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Abstract. The present work was carried out to study the involvement of lipid per
oxidation in immobilization-induced damage of the rat lung Thirty-hour immobi
lization stress was found to result in a marked morphological alteration of the lung 
ultrastructure and in significant increases of both acid and alkaline phosphatase 
for immobilization times exceeding 12 and 24 hours respectively Also, increased 
concentrations of conjugated dienes and fluorescent products of lipid peroxidation 
were measured in the lungs of rats immobilized over 12 h Immobilization stress 
was followed by significant changes in the fatty acid contents of lung phospho
lipids The levels of polyunsaturated fatty acids C-18 2 (linoleic acid) and C-20 4 
(arachidonic acid) were decreased even duung the alarm phase The contents of 
monounsaturated fatty acids did not change, while those of saturated fatty acids 
slightly increased The involvement of lipid peroxidation in immobilization-induced 
damage of the rat lung was indirectly supported by the observation of decreased 
levels of vitamin E at 12 h immobilization All the above data suggest that lipid 
peroxidation is somehow involved in the immobilization-induced damage of the 
rat lung The observed changes in lipid peroxidation preceded the immobilization 
stress-induced damage of the lung cell membranes Therefore, it seems likely that 
lipid peroxidation is the cause, rather than a consequence of the stress-altered lung 
structure 
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I n t r o d u c t i o n 

Free radical oxidation of unsaturated lipids has become a problem of increasing 

interest because of its role in a variety of pathological conditions (Slater 1984; 

Halliwell 1987; Yagi 1987; Kagan 1988; Halliwell and Gutteridge 1989). Recently, 

it has been demonstrated that some forms of stress, such as exercise, starvation, 

t r auma, majoi surgery, radiation, emotional and oxidation stress etc., also increase 

the free radical generation with subsequent initiation of lipid peroxidation (Davies 

et al. 1982; Meerson 1984; Demling et al. 1986; Haggendal et al.1987: Wohaieb 

and Godin 1987; Hidalgo et al. 1988). Furthermore, it has been proposed (Meer

son 1984) that free radical processes might be implicated in the control of general 

physiological response to stress. This has prompted intensive studies of the in

volvement of free radical processes, mainly lipid peroxidation, in different stages 

of stress (Davies et al. 1982; Meerson 1984; Demling et al. 1986: Haggendal et al. 

1987; Wohaieb and Godin 1987; Hidalgo et al. 1988; Poli et al. 1989; Sekhar et al. 

1990). Large volume of da ta are available concerning the free radical s tatus under 

stress and shock in organs such as heart , brain, liver, kidney, blood etc. (Davies et 

al. 1982; Meerson 1984; Haggendal et al.1987; Wohaieb and Godin 1987; Hidalgo 

et al. 1988; Poli et al. 1989; Sekhar et al. 1990). Lungs however seem to be less 

investigated in this respect (Kistler et al. 1967; Harrison et al. 1969; Adamson et 

al. 1970; Ratliff et al. 1970; Moss et al. 1972; Demling et al. 1986). 

Immobilization stress takes up an important position among different forms 

of stress (Meerson 1984). Using appropriate lengths of immobilization, different 

stages of stress can easily be modelled in experimental studies. 

The present work was carried out in an at tempt to check the involvement of 

lipid peroxidation in immobilization stress-induced damage of the rat lung. 

M a t e r i a l s and M e t h o d s 

Animals and study design 

Male white Wistar rats (200 ±20 g) were used. The animals were maintained at standard 
conditions. The immobilization experiment was started after the animals had been kept 
without food and water for 6 hours. The rats were subjected to acute immobilization 
stress using the method described by Malikova and Arefalov (1982). The main stages 
of stress are modelled by immobilization of different length. Altogether, 198 rats were 
used, and they were divided into six groups. The animals of the control group (GI) were 
not immobilized. The immobilization times for groups Gil, GUI, GIV and GV were 1, 
12, 24 and 30 hours respectively. The rats of group GVI were immobilized for 30 hours 
with subsequent íeadaptation for 5 hours. According to Malikova and Arefalov (1982), 
the following stages of stress can be observed in experimental groups: group Gil, alaim 
reaction; groups GUI and GIV, stage of adaptation; group GV, stage of exhaustion; group 
GVI, readaptation. 
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Electron microti opt/ 

Aftei the period of ikmcsis i unmals from each groups weie anesthetized bv in t ramus 
culai in|ection of th iopont i l (20g/kg) I h e chest was opened the lungs weie fixed and 
studied u n d o election miooscope (Hit u hi IT-500) b\ the method of Low and Daniels 
(1952) 

