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Glycosaminoglycan Synthesis in Endotoxin-Induced Lung Injury (41 746) 
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Abstract. Endotoxin-induced lung injury has previously been shown to produce lesions that 
resemble emphysema morphologically and biochemically as demonstrated by the reduction in 
the content of lung elastin. The purpose of this study was to define the changes in one other 
connective tissue component, glycosaminoglycans, during the acute phase of the lung injury. 
Intravenous administration of a single dose of endotoxin in rats resulted in an increase in the 
total synthesis of glycosaminoglycans by the pulmonary parenchyma. There was a significant 
increase in the proportion of dermatan sulfate synthesized during the first 48 hr and a concomitant 
decrease in heparin/heparan sulfate synthesis. At 48 hr the increased synthesis of dermatan sulfate 
had reached 7.3 times control values and began to decline, whereas the synthesis of chondroitin- 
4-sulfate rose from 4.1 to 10.7 times control values between 48 and 72 hr. Analysis of the rates 
of synthesis revealed that the total amount of heparin/heparan sulfate remained constant while 
the synthesis of chondroitin-6-sulfate increased proportionally to the overall synthesis of gly- 
cosaminoglycans. These findings indicate that dramatic changes in glycosaminoglycan synthesis 
are an integral part of endotoxin lung injury. 

Various alterations have been observed in 
the glycosaminoglycan (GAG) composition in 
different organs in response to tissue damage 
(1-6). In a recent paper we have shown that 
repeated injection of endotoxin into rats with 
galactosamine-induced reduction in a I-anti- 
trypsin results in alveolar injury that bio- 
chemically, morphologically, and physiolog- 
ically resembles pulmonary emphysema (7). 
In these animals there was a loss of connective 
tissue elastic fibers and a decrease in alveolar 
septa. To increase our understanding of the 
consequences in pulmonary parenchyma of 
an increment in neutrophils and macrophages 
and an associated increase in endogenous pro- 
teases, the synthesis of sulfated GAGs follow- 
ing intravenous administration of E. coli en- 
dotoxin has been studied. 

Endotoxin or septic shock causes increases 
in pulmonary vascular resistance (8, 9), ven- 
tilation, alveolar surface tension, and pul- 
monary airway resistance with a decrease in 
lung compliance (9-1 1). The effects of intra- 
venous administration of endotoxin can be 
visualized ultrastructurally by the resulting 
agglutination of platelets and the sequestration 
of polymorphonuclear leukocytes (PMNs) in 
the pulmonary capillaries (1 1-14). The se- 
questration of PMNs results in their degran- 
ulation, fragmentation, and ultimate release 
of proteolytic enzymes that are capable of de- 
grading proteoglycans ( 15). 

All seven of the recognized glycosamino- 
glycans are present in the lung ( 1 ,  16) but 
keratan sulfate has not been found in the pa- 
renchyma. Although the exact function of the 
GAGs has not been elucidated, their associ- 
ation with other elements of connective tissue 
has been demonstrated. They are associated 
with collagen fibers, forming an incompres- 
sible barrier that both retards and directs the 
flow of water ( 1  7, 18) as well as inhibiting the 
diffusion rate of small macromolecules ( 19). 

Thus, GAGs may play an important role 
in the initial sequence of events following en- 
dotoxin administration which ultimately leads 
to breakdown of connective tissue fibers with 
eventual rupture of the alveolar septa. Chem- 
ically defining these changes in GAGs may 
provide insight into their relationship to col- 
lagen and elastin during lung injury. In ad- 
dition results obtained in this model may be 
compared with changes observed in other 
types of lung injury such as interstitital pneu- 
monitis and elastase-induced emphysema (20). 

