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Abstract: Hindlimb suspension or better known as hind-limb unloading (HLU) of rats is a validated model representing 

weightlessness, simulating microgravity. This is accomplished by removal of weight-bearing loads from hindquarters pro-

ducing a cephalic fluid shift. The current study examines whether exposure to microgravity by hind-limb unloading will 

activate oxidant/antioxidant defense system. Tissue levels of malondialdehyde (MDA), total glutathione (GSH+GS-SG) 

and superoxide dismutase (SOD) were measured in harvested tissues following HLU and reloading. To rule out any vari-

ability in normal dietary oxidant intake, all animals received in their diet Purina rat chow containing 9.6% soy meal (4.8% 

soy protein). Results show that tissues harvested from rats following 2 weeks of unloading had significantly elevated 

MDA levels ranging from 0.3 – 0.8 M/mg protein when compared to paired loaded controls (0.2 – 0.4μM/mg protein, p < 

0.5). Tissues from rats reloaded for 2 weeks following unloading decreased MDA levels from their peak values (p<0.05). 

GSH levels increased up to 350 M depending on tissues as a result of unloading, and two weeks of reloading decreased 

GSH levels to 250 M from their peak levels. SOD levels increased in all harvested organs in unloaded group ranging 

from 0.8 – 4.0 M with continued increase after two weeks of reloading, p < 0.05). Our data indicate that oxidative stress 

is induced during unloading as evidenced by increased tissue MDA levels. The response involves an increase in GSH and 

SOD levels, but two weeks of reloading decreased MDA and GSH levels, while further increasing SOD levels, implying 

the tissue adaptation to induced oxidative stress. 

INTRODUCTION 

 Weightlessness presents significant physiologic chal-
lenges to those in space for extended periods of time. Nu-
merous studies show that space flight may increase oxidative 
stress [1-3]. However, the results from many short and long-
term space flights on the oxidative responses provide con-
flicting results [4-7]. Employing rat hind limb unloading 
(HLU), a validated NASA animal model of simulated mi-
crogravity representing weightlessness [8], we have evalu-
ated the tissue specific oxidative response both under un-
loading and reloading conditions in rats fed a basal soy pro-
tein diet. Malondialdehyde, superoxide dismutase and glu-
tathione levels have been measured in tissues obtained from 
control and simulated microgravity induced conditions. This 
model has been tested over the years in organ systems such 
as bone and skeletal muscle and is now considered adaptable 
for ground-based simulated microgravity experiments. The 
selection of the dietary soy in our current study was based on 
the fact that soy protein is known to have anti-oxidative 
properties [9] and is commonly used as a dietary source 
throughout the world [10].  

 It is well known that rodents exposed to simulated mi-
crogravity show a decreased body weight gain. Under-
nutrition does not appear to be a likely factor in this pheno-  
menon, for unlike humans, rats are able to maintain food 
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intake and energy balance after the initial few days of space 
flight or suspension [11-14]. This suggests that the rodent 
model is useful to study metabolic effects in response to mi-
crogravity in the absence of nutritional deficits observed in 
humans. It has also been shown that oxidative stress occurs 
in humans and rats after return to 1 g following space flight 
[6]. This is presumably due to decreased antioxidant enzyme 
activity [6, 15-17].  

 Oxidative stress-induced lipid peroxidation damage in 
muscle tissue following exposure to microgravity has been 
well documented in the literature. Matsushima et al. [18], 
Fomina et al. [19], and Selsby, et al. [17] have each investi-
gated the effects of hind limb-unloading, reloading and im-
mobilization on oxidative damage in skeletal muscle. Onishi 
et al. [20] reported oxidative stress associated with hind limb 
unloading and spaceflight resulting in accumulation of 
mono-ubiquinated LDH in gastrocnemius skeletal muscle 
suggesting that oxidative stress induces mono- and poly-
ubiquination of LDH-A, which may be involved in lysoso-
mal degradation during HLU. Nikawa et al. [21] investigated 
key genes for elucidating the mechanisms of skeletal muscle 
wasting in space. They identified two spaceflight-specific 
gene expression patterns: (1) an imbalanced expression of 
genes in the mitochondrial electron transport system, and (2) 
an up-regulated expression of ubiquitin ligase oxidative 
stress-induced genes. Their data suggest that oxidative stress 
may play an important role in triggering protein-ubiquitina- 
tion in skeletal muscles atrophied by weightlessness. 

