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Abstract: Objectives: Effect of paraquat on the fatty acid composition (weight 
percentage) of rat lung was studied with particular reference to the change of 
hydroxyproline content in the course of paraquat-induced dysfunction and subse
quent repair. 

Methods: Eight-week-old male Wistar rats were administered paraquat at 20 
mg/kg body weight subcutaneously, and the wet weight, hydroxyproline content and 
fatty acid composition of lungs of each group rats were analyzed at 2, 7, 14 or 28 days 
after treatment, respectively. 

Results: The percentage of palmitic acid (C16 : 0), arachidonic acid (C20: 4) and 
docosahexaenoic acid (C22 : 6) significantly increased, and the percentage of oleic 
acid (C18 : 1) and the ratio of monounsaturated fatty acids/saturated fatty acids (M/ 
S) significantly decreased comparing to control on day 28 after paraquat administra
tion. The time-course of each fatty acid was observed for 28 days after paraquat 
administration. M/S ratio decreased after paraquat administration up to the 28th 

day, but the polyunsaturated fatty acids/saturated fatty acids (P IS) ratio decreased 
during the first 7 days, followed by a increase, and then reached higher level than the 
o day control at the 28th day. Hydroxyproline also increased between the 14th and 
the 28th days. Eicosapentaenoic acid (C20 : 5) had once increased during the first 2 
days and decreased gradually, while C20: 4 maintained high level in this period. 
C22 : 6 increased after paraquat administration and maintained high level up to the 
28th day. This result indicated that desaturation and elongation in n-3 series fatty 
acids were accelerated after paraquat treatment, and consequently C20: 5 was 
rapidly converted into C22 : 6 and decreased. 

Conclusions: Paraquat might cause elevation of unsaturated fatty acids, espe-
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cially C20 : 4 but not C20 : 5 by the stimulation of the fatty acid desaturase system, 
and could consequently stimulate local collagen synthesis by C20 : 4 metabolites in 
the healing stage. 

Keywords: paraquat, lipid peroxidation, fatty acid composition, hydroxyproline, 
pulmonary fibrosis 

INTRODUCTION 

I, l' -dimethyl-4, 4' -bipyridium dichloride (paraquat) is a herbicide used all over 
the world, and it causes fatal damage to multiple organs, especially pulmonary 
fibrosis, from accidental and suicidal ingestion. The mechanism of pulmonary 
fibrosis is still unknown, and there is no effective treatment for it. 

The mechanism of fibrosis by bleomycin might be partially different from that 
by paraquat1•2), but there should be a common feature between them. Diffuse 
interstitial fibrosis by paraquat was accompanied by an increase of contractile 
filament laden cells characterized by an expression of alpha-smooth muscle actin, 
and this phenomenon was observed in cases of bleomycin-injured lungs, tOOS). A 
model of diffuse interstitial pulmonary fibrosis by paraquat was compared with 
bleomycin-induced pulmonary fibrosis, and was concluded to be an adequate experi
mental model as it occurs in many of human cases4). 

Several researchers have reported the effect of several fatty acids on lung 
fibrosis. Dietary eicosapentaenoic acid (C20 : 5) inhibited bleomycin-induced pulmo
nary fibrosisS) and C20: 5 was effective in the lung damage of cystic fibrosis by 
leukotriene B46). Gamma-Jinolenic acid attenuated bleomycin-induced lung 
fibrosis7). 

Because fatty acid is one of the main targets of free radical attack, the influence 
of paraquat on the fatty acid composition in lung tissue has been paid attentions.9). 

But there were few reports about fatty acid composition change after paraquat 
treatment with particular reference to pulmonary fibrosis. It was reported that 
weakness of the defense mechanisms by enhancing thromboxane A2 synthesis initiat
ed pulmonary fibrosis by paraquat10). Fatty acid composition change, especially the 
change of arachidonic acid (C20: 4) which is the key fatty acid of arachidonate 
cascade should be important to clarify the mechanism of pulmonary fibrosis by 
paraquat. In this study, change in the fatty acid composition in rat lung after 
paraquat administration was observed together with change of hydroxyprolin, a 
specific amino acid to the collagen molecule, in the course of paraquat-induced 
dysfunction and subsequent repair. And the relation between the change of fatty 
acid composition in lung tissue and local pulmonary fibrosis was discussed. 
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MATERIALS AND METHODS 