Materials and Methods. To elucidate the 
effect of endotoxin on pulmonary GAG syn- 
thesis, female Sprague-Dawley rats weighing 
190-200 g and fed an unrestricted commercial 
diet were injected iv with 0.5 ml of an en- 
dotoxin suspension consisting of 1 mg E. coli 
lipopolysaccharide (Sigma Chemical Co., St. 
Louis, Mo.)/l ml of sterile 0.9% NaCl. The 
GAGs were then labeled by intraperitoneal 
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injections with a total dose of 400 pCi 35S in 
the form of carrier-free sodium sulfate (New 
England Nuclear, Boston, Mass.). Each animal 
received 200 pCi at 0, 12, 24, 48, or 72 hr 
following endotoxin administration and a sec- 
ond dose of 200 pCi 12 hr later. This procedure 
has previously been used to label GAGs and 
measure their turnover rates both in vivo and 
in vitro (1, 6, 21). 

Tissue preparation. Animals were killed 12 
hr after the last injections of 35S by intra- 
peritoneal administration of 1 ml of a 2.75% 
solution of chloral hydrate in 0.9% NaCl per 
100 g body wt. The lungs were resected from 
the thorax, and the trachea, mainstem bronchi, 
and major pulmonary vasculature were dis- 
sected free and discarded. The lung paren- 
chyma was then cut into small fragments, 
washed three times in normal saline to remove 
free blood, and homogenized. The homoge- 
nates were dialyzed free of salts, lyophilized, 
weighed, and analyzed for labeled GAGs. 

Analysis of la beled glycosa rn inoglycans. The 
lyophilized lung homogenates were delipi- 
dated by extraction with three changes of ace- 
tone and allowed to air dry. The tissues were 
then suspended in 0.1 N sodium acetate buffer, 
pH 5.5, and digested with papain (Sigma 
Chemical Co., St. Louis, Mo.) activated with 
5 mM cysteine hydrochloride and 5 mM 
EDTA, at 57°C for 48 hr. The undigested 
proteins were precipitated with 10% TCA at 
4°C and centrifuged at 10,OOOg for 30 min 
and the precipitates discarded. The superna- 
tants were dialyzed free of TCA and small 
polypeptides and 3 mg of cold chondroitin 
sulfate added. They were then lyophilized and 
resuspended in 2 ml of distilled water. To pre- 
cipitate the GAGs 6 ml absolute ethanol was 
added and the samples maintained at 4°C for 
48 hr. This method has previously been shown 
to recover approximately 90% of the isolated 
GAGs (1). The precipitates were resuspended 
in 1 ml of distilled water and aliquots were 
analyzed for total 35S incorporation. 

Additional aliquots of the isolated GAGs 
were digested with chondroitinase ABC or 
chondroitinase AC-I1 (Miles Laboratories, 
Elkhart, Ind.) according to the methods of 
Saito and co-workers (22). The digests were 
chromatographed on Whatman 3MM filter 
paper in butanol, acetic acid, and 1 N am- 
monia (2:3: 1) for 18 hr. Digestion with chon- 

droitinase ABC yielded three labeled constit- 
uent pools: (i) chondroitinase-resistant ma- 
terial, predominantly heparin and/or heparan 
sulfate since keratan sulfate has not been de- 
tected in lung parenchyma; (ii) disaccharides 
of chondroitin-6-sulfate, and (iii) disaccharides 
of chondroitin-4-sulfate and dennatan sulfate. 
After digestion with chondroitinase AC-11, 
dermatan sulfate remains undigested and 
chromatographs in pool (i) rather than (iii). 
The strips were cut into 1-cm sections, im- 
mersed in scintillation fluid and analyzed for 
radioactivity in a liquid scintillation spec- 
trometer. Tissues were analyzed for total 35S 
incorporation, relative distribution of 35S 
among specific GAGs, and relative rates of 
35S incorporation into specific GAGs. Results 
were expressed as means k standard deviations 
as shown by the horizontal bars and the rect- 
angles on Figs. 3-7. Statistical significance was 
determined by Student’s t test. 