J4SS«(/S oj acid and alkahnt phosphata^t 

I he degree ol tin p h s m ik mma and lysosomal membianes in tegnt \ was es t imated us 
mg the maikei (ii7\ mes i lki lme and Kid phosphatase The methods used ha\e been 
desenbed elscwhcie (Besse\ u al 1916 Weissmann and Thomas 1962 Nelson 1966) In 
bnef 10VÍ lung tissue homogenate (w/v ) in 0 25 mol/1 sueiose was prepaicd and spun 
U 700 x q foi 20 mm in a íefiigeiated centiifuge I h e cell dt b n s was kept aside and 
the superna tan t was u ntiifuged again The second debris was mixed with the first one 
uid the mix tu ie was K suspended in sucrose t h e fiaetion containing cells and plasmatic 
membianes was used foi uialvsis of alkaline phosphatase activity The supernatant was 
ecntnfuged igam at 2i 000 x g foi 60 mm The pellet containing the bulk of mitochondria 
and l}sosomes was i (.suspended in 0 25 mol/1 sueiose and was used foi a n a h s i s of lyso 
somal acid phosphatase Activities of alkaline and acid phosphatases were assayed using 
p-mtrophc t r i p h o s p h a t e as a subs t ra te Both enzvme reactions weie recorded spect iopho 
tometnca l lv usmg the absorbance of then product p-mtrophenol at 400 nm 

Analysis of fluorescent products and conjugated dienes of lipid peroxidation 

Lung tissue was homogenized in 0 1 mol/1 K Na phosphate buffer (pH 7 4) at 4°C Total 
lipids were ex t rac ted according to the me thod of Folch et al (1957) An aliquot of the 
chloroform phase was used to measure the fluorescent p ioducts of lipid peroxidat ion (Dil-
lard and Tappel 1981) The light emision at 420 n m was measured using excitat ion light 
with a wavelength of 360 nm Another aliquot of the chloroform phase was evaporated 
The residue was dissolved in cyclohexane and used for the de te immat ion of conjugated 
dienes For this purpose optical absorbance a t 232 nm was measured against a cyclohex
ane blank (Recknagel and Glende 1984) A th i rd aliquot of the chloroform phase was used 
for the de te rmina t ion of the lipid content (Richard et al 1974) 

Analysis of fatty acid composition of phospholipids 

The fattj acid composit ion of the rat lung was analyzed by gas chromatography after 
conversion of the fatt> acids to their respective methyl esters (Tzanev et al 1988) T h e 
measu iments were performed with a Pye Unicam 104 equipment 

Analysis of vitamin E 

Vitamin E contents weie es t imated f luorimetncally by the method of Taylor et al (1976) 
with a slight modification The fluorescence of v i tamin E after its extract ion and s i p o m 
fication was measured at excitation and emission wavelengths of 292 nm and 325 nm, 
respectively All spectrophotometr ic and spectrofiuorimetric studies were perfoimed wi th 
a Perkin Elmer 554 Spect iophotometer and a P e i k m Elmer 44B Spectrofluonmetci Qui
nine sulfate (1 Aig/ml m 0 1 N H2SO4) was used as fluorescent s tandard The protein 
content was measuied bv the method of Lowry et al (1951) with bovine serum albumíne 
as s t andard All leagents weie of the finest grade and glass-distilled water was u*-cd 
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Statistical analysis 

For multiple group compaiisons, one-way analysis of variance (ANOVA) was employed 
followed by Bonferroni's test for honestly significant difference. Statistical significance 
was defined as P < 0.05. The statistical procedures were performed with InStat softwaie 
version 2 1, purchased from Sigma Chemical Company Data were expressed as means 
± S.D.M 

Figure 1. Section of the lung from a control animal. It shows a clean alveolar lumen (AL) 
and alveolai septa of normal thickness The septa contain endothelial cells (EC), alveolai 
type I cells (Alv I) and alveolar type II cells (Alv II) Erythiocytes (RBC) are piesent m 
the alveolai capillaiy (AC) There is an alveolar macrophage (AM) in the alveolar lumen 
(AL). (Low and Daniels' stain, x6500). 

R e s u l t s 

Immobilization-induced changes of the lung ultrastructure 

Our initial expei iments were aimed at checking the adequacy of the method selected 

for immobilization stress. Fig. 1 illustrates the lung ul trastructure characteiistic for 

the control rats. The alveolo-capillary membrane has a normal structure. The alve

olar walls receive adequate perfusion through numerous alveolar capillaries (AC), 

which consist of endothelial cells (EC) lining the basal membrane (BM) and con

taining erythrocytes (RBC). Thinner cytoplasmic areas of alveolar type I cells (Alv. 