Animal 

Eighteen of seven-week-old male Wistar rats purchased from Kyudo Co. Ltd., 
Tosu, Japan were housed in cages in an air-conditioned room, with artificial lighting 
from 8 a.m. to 8 p.m., and maintained on pelleted food (CE-2) from Japan Clea, 
Tokyo, Japan and water ad libitum. The rats were allowed to acclimate in the 
facilities for 1 week prior to all treatments. Twelve of the rats were administered 
paraquat at 20 mg/kg body weight (30 mg/ml in physiological saline) subcutaneous
ly, and each group of 3 rats was killed by decapitation and bled at 2, 7, 14 or 28 days 
after treatment, respectively. Remaining 6 rats were used for the controls, no 
treatment (3 rats for the 0 day and another 3 rats for the 28th day). Because this 
experiment was done in the course of paraquat-induced dysfunction and subsequent 
repair, this route and the dose, slightly lower than LD50, were selected. 

Preparation of fatty acid samples in lung tissue 

Rat lungs were immediately dissected and weighed, and were homogenized in 
physiological saline at 4°C. The total lipids of each rat tissue were extracted and 
the fatty acids were saponified by the previously described methodll}. Each extract
ed sample was methylated with ethereal diazomethane for 1 hr at room temperature 
in the dark. After evaporation of the solvent, it was dissolved in hexane and 
washed with saturated sodium chloride solution. The extracted hexane phase was 
dehydrated with anhydrous sodium sulfate and was concentrated by evaporation. 

Preparation of amino acid samples in lung tissue 

Each sample of homogenized rat lung tissue containing 0.1 g protein was hydro
lyzed in 6 N hydrochloric acid at HO°C for 24 h and was dried. Hydrolyzed amino 
acids were derivatized by the previously described methodl2l. Isonipecotic acid was 
used for the internal standard. The peak of hydroxyproline was identified by the 
retention time of standard hydroxyproline. 

Analysis of fatty acid composition and hydroxyproline content by gas chromatography 

Gas chromatography analysis was carried out with a Shimadzu (Kyoto, Japan) 
GC-14A gas chromatograph equipped with a hydrogen flame ionization detector. 
The split ratio was 20: 1. DB-WAX column (30 m x 0.25 mm i.d., 0.25.um film 
thickness) (J & W, Folsom, CA, USA) was used for fatty acid analysis. The 
separation was achieved on column at temperature ranging 150-220°C (3T/min). 
Helium carrier gas and makeup gas flow rates were 1.7 ml/min and 30 ml/min, 
respectively. DB-17 column (15 m x 0.25 mm i.d., 0.25.um film thickness) (J & W, 
Folsom, CA, USA) was used for amino acid analysis. The separation was achieved 
on column at temperature ranging 140-290°C (30°C/min). Helium carrier gas and 
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makeup gas flow rates were 1.7 ml/min and 30 ml/min, respectively. The fatty acid 
composition was expressed as weight percent. The amount of hydroxyproline 
content was calculated with the internal standard, and the change of it was indicated 
as the percentage of control. Student's t-test was used for paired observations. 

RESULTS 

The wet weight of lungs increased on the 7th day, followed by a decrease, and 
then increased again after the 14th day up to the 28th day after paraquat administra
tion, but the final levels were still lower than those of the 28th day control (Fig. 1). 
The change in hydroxyproline content in rat lung after paraquat administration is 
shown in Fig. 2. Hydroxyproline increased during the first 2 days, followed by a 
decrease, and then increased again after the 14th day. The hydroxiproline content 
on the 28th day after paraquat administration reached to almost same level as the 
28th day control one. From these results, the first seven days after paraquat treat
ment were determined to represent the acute phase, and the 7th and 14th day were 
regarded as the turning points, and the 28th day were regarded as the endpoint, of this 
experiment achieved in the course of paraquat-induced dysfunction and subsequent 
repair. 

Fatty acid composition (weight percentage) of rat lung tissue on day 28 after 
paraquat administration was shown in Fig. 3. Palmitic acid (C16 : 0), C20: 4 and 
docosahexaenoic acid (C22: 6) significantly increased, and oleic acid (CI8: 1) and 
monounsaturated fatty acids/saturated fatty acids (M/S) ratio significantly de-
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Fig. 1. Change in wet weight of rat lungs after paraquat administration. The point indi
cates the mean±S.E. of three samples. 
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Fig. 2. Change in hydroxyproline content in rat lung after paraquat administration. 
The point indicates the mean±S.E. of the percentage of control from n=3 animals. 
"represents significant difference at P <0.05, comparing with control on day O. 
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Fig. 3. Fatty acid composition (weight percentage) of rat lung tissue on day 28 after paraquat 
administration. Each value is mean±S.E. of three samples. " and "" represent 
significant difference at P < 0.05 and P < 0.01, respectively, comparing with control on day 
28. D, control group; ., treated group. 