Results. Histological examination of slide 
sections of the lungs 24 hr following intra- 
venous administration of E. coli endotoxin 
revealed marked hypercellularity and en- 
gorgement of the capillary beds. Numerous 
red cells could be seen in the alveolar spaces, 
and the interstitium was infiltrated with PMNs 
and mononuclear cells (Figs. 1 and 2). 

Uptake 0 f 35S into I ung glycosa rn in oglyca ns. 
Total incorporation of 35S into lung GAGs at 
0, 12, 14, 48, and 72 hr following the intra- 
venous administration of endotoxin was com- 
pared. As shown in Fig. 3 there was an increase 
in the total incorporation of 35S into pul- 
monary GAGs as early as 12 hr post-endotoxin 
injection (401 k 172 cpm/mg lung as com- 
pared to 279 * 14 1 cpm, P < 0.05). The rate 
of incorporation steadily increased over the 
72-hr period studied and attained a threefold 
increase in total synthesis by 72 hr (Fig. 3). 

Analysis of lung parenchyma from control 
animals not injected with endotoxin revealed 
a distribution of GAG synthesis of: 66.0% 
heparin/heparan sulfate; 9.9% chondroitin-6- 
sulfate; 10.3% dermatan sulfate; 14.0% chon- 
droitin-4-sulfate. Twelve hours following the 
administration of endotoxin only 55% of the 
GAGs synthesized were heparin/heparan sul- 
fate and by 48 hr they comprised only 23% 
of the total GAG synthesized (Fig. 4). In con- 
trast, analysis of the rate of heparin/heparan 
sulfate synthesis revealed that it remained rel- 
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FIG. 1 .  Section through the lung of a normal rat. H & E, X40. 

atively constant over the 72-hr period studied 
(cf. Fig. 8). The relative proportion of chon- 
droitin-&sulfate remained constant at ap- 
proximately 10% of the total glycosamino- 
glycan synthesized (Fig. 5); its rate of synthesis 
thus paralleled the increase in the rate of total 
GAG synthesis (Fig. 8). 

By 12 hr 15.5% of the GAGs synthesized 
were dermatan sulfate (Fig. 6). The relative 
amount of 35S incorporated into dermatan 
sulfate continued to increase over the first 48 
hr reaching a maximum of 39.7%, after which 
time it began to revert toward control levels. 
The rate of dermatan sulfate synthesis also 
increased over the first 48-hr period (Fig. 8) 
attaining a maximum of 7.3 times control Val- 

ues and decreasing toward control levels from 
48 to 72 hr. 

For the first 24 hr the relative distribution 
of chondroitin-4-sulfate remained slightly 
above control values (Fig. 7); however, it rose 
to 27% of the total GAGs synthesized by 48 
hr and 46.5% by 72 hr. The rate of synthesis 
of condroitin-4-sulfate increased steadily over 
the first 48 hr to 4.1 times control values (Fig. 
8). Between 48 and 72 hr there was a dramatic 
increase in the rate of synthesis of chondroitin- 
4-sulfate from 4.1 to 10.7 times control values. 

Discussion. Sequestration of PMNs in the 
pulmonary parenchyma following intravenous 
administration of endotoxin is well docu- 
mented (1 1-14). The presence of PMNs not 
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FIG. 2. Section of a rat lung 24 hr post-endotoxin. Note the hypercellularity and numerous PMNs within 
the interstitiurn. H & E, X40. 

only results in an increase of proteolytic en- 
zymes capable of digesting proteoglycans ( 15) 
but also causes the release of factors capable 
of stimulating DNA and GAG synthesis by 
fibroblasts (23). In addition, the accumulation 
of PMNs is associated with hemodynamic 
changes within the pulmonary parenchyma 
which include alterations in capillary wall 
permeability, platelet agglutination, and fibrin 
deposition (8, 9, 12, 14), although the mech- 
anisms by which these changes are effected 
are not clearly understood. Nonetheless the 
intimate association of proteoglycans with the 
other elements of the connective tissue may 
influence these functions. The observed 

changes in GAG synthesis may be a response 
to structural alterations induced by the influx 
of neutrophils which may also have functional 
effects. 

