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Abstract-The effect of specifically derivatized dextrans, with or without antiproliferative activity on 
smooth muscle cells (SMC), was investigated on type I and type III collagen biosyntheses and mRNA 
levels in post-confluent SMC cultures. Our results indicate that dextran derivatives decreased total 
protein and collagen syntheses independently of their antiproliferative activities. However, the most 
substituted dextran, the one exhibiting the strongest antiproliferative activity towards SMC, was the 
most active in modulating type III collagen expression. In addition, only the two dextran derivatives 
bearing benzylamide groups inhibited collagen excretion. 
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Athero-arteriosclerotic processes affect the intima thrombin III but devoid of hemorrhagic properties 
and media of large size arteries and are accompanied are capable of: (a) modulating biosynthesis of type 
by the deposition of lipids and the formation of III collagen and fibronectin by cultured aortic SMCs 
fibrous plaque [l, 21. This process shows an age [20] and diabetic mouse skin in vivo [21]; and (b) 
dependence but can be accelerated in pathological significantly decreasing the amount of mRNA coding 
conditions such as diabetes mellitus [3,4]. for type III collagen in cultured aortic SMCs [22]. 

Vascular tissue is rich in ECMS, synthesized 
mainly by SMCs. ECM influences the behaviour of 
the cells, modulating their shape, migration, 
proliferation and metabolic functions. SMCs syn- 
thesize large quantities of ECM components: 
collagens (mainly type I and type III), elastin, 
glycoproteins such as fibronectin, laminin and several 
proteoglycans [5]. During atherosclerotic plaque 
formation, proliferation and migration of SMCs from 
the media into the intima of arteries are considered 
as an initial event [l, 6,7]. From a sessile and 
contractile state SMCs become mobile and synthetic, 
producing a large number of ECM proteins leading 
to formation of a fibrous plaque [8-111. Several 
studies have shown that heparin and glycos- 
aminoglycans exert antiproliferative effects on 
vascular SMCs, suggesting that they could play a 
regulatory role in SMC function in the vessel wall 
[5,12-161. Furthermore heparin can modulate the 
biosynthesis of collagens and glycoproteins by SMCs 
[S, 17-191. 

Specifically derivatized dextrans belong to a 
category of compounds that mimic some effects of 
heparin and in particular show an antiproliferative 
activity on SMCs [23,24]. Interestingly these dextran 
derivatives exhibit a weak anticoagulant activity as 
compared to heparin and therefore minimal 
hemorrhagic effect. 

The aim of the present work was to investigate 
the effect of several functional dextrans on collagen 
biosynthesisinculturedaorticSMCsattranscriptiona1 
and translational levels. The random distribution of 
functional groups along the polysaccharide chains 
renders possible preparation of synthetic compounds 
with structural requirements for antiproliferative 
effect and potential activity on collagen biosynthesis. 

MATERIALS AND METHODS 

We previously demonstrated that low molecular 
weight heparin fragments possessing the site of anti- 

Materials. Chemicals for cultures, media and 
sera were purchased from Boehringer (Mannheim, 
Germany). All other reagents were obtained from 
Merck (Darmstadt, Germany). 

Soluble dextran derivatives were prepared as 
described previously [25] from dextran T40 batch 
32202 (molecular weight 43,900 g/mol; provided by 
Pharmacia, France). Briefly, dextran units (D), 
were successively statistically substituted with 
carboxymethyl groups (CM), benzylamide groups 
(B) and sulfonated groups (S). The chemical 
structures of these synthetic polysaccharides are 
shown in Fig. 1. In our experiments we used a 
carboxymethyl dextran (LD5), a carboxymethyl 
dextran benzylamide (B4) and two carboxymethyl 

t Corresponding author: Patrick Kern, 3 AllCe du ch&ne 
perdu, 91800 Boussv Saint Antoine. France. 