creased comparing to control. 
To analyze the change of these fatty acids, the time-course of each fatty acid 

was observed for 28 days after paraquat administration. Fig. 4 shows the changes 
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Fig. 4. Changes in the percentage (by weight) of total fatty acids accounted for n-7 (CI6: 0 
and CI6 : 1) and n-9 (CI8 : 0 and CI8 : 1) series fatty acids in rat lung. Each value is the 
mean ± S.E. of three samples. • and •• represent significant difference at P < 0.05 and 
P <0.01, respectively, comparing with control on day O. 

in the percentage of total fatty acids accounted for n-7 (CI6: 0 and palmitoleic acid 
(CI6: 1)) and n-9 (stearic acid (CI8 : 0) and CI8 : 1) series fatty acids. In both n-7 
and n-9 series, monounsaturated fatty acids (CI6: 1 and CI8: 1) decreased, and 
saturated fatty acids (CI6 : 0 and CI8: 0) increased after paraquat administration. 
In both n-7 and n-9 series, saturated fatty acids showed almost opposite change 
versus the monounsaturated fatty acids. This result indicated that desaturation in 
n-7 and n-9 series fatty acids was suppressed after paraquat administration. 

Changes in the ratios of M/S and polyunsaturated fatty acids/saturated fatty 
acids (P /5) are shown in Fig. 5. The M/S ratio decreased after paraquat adminis
tration up to the 28 th day, but the P /5 ratio decreased during the first 7 days, 
followed by a increase, and then reached higher level at the 28th day than the 0 day 
control. 

The changes in the percentage of total fatty acids accounted for n-6 and n-3 
series fatty acids are shown in Fig. 6 and in Fig. 7, respectively. In n-6 series fatty 
acids, linoleic acid (CI8 : 2) decreased during the first two days, and began to increase 
at the 14th day up to the 28th day. C20: 4 increased during the first 2 days, and 
maintained high level up to the 28th day. CI8: 2 showed almost opposite change 
versus C20 : 4, and desaturation and elongation seemed to be accelerated during the 
observation period. In n-3 series fatty acids, linolenic acid (CI8: 3) decreased 
during the first 2 days and increased, on the other hand C20 : 5 increased during the 
first 2 days and decreased gradually. CI8: 3 showed almost opposite change versus 
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Fig. 5. Changes in the ratios of monounsaturated fatty acids/saturated fatty acids (M/S) and 
polyunsaturated fatty acids/saturated fatty acids (P IS) in rat lung. Each value is the 
mean ± S.E. of three samples. ·represents significant difference at P < 0.05 comparing 
with control on day O. 
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Fig. 6. Changes in the percentage (by weight) of total fatty acids accounted for n-6 series 
fatty acids (CIS: 2, C20: 3 and C20 : 4) in rat lung. Each value is the mean±S.E. of three 
samples. • and •• represent significant difference at P<0.05 and P<O.OI, respectively, 
comparing with control on day O. 
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Fig. 7. Changes in the percentage (by weight) of total fatty acids accounted for n-3 series 
fatty acids (CIS: 3, C20 : 5 and C22 : 6) in rat lung. Each value is the mean±S.E. of three 
samples. • and •• represent significant difference at P < 0.05 and P < 0.01, respectively, 
comparing with control on day o. 

C20 : 5. C22: 6 increased after paraquat administration and maintained high level 
up to the 28th day. These results indicated that desaturation and elongation were 
accelerated by paraquat treatment in n-3 series fatty acids. 

DISCUSSION 

According to the reports about paraquat dynamics, the concentration in blood 
becomes high level quickly, and decreases by excretion in urine via the kidneys. 
But in lungs, the decrease in paraquat concentration is relatively slow, and it 
becomes the organ with the highest concentration of paraquat13- 15). Among com
plex I subunits, 30-, 42-, and 75- kilo dalton proteins are transmembranous and 
thought to be the sites of paraquat radical formation and initial damage16). These 
proteins are encoded by mitochondrial DNA. Compared with nuclear DNA, mito
chondrial DNA is sensitive to radical attack. This type of injury to mitochondrial 
DNA is thought to cause mitochondrial dysfunction and consequently alveolar cell 
death. Because paraquat is thought to be a "hit and run" poison17l, the candidate sites 
for future fibrosis might be decided by the degree of damage that occurred when the 
lung tissue concentration of paraquat was raised in the early stage. Fibrosis is the 
replacement of injured tissue structures in an organ by fibroblasts and collagen 
matrix produced by these cells18). 

