 
m e a n s  ± SEM 

Age  group  Total SOD M n S O D  GPx GSH GSSG Redox index  
(years) (U/ rag  pr) ( U / m g  pr) ( m U / m g  pr) ( n m o l / g  tissue) ( n m o l / g  tissue) 

17-40 Men  38.4 ± 12.9 44.8 ± 11.2 160 i 41.1 643 ± 56.2 63.1 J_ 12.6 0.07 ± .01 
W o m e n  185 i 4.7 33.3 4- 9.5 114 ± 25.7 879 ± 115 36.1 ± 6.5 0.13 ± .01 ~ 

41-65 Men  20.1 ± 4.5 73.1 ± 14.5 222 ± 43.5 649 i 86 58.7 ± 13.8 0.13 4- .03 
W o m e n  19.8 ± 15.6 64.7 ± 11.9 155 ± 21.4 803 i 105 69.8 ± 14.6 0.07 ± .02 

66-91 Men  10 ± 3.6 ° 80.3 i 19.4 171 ± 27.2 690 i 128 285 J- 83.9* 0.03 ± .01 °'* 
W o m e n  17.1 ± 2.3 94.8 J_ 215 185 ± 23.8 788 i 137 89.8 ± 32 # 0.08 ± .02 # 

Op < 0.05, 66-91 year-old vs. 17-40 year-old men;  Sp < 0.05, 66-91 year-old vs. 17-40 year-old women ;  *p < 0.05, 66-91 year-old vs. 
41-65 year-old men;  ~p < 0.05, 17-40 year-old m e n  vs. 17-40 year-old women ;  #p < 0.05, 66-91 year-old m e n  vs. 66-91 year-old 
women.  

activity was significantly higher in the 66-91 year- 
old women vs. the 17-40 year-old women.  

GPx and Catalase Activity 

GPx activity showed no differences between the 
experimental groups (Table I). Age-dependent  
changes in catalase activity are reported in 
Figure 1A. We observed a significant decrease 
(p < 0.05) in adult  vs. young men, and a significant 
increase in old vs. adul t  men. No changes were 
obtained in the female groups, or between men 
and women.  

GSH, G S S G  Levels  and Redox  Index 

The age-related changes in GSH and GSSG levels 
are reported in Table I. GSH levels remained 
unchanged both with aging and between the 
two sexes. As regards GSSG, we observed a 
significant increase in 66-91 vs. 41-65 year-old 
men; and a significant decrease in the aged 
women vs. the aged men. Table I also reports the 
age-dependent  changes in cell redox state ex- 
pressed by the redox index: ([GSH] + 2[GSSG])/ 
(2[GSSG] x 100). The redox index is significantly 
higher in young  and aged women  vs. young and 
aged men respectively. With regard to age- 
dependent  changes in the cell redox state, aged 
men showed significantly lower levels vs. both 
young and adult  men. 

Protein Carbonyl  Levels  

The protein carbonyl content increased signifi- 
cantly in the 66-91 year-old men compared to both 
the 17-40 and the 41-65 year-old men, Figure lB. 
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FIGURE 1A and  B 
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FIGURE 1C 

FIGURE 1 Aging and sex differences on catalase activity 
(A), protein carbonyl content (B) and lipid peroxidation levels 
(C) in skeletal muscle of men and women in three experimen- 
tal groups: 17-40 (young group), 41-65 (adult group) and 
66-91 (old group). Values are expressed as means+SEM. 
*p < 0.05, 66-91 year-old vs. 41-65 year-old men; @p < 0.05, 
41-65 year-old vs. 17-40 year-old men; Op < 0.05, 66-91 year- 
old vs. 17-40 year-old men; Sp < 0.05, 66-91 year-old vs. 17-40 
year-old women; ~p < 0.05, 17-40 year-old men vs. 17--40 year- 
old women; ap < 0.05, 66-91 year-old vs. 41~55 year-old women. 

Lipid Peroxidat ion  Levels  

A significantly lower  level was observed in young  
wo m en  vs. their male counterpart ,  Figure 1C. 
In aged males we saw significantly higher  LPO 
levels in aged men  vs. both  young  and adul t  
men. The same increasing trend was noted in the 
female groups.  