I) and the abundant alveolar type II cells (Alv. II) can clearly be distinguished. An 

alveolar macrophage (AM) is present in the alveolar lumen (AL). 
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F i g u i e 2 Section oi tin thcolo eapi l lan mcinbiaiic ol tilt lung liom a i at subjected t 
30 houis of immobilization t he membrane is damaged Endothelial cells a ie missing i 
the legion maiked with one anow Some pa i t s of the iheolo eapi l lan membiane (tw. 
anows) aie piesent onh as the basement membiane ( B \ l ) Ihe cells aie swelled (Iov 
and Daniels st un x l l 000) 

F i g u r e 3 . R a t alveolar type II cell after 30 hours of immobilization Substant ia l changes 
have occurred the cytoplasm is vacuohzed, the mi tochondr ia (M) are total ly swelled and 
damaged, the nucleus (N) is pyenotic, a substant ia l pa r t of the cytoplasm is infested with 
large lamellar bodies (LB) T h e section as a whole presents a swelled s t ruc ture Microvilli 
are absent (Low and Daniels ' s tain, x 8400) 
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F igure 4. Section of an alveolai type II cell after 30 houis ol mmiobili/ation. Some-
lamellar bodies (LB) reach giant size. When enclosed bv the terminal lamella (TL). some-
lamellae are not concentric. At some points the terminal lamellae aie damaged and then 
bodies merge (anows). (Low and Daniels' stain, x 16,800). 

Figs. 2, 3 and 4 illustrate the typical lung structure seen in rats immobilized 

for 30 h. In some portions of the alveolo-capillary membrane the endothelial cells 

are missing; the plasmalemma of some alveolar type I cells is destroyed, leaving 

the basement membrane stripped on bo th sides (Fig. 2). Alveolar type II cells are 

also altered (Fig. 3). Some of them have pycnotic nuclei. The development of the 

endoplasmatic reticulum oedema is obvious. Numerous vesicles are present due to 

the vacuolization of the cytoplasm. Most mitochondria are swollen; some of them 

show deformed shapes and destroyed cristae. The microvilli are missing. There 

are giant lamellar bodies. The lamellae are numerous but irregulai, concentric oi 

disordered, and separated from the terminal lamella. Occasionally, the integrity of 

the terminal lamella is disrupted (Fig. 4). In the cells there are aggregates consisting 

of 2-3 lamellar bodies. This is a pa t te rn consistent with a well expressed damage 

of the alveolo-capillary membrane in the animals subjected to 30 h immobilization. 

The morphological changes were less manifest for shorter times of immobilization, 

and obviously are not suitable for studing the dependence of lung cell alterations 

on immobilization period. Therefore, changes of the marker enzymes alkaline and 

acid phosphatase, were used for this purpose. 

Alkaline and acid phosphatase m the lung of rats subjected to immobilization stress 

Immobilization stress- induced changes of the lysosomal-marker enzyme, acid phos-
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Figure 5. Lysosomal maiker enzyme acid phosphatase m the lungs ol lats subjected to 
immobilization stress. 
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Figure 6. Plasmatic membrane marker enzyme alkaline phosphatase in the lungs of rats 
subjected to immobilization stress. 

phatase, are illustrated in Fig. 5. A significant increase in the enzyme activity was 

observed for immobilization t ime of 12 h (P < 0.001 vs. control group GI) and 

longer only. Maximum activity was observed for GV (immobilization t ime 30 h). 

Readaptat ion for 5 h after 30 h immobilization (GVI) led to a significant decrease 
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Figure 7. Conjugated dienes in the lungs of rats subjected to immobilization 

of acid phosphatase activity (P < 0.001 vs. GV). 

The maiker enzyme alkaline phosphatase also increased its activity as a result 

of immobilization stress (Fig. 6). Significant changes were observed, however, for 

immobilization t ime of 24 h (P < 0.001 vs. GI) and longer. In addition, a significant 

decrease (P < 0.001 vs. GV) in the enzyme activity was measured after 5 h of 

readaptation (GVI). 

All these findings suggested that significant destruction of the alveolo-capillary 

membrane occurs after immobilization for at least 24 h. Shorter times of immo

bilization (12 h) are associated with the activation of lysosomal hydrolases but 

without significant alterations of the plasmalemma. 