Alteration in endothelial cell basement 
membrane connective tissue secondary to the 
release of proteolytic enzymes from PMNs 
may be responsible for platelet agglutination 
and fibrin deposition. Although heparan sul- 
fate is most closely associated with the 
maintenance of an antithrombogenic surface, 
dennatan sulfate has also been shown to in- 
crease clotting time (24), whereas chondroitin- 
4-sulfate is known to prevent the adhesion of 
RBCs to endothelial cells (3). Thus, the early 
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FIG. 5. Percentage incorporation of 35S into chondroitin- 
6-sulfate which remains constant throughout the exper- 
iment. 
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Following different tissue injuries, there ap- 
pears to be an early increase in the synthesis 

0 12 24 48 72 of hyaluronic acid (2, 3, 25). It is proposed 
that hyaluronic acid forms a matrix which 
supports the migration of cells into the affected 
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FIG. 3. ~ o t a i  3 5 s  incorporation into  GAG^, showing an 
increase as early as I2 hr post-endotoxin administration. 

area and also facilitates the regeneration Of 
collagen fibers. Following the early increase 
in hyaluronic acid synthesis there is an increase 
in sulfated GAG synthesis. The only consistent 
finding is that the synthesis of dermabn 
closely parallels the synthesis of collagen. 

of 35s- 

sulfate into the various GAGS most probably 

rise in dermatan sulfate and the late increase 
in chondroitin-4-sulfate may function to re- 
duce platelet agglutination and maintain pul- 
monary capillary blood flow. While the changes in total 
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reflect actual differences in rates of synthesis 
between lungs of animals with and without 
endotoxin induced lung injury, other factors 
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FIG. 4. Percentage 35S incorporation into heparin/hep 
aran sulfate showing a relative decrease beginning 12 hr 
after endotoxin administration. 

FIG. 6. Percentage incorporation of 35S into dermatan 
sulfate showing an increase over the first 48 hr followed 
by a relative decrease. 
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which conceivably influence label incorpo- 
ration should also be considered. Among these 
is an alteration in the pool size, i.e., the specific 
radioactivity of the labeled sulfate in the lung 
following endotoxin administration. While 
differences in pool sizes of 35S cannot be com- 
pletely ruled out, it is noteworthy that cor- 
relative in vivo and explant studies of 35S la- 
beling of GAGs in bleomycin-induced lung 
injury indicated that there was no significant 
pool size effect on the observed changes in 
GAG synthesis (6). Other factors which might 
influence uptake data include changes in de- 
gree of sulfation of individual GAGs and/or 
changes in their chain length. The relative 
percentages of 35S-sulfate incorporation into 
GAGs should not be influenced by pool size 
changes. 

In a previous study (7) we demonstrated 
that 10 weeks after endotoxin administration 
there was a loss of parenchyma, an increase 
in compliance and a decrease in the elastin 
content of rat lungs, but the early pulmonary 
consequences were not explored. In the present 
study one of the early consequences of en- 
dotoxin induced pulmonary injury has been 
shown to be an increase in the synthesis of 
GAG associated with a change in the relative 
concentration of the subtypes of this connec- 
tive tissue component. 
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FIG. 7. Percentage incorporation of "S into chondroitin- 
4-sulfate which remains relatively constant over the first 
48 hr followed by a dramatic increase. 
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FIG. 8. Comparison of rates of synthesis of different 
GAGS. Note that the rate of chondroitin-6-sulfate synthesis 
parallels that of total GAG incorporation, whereas the 
rate of synthesis of heparin/heparan sulfate remains con- 
stant and that of dermatan sulfate increases during the 
first 48 hr and then decreases. Chondroitin-4-sulfate syn- 
thesis increases at a rate similar to that observed for total 
GAG synthesis for the first 48 hr and then rises dramat- 
ically. 
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