 Vaziri et al. [22] and Sangha, et al. [23] have provided 
evidence that cardiovascular adaptation to microgravity may 
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involve up-regulation of the nitric oxide (NO) vasodilator 
system. Since it also inhibits renal tubular sodium reabsorp-
tion, it may have a major role in the regulation of systemic 
vascular resistance and blood pressure [38]. 

 An improvement of the imbalance in the pro-oxidant/ 
antioxidant defense system may lessen the severity of the 
oxidative stress documented during space flight. Oxidative 
stress induces an increase in oxidation of membrane fatty 
acid moieties leading to production of unstable lipid perox-
ides. These peroxides tend to degrade rapidly into products 
such as malondialdehyde (MDA) [24]. The formation of 
these aldehydes contributes significantly to the mechanisms 
of oxidant-induced injury [25]. 

 We have earlier demonstrated that rats on HLU main-
tained on a normal Purina diet with 4.5% soy protein, dis-
played elevated stress as evidenced by elevated malondial-
dehyde (MDA) levels in brain tissues harvested after two 
weeks of suspension [15]. In addition, brain tissues from 
HLU rats on standard Purina chow showed significantly 
higher stress, as evidenced by higher MDA levels, than brain 
tissue from control hind limb-loaded rats maintained on a 
37% soy-protein diet [9, 15], suggesting that soy protein in 
the diet acts as an antioxidant. The current study is designed 
to test whether this is also true in other tissues harvested. 
Flavonoids are also known to possess significant antioxida-
tive activity in lipid-aqueous systems [10, 26, 27], and die-
tary antioxidants may lessen the severity of space flight 
documented oxidative stress.  

 In this investigation our first objective was to determine 
oxidative changes in organs following two weeks of simu-
lated weightlessness (HLU) using Purina rat chow with  
9.6% soy meal or 4.8% soy protein, and to further evaluate 
oxidative changes following two weeks of reloading. A basal 
diet containing higher than the normal soy protein composi-
tion in Purina chow was chosen to rule out any variability in 
normal dietary oxidant intake, and to assure the response is 
due to HLU under steady state. Our second objective was to 
determine simultaneously the antioxidant status in these tis-
sues since a large body of literature supports the notion that 
dietary antioxidants play a role in preventing many human 
diseases [1, 10, 22, 28-31]. This effect is thought to be due to 
their ability to increase tissue glutathione (GSH) levels [10, 
18] and superoxide dismutase levels which catalyze the dis-
muation of superoxide into oxygen and hydrogen peroxide 
[16]. Superoxide dismutase provides an important antioxi-
dant defense in nearly all cells exposed to oxygen [16] by 
protecting the cell from superoxide toxicity.  

MATERIALS AND METHODOLOGY 

 Eighteen male Sprague Dawley rats were acclimatized to 
the Purina rat chow diet with 9.6% soy meal (4.8% soy pro-
tein) for 7 days prior to hind limb unloading. Six of the ac-
climatized rats were non-suspended and maintained on the 
soy diet for an additional two weeks. Six rats were sus-
pended after acclimatization and maintained on the soy diet 
for a period of two weeks. A third group of the acclimatized 
rats was maintained on the soy diet and then suspended for a 
period of two weeks, followed by hind-limb reloading for an 
equal period of two weeks. Immediately following each ex-
periment, MDA, total GSH (GSH and GS-SG), and superox-
ide dismutase (SOD) levels were measured in harvested tis-