Conjugated dienes and fluorescent products of lipid peroxidation 

Lipid peioxidation is a complex process, including the generation of initial products 

such as conjugated dienes and fluorescent end products (Halliwell and Gutteridge 

1989). Our further experiments were focused on changes of these two kinds of 

products. Fig. 7 and Fig. 8 illustrate the main results of these studies. Even a 12 h 

immobilization stress was found to cause significant elevations of both, conjugated 

dienes and fluorescent products of lipid peroxidation. Progressive rise of the lev

els of fluorescent products of lipid peroxidation was recorded upon increasing the 

immobilization time. This trend did not reach saturat ion even after 30 h of immo

bilization and continued during the readaptat ion stage (P < 0.001, GVI vs. GV). 

It is interesting to note that conjugated dienes, virtually, did not further increase 

either with the longer times of immobilization or after the time of readaptat ion 

studied. 
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Figure 8. Fluorescent products of lipid peroxidation m the lungs of rats subjected to 
immobilization 

Table 1. Contents of polyunsaturated fatty acids in phospholipids extracted from the 
lungs of rats subjected to immobilization (in percentages) 

Length of immobilization 
(hours)4" 

0(GI) 
1 (Gil) 

12 (GUI) 
24 (GIV) 
30 (GV) 
30 (GVI) 

(+5 h readaptation) 

Linoleic acid 
(C18 2) 

3 86 ± 0 56 
2 71 ± 0 10" 
2 65 ± 0 16a 

3 01 ± 0 33a 

2 65 ± 0 19" 
2 51 ± 0 19" 

Arachidomc acid 
(C20 4) 

3 50 ± 0 61 
1 51 ± 0 26a 

2 20 ± 0 14a 

2 57 ± 0 33a 

2 66 ± 0 49a 

1 0 2 ± 0 35 o 6 

+ 15 rats in each group 

Bonferrom P value aP < 0 001 vs GI, bP < 0 001 vs GV 

Changes in fatty acid composition of phospholipids 

As is well known, the mam substrate of lipid peroxidation in the membrane is 

polyunsaturated fatty acids of the phospholipids Therefore, our subsequent ex

periments were designed to investigate immobilization stress-induced changes of 

fatty acid composition of phospholipids Table 1 and Table 2 summarize the results 

obtained Table 1 gives the concentrations of linoleic (C-18 2) and arachidomc (C-
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Table 2. Contents of saturated and monounsaturated fatty acids in phospholipids ex
tracted from the lungs of rats subjected to immobilization (in percentages) 

Length of immobilization 
(hours)+ 

0 
1 

12 
21 
30 
30 

(+5 h readaptation) 

Saturated fattv 
acids* 

73.21 ±1.77 
74.87 ± 0.87 
76.28 ± 1.41" 
74.32 ±1.60 
74.10 ±1.82 
75.36 ± l.lO6 

Moi rounsatuiated fattv 
acids** 

19.74 ±0.91 
20.52 ± 0.70 
19.16 ±1.04 
19.05 ±1.02 
20.90 ±1.74 
20.48 ± 1.51 

+ 15 rats in each group. 
*Saturated fatty acids include C10:0: CT2:0: C14:0: C15:0; C16:0; C17:0 and C18:0. 
**Monounsaturated fatty acids include C14:l: C16:l: C17:l and C18:l. 
Bonferroni P value: "P< 0.001 vs. GI; hP < 0.01 vs. GI. 

20:4) fatty acids, the major substrates of lipid peroxidation. Significant decreases in 

the concentrations of both fatty acids were observed for the alarm stage. The con

centrations of these fatty acids remained diminished during the resting stages. The 

arachidomc acid levels decreased during the readaptat ion stage again. Changes in 

the relative shares (given in percentages) of monounsaturated and saturated fatty 

acids in lung phospholipids are shown in Table 2. The da ta revealed a striking 

predominance of saturated fatty acids (C-10:0, C-12:0, C-14:0, C-15:0, C-16:0, C-

17:0, C-18:0), accounting for nearly three quarters (73.21%) of the total fatty acids 

content of phospholipids. Monounsaturated fatty acids (C-14:l, C-16:l, C-17:l, C-

18:1) constituted 19.74% while polyunsaturated fatty acids (C-18:2, C-20:4) were 

less than 8%. As is well seen from the Table, monounsaturated fatty acids remained 

almost unchanged during all stages of the immobilization stress. Slight increases 

in the concentrations of saturated fatty acids were observed but statistical signif

icance was only reached for the stages of alarm and readaptat ion. In accordance 

with these results, a sustained, statistically significant increase of the important 

sa tura ted/polyimsatura ted fatty acids ratio was observed for all immobilization 

times studied. 