D I S C U S S I O N  

There is a controversy as to whether  aging is 
associated with an increase or a decrease in 
cellular antioxidant  defence mechanisms.  1251 As 

regards age-dependent  changes in SOD activity, 
Lammi-Keefe  et al. t261 repor ted  an increase both 
in total and MnSOD activity in several types of 
rat skeletal muscle; while Carillo et al. [9] described 
no changes in SOD activity. Few data are available 
on the relationship between sex differences and 
SOD activity: CuZnSOD activity was lower in 
male than female rat liver in a s tudy  by  Ji et al. [27] 

As regards SOD activity and h u m a n  skeletal 
muscle,  Pansarasa et al. [281 have repor ted  a 

decrease in total SOD and an increase in the 
MnSOD. In our  study, we observed an age- 
dependen t  decrease in total SOD activity in 66- 
91 year-old men, while no changes were  noted 
in women.  This could be due  to the fact that 
total SOD could be a limiting factor in muscle 
defences against oxidative damage  in aged men. 
In 66-91 year-old w o me n  MnSOD activity was 
higher  than in young  women,  thus the SOD 
dismutat ion mechanism seems to play an active 
role in w o m e n  dur ing  aging. 

Almost  all of the studies previously  carried out  
to examine GPx and catalase activity used rat 
skeletal muscles. Ji et al. [15] showed  significantly 
higher  GPx activity, but  slightly lower mitochon- 
drial  isoform in aged rats (31 month-old) .  Our  
data show a non-significant t endency  of GPx 
activity to increase in both adult  men  and women.  
Previous work  on catalase activity showed  no 
changes in 26 month-old rats; and an increase in 
31 month-old  rats. [151 In accordance with these 
data, we observed a two-phase trend: first a sig- 
nificant decrease in adult  men  and then a sig- 
nificant enhancement  in aged men. No  changes 
were  noted in women,  and no sex differences 
were  observed in catalase activity. No significant 
changes were observed in GSH levels dur ing  
aging and between the sexes. We noted that 
men  have lower GSH levels than females. In aged 
men  we obtained significantly higher  GSSG 
levels with respect to adult  men,  and aging m a y  
cause significant alterations in glutathione status 
in male skeletal muscles. From our  data it seems 
that GSSG levels increase only in aged men: 66-91 
year-old w o m e n  have lower  GSSG levels than 
66-91 year-old men. A sex-dependent  alteration 
in the glutathione status is suppor ted  b y  the fact 
that the redox index is significantly higher  in 
young  w o m e n  than in young  men,  and the same 
results were  obtained in aged w o me n  vs. aged 
men. A decrease in the redox index was repor ted  
in aged men  vs. young  and adul t  men,  suggesting 
that skeletal muscles, like other  organs are u nde r  
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ox ida t ive  stress d u r i n g  ag ing ,  b u t  the p a t t e r n  is 

qu i te  complex .  

C o n c e r n i n g  a l te ra t ions  in  LPO levels  in  h u m a n  

m u s c l e  d u r i n g  ag ing ,  ou r  resul t s  ind ica te  s ignif i -  

can t ly  h ighe r  LPO levels  in  aged  m e n  a n d  w o m e n ,  

in  a g r e e m e n t  wi th  those o b t a i n e d  by  P a n s a r a s a  

eta/ .  [28] a n d  Mecocci  eta/ .  [29] Lower  LPO levels  

were  o b s e r v e d  in  y o u n g  w o m e n  vs. y o u n g  m e n ,  

cons i s t en t  w i t h  the pro tec t ive  effect of female  

sexua l  h o r m o n e s  aga ins t  l ip id  pe rox ida t ion .  O u r  

da ta  s h o w  h igh  LPO levels  b o t h  in  aged  m e n  

a n d  aged  w o m e n :  the two  sexes s h o w  the  s a m e  

suscep t ib i l i ty  to p e r o x i d a t i o n  because  of the 

fa i lure  of the pro tec t ive  role of e s t rogens  after 

m e n o p a u s e  d u r i n g  female  aging ,  w h i c h  m a k e s  

aged  w o m e n  m o r e  suscep t ib le  to LDL o x i da t i on  

a n d  to ca rd iovascu l a r  d isease  t h a n  aged  men .  [17] 

S ign i f ican t ly  h ighe r  p ro t e in  c a r b o n y l  con t en t s  

were  o b s e r v e d  in  66-91 yea r -o ld  m e n  c o m p a r e d  to 

17-40 year -o ld  men .  This agrees  w i th  resul t s  

r epor t ed  for the k idney,  b ra in ,  a n d  heart ;  ~3°J a n d  
for skeletal  musc le .  [28"291 

In  s u m m a r y ,  ou r  da ta  are cons i s t en t  w i th  

p r e v i o u s  e v i d e n c e  of the i n v o l v e m e n t  of ox ida t ive  

d a m a g e  in  the ag ing  process.  As r ega rds  sex 

differences,  it s eems  that  m e n  are m o r e  suscep-  

t ible t h a n  w o m e n  to a g e - d e p e n d e n t  c ha nge s  

in  e n z y m a t i c  a n d  n o n - e n z y m a t i c  a n t i o x i d a n t  

m e c h a n i s m s  in  skeletal  muscle .  
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