sues. Total GSH levels were measured because they would 
be expected to vary with a cell’s degree of induction of the 
GSH antioxidant system. The Cayman GSH Assay Kit uses 
glutathione reductase for quantification of GSH. The GSH is 
easily oxidized to the disulfide dimmer GSSG. Hence, both 
GSH and GSSG are measured, and the Assay reflects total 
glutathione. SOD levels were measured to determine 
whether its activation is triggered in concert with lipid per-
oxidation, for it is known that SOD out-competes the damag-
ing reactions of superoxide, thus protecting the cell from 
superoxide toxicity [16]. 

 Control values for body weight and food intake and water 
intake, were recorded for seven days before HLU of the ani-
mals at a 30° angle with the cage floor. Body weights from 
all animals were monitored on the first day of arrival and 
again on day seven (the first day of the suspension). Subse-
quently, the body weights, food, and fluid intakes were 
monitored on a daily basis until termination of the experi-
ment. The animals were housed in circadian chambers and 
maintained on 12:12 light-dark cycles. They were allowed 
free access to tap water and diets. Six non-suspended control 
rats in group one were maintained on the soy diet for 21 
days. Animals in group two were maintained on the soy diet 
for 21 days, but suspended for only the latter 14 days. Ani-
mals in group three were maintained on the soy diet for 35 
days, but suspended for 14 days, followed by hind-limb re-
loading for an equal period of two weeks. The protocol and 
procedures were in accordance with the Guiding Principles 
in the Care and Use of Animals of the Council of the Ameri-
can Physiological Society and were approved by the Univer-
sity of Arkansas for Medical Sciences (UAMS) Institutional 
Animal Care and Use Committee. 

 No surgical interventions were involved prior to sacri-
fice. HLU was achieved using a modification of the Morey 
[8] tail-suspension model. Rats assigned to the unloaded 
groups were housed individually in Plexiglas chambers (10 x 
19.5 x 21 inches). HLU was accomplished with a tail harness 
constructed by looping a 0.5 x 10-inch Skin-Trac (Zimmer, 
Inc., Charlotte, NC) orthopedic foam strip around a pulley 
that can travel along a bar that traverses the length of the 
cage. The adhesive surfaces along the remainder of the Skin-
Trac strip were applied to the long axis of opposite sides of 
the tail, creating a tail-sandwich. This sandwich was encir-
cled by a bias-cut orthopedic stockinette and secured with 
one-inch glass zip-reinforced strapping tape at the base and 
tip of the tail. This construction did not interfere with the 
animal’s ability to use its tail to maintain its core body tem-
perature.  

 Twenty-four hours before sacrifice, the animals were 
deprived of food but not water. At sacrifice, rats were anes-
thetized with ketamine hydrochloride and euthanized by de-
capitation and exsanguination. Liver, pancreas, kidney, small 
intestine, heart, lung, and brain were harvested. 

MDA Assay 

 The MDA assay was conducted by the method reported 
by Esterbauer et al. [24]. Harvested tissues were washed in 
iced cold NaCl solution (9gm/L). After excising 0.4 to 0.5 
grams from each tissue, each sample was homogenized in 20 
mM phosphate buffer, pH = 7.4 [tissue to buffer ratio, 1:10 
w/v]. 10 L of 0.5 M butylated hydroxytoluene per ml of 
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homogenate had been added to prevent additional sample 
oxidation. The homogenate was centrifuged at 4,000 g at  
4 

o
C for 10 minutes. 200 L of supernatant from each homo- 

genate was used to analyze the malondialdehyde (MDA) 
level in tissue samples. Measurement of MDA is based on 
the reaction of a chromogenic reagent, N-methyl-2-phenyl- 
indole [R1] with MDA at 24 

o
C. One molecule of MDA  

interacts with 2 molecules of R1 to yield a stable chromo-
phore with maximal absorbance at 586 nm, and is stable for 
up to one hour at room temperature. The net absorbance at 
586 nm yields a linear function of MDA ranging from 0 to 
20 M. The detection limit is 0.1 M of MDA. The final 
MDA content was expressed as M of MDA per mg. pro-
tein. 