From the previous study19), the present observation period shows cytotoxicity 
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and subsequent healing in the acute and subacute phases following paraquat adminis
tration_ It was reported that the hydroxyproline content, as an indicator of col
lagen, was not always increased after paraquat exposure20.21 ). In the present study, 
hydroxyproline increased during the first 2 days, followed by a decrease, and then 
increased again after the 14th day. The hydroxiproline content on the 28th day after 
paraquat administration was almost same level as the 28th day control one. But 
there should be difference in the meaning of the level of hydroxiproline content 
between treated one and control one on the 28th day. It had been reported that 
presence of fibrosis and increase of hydroxyproline content in rat lung were observed 
14 days after 25 mg/kg (i.p.) paraquat exposure22). Lung collagen content also 
increased steadily between 4 and 14 days after instillation of paraquat (0.001-1.0 mg/ 
kg) into rat lung23). Hydroxyproline increased in rat lung between days 4 and 10 
after total 25 mg/kg of paraquat administration24), while paraquat (0.1-1.0 mM 
concentration) inhibited hydroxyproline formation and relative collagen synthesis in 
isolated fibroblasts after 48 h incubation together25). In the present study the first 
rising of hydroxyproline at the 2nd day seems to reflect the acute phase repair, and 
the following decrease may reflect this inhibition effect, and the second rising of it 
after the 14th day may reflect healing stage local fibrosis in the sites those have been 
destined in the acute phase as the candidate sites for future fibrosis. 

Fatty acid is one of the main targets of free radical attack, and its peroxidation 
leads to lethal cell injury26.27). C16: 0, C18: 0, C18: 1 and C18: 2 in rat lung cell 
debris and nuclei as well as in microsomal membranes decreased within 192 h 
observation period after paraquat exposure (125 mg/kg orally), and concluded that 
the results indicated a probable weakening of lipid structure of the membranes9). 

The reduction of these fatty acids should be due to lipid peroxidation. C18: 2, C18 : 
3 and C20 : 4 react well with hydroperoxy radicaF8), and their peroxidation should 
affect arachidonic acid cascade. It was suggested that 12-lipoxygenase activity was 
regulated by reactive oxygen species29). Superoxide radicals produced by oxidative 
stress may modulate arachidonic acid-lipoxygenase pathway. 

It was reported that after 6 days, but not 2 days after paraquat exposure, there 
was a large increase in the proportion of C20 : 4 in rat lung, and the changes could 
be mainly attributed to the increase in numbers of alveolar macrophages9). Because 
the dose (125 mg/kg) and the giving method (orally) were different from us, there 
were several differences in the results. But the increase of C20 : 4 is noteworthy. 
Their observation period was only 6 days, but in our experiment the elevation of 
C20 : 4 continued for 28 days, and the level was obviously higher than both the 0 day 
and the 28th day control levels. It was reported that unsaturated fatty acids in 
surfactant free fatty acids were significantly increased during the development of 
bleomycin-induced pulmonary fibrosis between 3 and 120 days after treatment30). In 
our study, P /S ratio had once reduced between the 2nd and the 7th days, and then 
increased up to the 28th day. Hydroxyproline also increased between the 14th and 
the 28th days. The increase of unsaturated fatty acids, especially C20 : 4 might be 
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related to collagen synthesis. 
The activity of the rat lung fatty acid desaturase system decreased for 24 h after 

paraquat administration (20 mg/kg i.p.), buUhe desaturase activity was stimulated 
14 days after paraquat treatment3 1). Dietary C20: 5 inhibited bleomycin-induced 
pulmonary fibrosisS), and C20 : 5 was effective in the lung damage of cystic fibrosis by 
leukotriene B.6). Bleomycin induced marked elevation of tissue hydroxyproline, 
and elevated generation of C20 : 4 metabolites which were inflammatory mediators7). 

In the present study C20 : 5 had once increased during the first 2 days and decreased 
gradually, while C20 : 4 maintained high level in this period. C22: 6 increased after 
paraquat administration and maintained high level up to the 28 th day, and the level 
was higher than both the 0 day and the 28 th day control levels. This result indicated 
that desaturation and elongation in n-3 series fatty acids were accelerated after 
paraquat treatment, and consequently C20 : 5 was rapidly converted into C22 : 6 and 
decreased. From these results, paraquat might cause elevation of unsaturated fatty 
.acids, especially C20 : 4 but not C20 : 5 by the stimulation of the fatty acid desaturase 
system, and could consequently stimulate local collagen synthesis by C20: 4 
metabolites in the healing stage. How paraquat stimulates desaturase activity in 
such late phase should be clarify in the further examination. 
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