Changes of vitamin E content 

The key role of vi tamin E in the protection of biological membranes against oxida

tion is well established. Obviously, a decrease of the vitamin E content in a given 

biological tissue creates bet ter conditions for the initiation and development of lipid 

peroxidation. Therefore, our subsequent experiments were designed to study im

mobilization stress-induced changes of the vitamin E contents in the lungs (Fig. 9). 
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Figure 9. Vitamin E content in the lung tissue of rats subjected to immobilization 

A significant decrease (by 30%, P < 0 001 vs GI) was found even for 12 h im
mobilization The vitamin E content was observed to further decrease with the 
increasing time of immobilization No significant decrease of vitamin E levels was 
observed for the readaptation stage {P > 0 05 vs GV) The content of vitamin E 
in the lungs of Group VI rats was half that found in the lungs of controls (GI) 

Discussion 

The ultrastructure of rat lungs after immobilization suggests that this type of stress 
causes progressive damage to the alveolar wall, with acute inflammatory reaction 
and development of oedema being the initial stages of this process Endothelial 
cells are affected first, followed by alveolar type I cells, and finally by alveolar type 
II cells The structural changes that occur in the lungs after 30 h of immobilization 
are similar to changes seen after some other forms of shock and stress, including the 
respiratory distress syndrome in human infants (Harrison et al 1969, Adamson et 
al 1970, Rathff et al 1970, Moss 1972, Moss et al 1972, Connell et al 1975, Cad-
dell et al 1987) The findings that the levels of the plasmalemma-marker enzyme 
alkaline phosphatase increase, but only for immobilization times exceeding 24 h, 
suggests that significant destruction of the plasmatic membrane of lung cells occurs 
at the end of the adaptation stage For 12 h immobilization, there is an increase of 
the lysosomal marker enzyme acid phosphatase, but without measurable damage 
to the plasmalemma 

It is interesting to note, however, that although there was no plasmatic mem
brane destruction after 12 h of immobilization there were significant rises m the 
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levels of both conjugated dienes and fluorescent products of lipid peroxidation. Re
sults obtained in other experiments provide circumstantial evidence for increased 
lipid peroxidation at 12 h of immobilization. Thus, the decreased lung contents 
of polyunsaturated fatty acids observed even during the alarm stage, and the in
creased saturated/polyunsaturated fatty acids ratio during all stages of stress, can 
be attributeel not only to changes of the lipid metabolism but also to abnormal 
intensification ol lipid peroxidation. 

On the other hand, it is well known that vitamin E is essential for the pro
tection of the cell membrane against lipid peroxidation. Its antioxidant action is 
due either to reactions with the free radical intermediates of lipid peroxidation or 
to scavenging of oxygen-centred radicals (Slater 1984; Halliwell 1987; Yagi 1987; 
Kagan 1988; Halliwell and Gutteridge 1989). Therefore, the decreased content of 
vitamin E in the lungs of rats subjected to 12 h immobilization stress suggests 
t h a t an intensive generation of free radicals takes place. Furthermore, as it has 
been shown earlier (Thomas et al. 1989), the observed 30%) decrease of vitamin E 
levels seems to create good conditions for the initiation and development of lipid 
peroxidation in the lung tissue. 

However, the mechanism underlying the induction of lipid peroxidation in 
lung cell membranes during immobilization stress remains unclear. Lipid peroxida
tion may be triggered by the stress-induced high levels of plasma catecholamines 
(Kvetňanský and Mikulaj 1970; Selye 1976; Haggendal et al. 1987): the release of 
transit ion metal complexes from various storage sites (Packer 1985; Halliwell and 
Gutteridge 1989): the development of hypoxia and metabolic acidosis (Poyarov et 
al. 1990); etc. On the other hand, the intact structure of biomembranes is considered 
to be a safe protection against lipid peroxidation (Slater 1984; Halliwell 1987: Yagi 
1987; Kagan 1988; Halliwell and Gutteridge 1989). It can therefore be not ruled 
out that the observed lipid peroxidation is due to changes in the membrane archi
tecture resulting from some non-oxidative mechanism. Our data, howevei, suggest 
that lipid peroxidation possibly develops before the appearance of any measurable 
destruction of the plasmatic membranes. This fact might mean that in our case, 
lipid peroxidation is the cause, rather than the consequence of the lung structure 
damage. 

Further evidence on the role of lipid peroxidation in the destruction of lung 
cell membranes induced by immobilization stress can be obtained by investigating 
changes of the morphological and biochemical parameters studied in this work, but 
under conditions of vi tamin E overload or deficiency. Such experiments are under 
way in our laboratory. 
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