Glutathione Assay 

 The glutathione assay was conducted following reports 
published earlier by Baker et al. [32]. Concentrations of oxi-
dized glutathione (GS-SG) in samples were analyzed using a 
Glutathione Assay Kit from Cayman Chemical Co, Ann Ar-
bor, Michigan (catalogue No. 703002). The kit uses an en-
zymatic recycling method using glutathione reductase to 
quantify glutathione (GSH). The GSH produced from the 
interaction of the sulfhydryl group of GSH with 5, 5’ –
dithiobis-2-nitrobenzoic acid (DTNB) was oxidized to the 
disulfide dimer GS-SG and reduced to GSH by glutathione 
reductase. The net absorbance at 405 nm yields a linear func-
tion of GS-SG ranging from 0 to 20 μM, and these values 
were extrapolated based on the standard curve provided with 
the assay kit. 

Superoxide Dismutase (SOD) Assay 

 Superoxide dismutase was assayed by the method re-
ported by Maier and Chan [33]. The SOD concentration was 
analyzed using a Superoxide Dismutase Assay Kit from 

Cayman Chemical Company, Ann Arbor, MI (catalogue no. 
706002). The superoxide radical agents formed by the inter-
action of xanthine oxidase with hypoxanthine were detected 
by tetrazolium. One unit of SOD detected is equivalent to the 
amount of enzyme needed to exhibit 50% dismutase of su-
peroxide radical. The net absorbance at 450 nm yields a lin-
ear function of SOD ranging from 0 to 30 U/ml. The detec-
tion of SOD is 0.1 U/ml, and these values were extrapolated 
based on the standard curve provided with the assay kit. 

Protein Assay 

 Protein concentrations were measured using a method 
described by Bradford [34].  

Statistics 

 Results were calculated as means ± standard error of 
mean (SEM). Statistical significance was determined by 
One-way ANOVA. A value of p < 0.05 was considered sig-
nificant. 

RESULTS 

 Body weight, food and water intakes are presented in 
Table 1. Body weights (g) of non-suspended rats increased 
significantly in three weeks on the soy diet. However, the 
body weights of the HLU group did not change significantly 
during the period of suspension but remained significantly 
lower from the unloaded control, p < 0.05. Body weights of 
suspended plus reloaded rats, increased significantly at the 
end of the reloaded period, however, the their body weight 
gain remained significantly lower when compared to body 
weights of suspended and loaded control groups (Table 1).  

 Food intake (g/day) was significantly decreased in sus-
pended rats when compared to loaded control. Upon reload-
ing the food intake was increased but is not significantly 

Table 1. Effects of Hind Limb Unloading and Reloading on Body Weight, Food and Water Intake (Mean ± SEM) 

 Gr. 1 (Loaded Control)  Gr. 11 (Unloaded, Suspended) Gr. 111 (Reloaded)  

Body Weight (g) 

Initial Final Initial Final Initial Final 

323 ± 7.45 350 ± 7.78 338 ± 9.69 334 ± 9.14 Unloaded (2 wks) 

285 ± 9.69 279 ± 14.18 

Reloaded (2 wks) 

279 ± 14.18 319 ± 16.80 
p<0.05 

 

p<0.05 

Daily Food Consumption  

25.82 ± 2.48 gm 

versus Gr. II p < 0.05 

Daily Food Consumption 

19.84 ± 2.02 gm 

versus Gr. III p < 0.05 

Daily Food Consumption 

21.56 ± 2.75 gm 

Water Intake (ml/rat/day) 

28.92 ± 0.27 

versus Gr. II p < 0.05 

versus Gr. III p < 0.05 

Water Intake (ml/rat/day) 

20.64 ± 1.91 

versus Gr. III p < 0.05 

Water Intake (ml/rat/day) 

25.23 ± 3.60 

p < 0.05, significant differences between the initial and final values. 
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different from the suspended group. 

 Water intake (ml/day) was greatest in the loaded control 
group. Water intake was significantly decreased in the sus-
pended group, and further significantly increased in the re-
loaded group as compared to unloaded group.  

 The tissue MDA (m ± SEM) levels are shown in Figs. (1 
and 2). Fig. (1) represents MDA levels for liver, lung, pan-
creas and small intestine, while Fig. (2) represents MDA 
levels for brain, heart and kidney. As shown in Fig. (1), 
MDA levels in liver, lung, pancreas and small intestine, in-
creased significantly following unloading and decreased 
upon reloading more significantly in pancreas and small in-
testine, ( p < 0.05). 

 MDA levels in brain, heart and kidney tissues are shown 
in Fig. (2). There were significant increases in MDA levels 
in brain and heart tissues in the unloaded group as compared 
to the loaded control, p < 0.05. These levels decreased to-
ward the basal level upon reloading. In contrast, the MDA 
levels in the kidney tissues, although increased upon loading 
as compared to the unloaded control, were not significantly 
different from either unloaded or reloaded group. 

 Since dietary antioxidants like soy protein play a role in 
preventing many human diseases associated with tissue 
membrane peroxidation by their ability to increase glu-
tathione (GSH) levels in tissues, we measured glutathione 
levels in harvested tissues. The GSH results are shown in 
Fig. (3) through 6. Fig. (3) shows that GSH levels for brain 
and pancreas increased significantly as a result of HLU, and 

two weeks of reloading decreased GSH levels from their 
peak levels. The data for GSH levels matched the MDA re-
sponse in these tissues as shown earlier.  

 Fig. (4) shows that plasma and lung responded to unload-
ing with an increase in GSH levels, while two subsequent 
weeks of reloading resulted in a further increase in GSH lev-
els (similar to changes in SOD). Fig. (5) shows GSH levels 
for liver and heart. GSH levels in these tissues responded to 
unloading with a decrease in GSH levels, while two weeks 
of reloading resulted in a further decrease in GSH levels 
from the unloaded levels. Fig. (6) shows GSH levels in the 
small intestine which responded to unloading with a decrease 
in GSH levels which remained significantly below control 
levels after reloading.  

 Since intracellular levels of superoxide dismutase (SOD) 
are increased by exposure to oxygen conferring a greater 
resistance toward oxygen toxicity, we monitored SOD levels 
in harvested tissues since SOD might cooperate with GSH in 
helping to remove free radicals in vivo. Results are provided 
in Figs. (7 and 8). 

 The results show that all of harvested organs responded 
to unloading with increased SOD levels, and two weeks of 
reloading further increased tissue SOD levels (m ± SEM). 

DISCUSSION AND CONCLUSION 

 This study utilizes NASA’s hind-limb unloaded (HLU) 
rat model of exposure to microgravity to monitor cellular 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). MDA levels for control, suspended, and reloaded liver, lung, pancreas and small intestine. *, p <0.05 significant differences from 
control; **, p <0.05 significant differences from the suspended. 
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Fig. (2). MDA levels for control, suspended, and reloaded (m ± SEM) brain, heart and kidney. *, p <0.05 significant differences from control; 

**, p <0.05 significant differences from the suspended. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). GSH levels in brain and pancreas (m ± SEM). a = p< 0.05 significant differences from control; b = p< 0.05 significant differences 
from the suspended. 
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Fig. (4). GSH levels in plasma and lung tissues, (m ± SEM. a = p< 0.05 significant differences from control). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (5). GSH levels in liver and heart tissues (m ± SEM). a = p< 0.05 significant differences from control, b = p< 0.05 significant differences 

from the suspended. 

oxidative stress in harvested tissues. Tissue malondialdehyde 
(MDA) levels are characteristically used to monitor cellular 
stress as indicators of oxidation of membrane fatty acids. We 
measured MDA levels in tissues acclimatized to a Purina rat 
chow diet with 9.6% soy meal (4.8% soy protein) for 7 days 
prior to suspension. The soy protein chow was used to meas-
ure the effectiveness of dietary soybean flavonoids as coun-

termeasures for the oxidant-antioxidant defense system. Die-
tary flavonoids found in soy exhibit potent antioxidant ac-
tivities [10, 26] in lipid-aqueous systems. This effect is 
thought to be due to their ability to increase glutathione 
(GSH) levels in tissues [10]. Total GSH levels (GSH and 
GS-SG) were measured in the harvested tissues. 
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Fig. (6). GSH levels in small intestine (m ± SEM). a = p< 0.05 
significant differences from control. 

 Superoxide dismutase (SOD) levels were also measured 
in harvested tissues because its toxic product, H2O2, is re-
moved by glutathione peroxidases utilizing the reducing 
power of GSH [16]. The product of SOD is H2O2. Two 
molecules of GSH are oxidized to form the disulfide-bonded 
compound, GS-SG in the reduction of a molecule of hydro-
gen peroxide.  

 GSH might cooperate with SOD in helping to remove 
free radicals in vivo. Superoxide is one of the main reactive 
oxygen species in the cell and, as such, serves role as a key 
antioxidant. The mutations of this enzyme may cause various 
pathologies. SOD’s generally have high antioxidant capacity 
[16]. 

 One major function of oxygen metabolism is its interac-
tion with polyunsaturated fatty acids in the process described 
as lipid peroxidation. When lipid peroxidation occurs in bio-
logical membranes there may be gross disturbances in struc-
ture/function changes leading to injury or possibly death of 
the affected cells [35].  

 Studies conducted on astronauts and cosmonauts to ex-
amine tissue lipid oxidative damage have produced conflict-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (7). SOD levels for heart, pancreas, kidney and liver, (m ± SEM). a = p< 0.05 significant differences from control, b = p< 0.05 signifi-
cant differences from the suspended. 
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ing results [4-7, 36]. Observations in rodents returning from 
space flight [1, 2, 37] have also produced conflicting results. 
Thus it is important to reexamine the oxidant/antioxidant 
status under stress in these animals exposed to simulated 
microgravity. 

  It has been proposed that some of the oxidative stress 
measured in humans and rats is associated with return to 1 g 
after space flight [6]. This is presumably due to decreased 
antioxidant enzyme activity [6, 17]. We demonstrated [15] 
that hind-limb-unloaded (HLU) rats maintained on a normal 
Purina diet, displayed elevated malondialdehyde (MDA) 
levels in tissues harvested immediately after two weeks of 
suspension. MDA levels were monitored because membrane 
oxidation produces unstable lipid peroxides which degrade 
rapidly into malondialdehyde (MDA) [24]. These results 
confirmed the oxidative stress during HLU, and offered a 
measure of the degree of stress induced by HLU. However, 
they did not address tissue oxidation following return to 1g. 

 An improvement in the imbalance in the oxidant-antioxi- 
dant defense system may lessen the severity of the oxidative 
stress that has been documented during space flight. A large 
body of literature supports the notion that dietary antioxi-
dants play a role in preventing many human diseases [1, 28-
30] associated with lipid peroxidation. Tissue MDA results 
demonstrate that all organs harvested responded to unloading 
with a significant increase in MDA levels, except for the 
kidney. The increase in kidney MDA levels following un-
loading was not significant. There was no significant differ-
ence between MDA levels of non-suspended, suspended 
only, and reloaded groups in the kidney. These results in the 
kidney could be related to renal blood flow. Renal blood 
flow, with the lowest arterio-venous oxygen difference, has 
ninety percent of its flow diverted to the glomeruli to cleanse 
the blood, to regulate arterial blood pressure, and to maintain 
blood oxygen carrying capacity. Only ten percent of the kid-

ney’s blood flow is used to supply the oxidant-antioxidant 
defense system. This may partially explain the non-signi- 
ficant differences in MDA levels among the groups studied. 

 The measured MDA levels in brain, heart, small intestine 
and pancreas show that 2 weeks of reloading, after 2 weeks 
of unloading, decreased (p<0.05) levels from their highest 
levels, but the values remained significantly higher (p<0.05) 
than those for the non-suspended control group. The MDA 
levels in liver and lung showed that two weeks of reloading, 
after 2 weeks of unloading, did not significantly decrease 
(p>0.05) MDA levels from their highest levels, but the val-
ues remained significantly higher (p<0.05) than those for the 
non-suspended control group.  

 All forms of life maintain a reducing environment within 
their cells [35]. The best cellular antioxidants are the en-
zymes superoxide dismutase (SOD) and glutathione peroxi-
dase. GSH peroxidase, together with the hydrogen peroxide 
generated by SOD, oxidizes glutathione (GSH) to the disul-
fide dimer GS-SG, which is then reduced to GSH by glu-
tathione reductase. Therefore, SOD might cooperate with 
GSH in helping to remove free radicals in vivo, so both ac-
tivities were monitored in tissues in this study. 

 GSH activities for brain and pancreas were similar to the 
MDA levels in these tissues. GSH levels increased signifi-
cantly as a result of HLU, and two weeks of reloading de-
creased GSH levels from their high after unloading, but the 
values remained higher that those for the non-unloaded con-
trol group. This similarity between MDA and GSH levels 
could imply that endogenous GSH levels in these tissues 
were adequate to handle the excess oxidation mirrored by the 
increased MDA levels. 

 GSH levels in plasma and lung responded to unloading 
with an increase, while two weeks of reloading resulted in a 
further increase in GSH levels. The increase in GSH levels 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (8). SOD levels for small intestine, brain and lung, (m ± SEM). a = p< 0.05 significant differences from control, b = p< 0.05 significant 
differences from the suspended. 
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followed the increase in SOD levels with unloading in these 
tissues. GSH levels in liver and heart responded to unloading 
with a decrease in GSH levels, while two weeks of reloading 
resulted in a further decrease in GSH levels. GSH levels in 
the small intestine responded to unloading with a decrease in 
GSH levels which remained significantly below control lev-
els after two weeks of reloading. If GSH levels were at, or 
near, their maximums during control studies, then an addi-
tional antioxidant system must have been called upon when 
these organs were exposed to additional stress, as indicated 
by the MDA levels upon unloading and reloading. As hy-
pothesized earlier, SOD might cooperate with GSH in help-
ing to remove free radicals in vivo, and might be the addi-
tional antioxidant system mentioned above. 

 The SOD activities monitored in this study show that 
heart, pancreas, kidney, small intestine, brain, lung and liver, 
which represent all of the organs harvested, responded to 
unloading with increased SOD levels, and after two weeks of 
reloading they responded with a further increase in tissue 
levels.  

 In conclusion, we have used NASA’s hind-limb sus-
pended rat model of exposure to microgravity to monitor 
total tissue oxidative stress as a function of MDA levels in 
harvested organ homogenates. This was accomplished in 
control loaded animals, in animals unloaded for two weeks, 
and in animals reloaded following two weeks of unloading. 
Results imply that oxidative stress increases with unloading 
of an animal, and it decreases toward control levels after two 
weeks of reloading following unloading. Future studies will 
be designed to investigate whether a longer period of reload-
ing will reduce the tissue MDA levels back to control levels. 
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