$ Abbreviations: . EMC, extraceilular matrix; SMCs, 
smooth muscle cells; FCS, foetal calf serum; DMEM, 
Dulbecco’s modified Eagle’s medium; SSC, standard saline 
citrate; D, dextran units; CM, carboxymethyl groups; 
B, benzylamide groups; S, sulfonated groups; LD5, 
carboxymethyl dextran; B4, carboxymethyl dextran ben- 
zylamide; E9 and Dl, carboxymethyl dextrans benzylamide 
sulfonated. 
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Fig. 1. Structure of water soluble derivatized dextrans. Native dextran contains only D units 
whereas according to the substitution ratio carboxymethyl dextran bears CM and D units; 
carboxymethylbenzylamide dextran: B, CM and D units and carboxymethylbenzylamide sulfonated 

dextran: S, B, CM and D units. Quantitative data on substitution levels are indicated in Table 1. 

Table 1. Chemical characterization of dextran derivatives 

Dextran derivatives 

LD5 B4 E9 Dl Heparin 

Unsubstituted dextrans % 20 20 0 62 - 
Carboxymethyl content % 80 64 58 30 - 
Benzylamide content % 0 16 26 0 - 
Sulfonate content % 0 0 16 8 - 
Anticoagulant activity (IU.mg) 0 0 2.3 0 173 

Their specific anticoagulant activities are expressed in international units per milligram. 

dextrans benzylamide sulfonated (E9 and Dl). The addition of dextran derivatives [23]. Cell numbers 
chemical compositions and specific anticoagulant were measured in quadruplicate samples and counted 
activities of these compounds are reported in Table with a Coulter counter. The degree of proliferation 
1. In all experiments T40 dextran was used as inhibition was determined after 5 days according to 
an internal control to determine the effect of the relationship [24]: 
unsubstituted dextran. 

Cell culture. SMCs were grown from newborn pig 
aorta media explants in DMEM supplemented 
with 20% FCS lOOIU/mL penicillin, lOOpg/mL 
streptomycin and 2 mM glutamine. 

Cell proliferation studies. Cells were serially 
passaged with 10% FCS. In all experiments SMCs 
were used from passage three to four. Proliferation 
studies were performed with 1.2 x lo4 SMCs plated 
onto 16 mm multiwell plates in DMEM supplemented 
with 10% FCS. After 24 hr the cells were growth 
arrested by placing them in DMEM with 0.1% FCS 
for 72 hr. Cell proliferation was initiated by 
incubation in DMEM with 10% FCS followed by 

l%= l- 
( 

net proliferation with dextran 

net proliferation in control 
x 100. 

Collagen biosynthesis. Cells were serially passaged 
with 10% FCS up to the third subculture [20], where 
they were used at over-confluency for all biosynthetic 
experiments in order to avoid or minimize the 
inhibitory effect of the investigated compounds 
(substituted dextrans) on cell proliferation. Cells 
were incubated at 30” in a 95% air, 5% CO2 
atmosphere. For biosynthetic experiments, culture 
medium was discarded and cells incubated in the 
same medium without FCS, in the presence of the 
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Fig. 2. Effect of dextran derivatives on SMC proliferation. SMCs were cultured in the presence of 
increasing amounts of each dextran. Inhibition activity of heparin (H) was used as comparative data. 
Experimental procedure is indicated in Materials and Methods. Each value is the mean of five 

determinations: SD for all points was less than 5% of the mean value. 

above described compounds (400 pg/mL/106 cells) 
for 24 hr. 

Collagen and total protein synthesis were 
determined as previously described [20,26,27]. In 
brief, over-confluent cells were incubated for 24 hr 
without (control) or with dextran derivatives as 
indicated above in presence of [2,3,4,5-3H]proline 
(50 pCi/mL; specific activity 105 Ci/mM; Amersham, 
France). The medium was supplemented with 50 
pg/mL sodium ascorbate. At the end of the incuba- 
tion, medium and cell layers were extensively 
dialysed against distilled water. Aliquots were 
hydrolysed with 6 M HCl, 104” for 24 hr. Radio- 
labelled hydroxyproline and proline were separated 
and quantified as described [20,26,27]. The rate of 
collagen biosynthesis relative to total protein 
synthesis was estimated according to Wiestner et al. 
[28]. Medium and cell dialysate were lyophilised, 
resuspended in 0.5 M acetic acid and digested with 
pepsin [20]. Collagen phenotype was determined by 
SDS-PAGE and the relative proportions of 
radioactivity recovered in type I and type III 
collagens were quantified as described previously 
[20,26,27]. Briefly, collagen alpha-chains separated 
on SDS-PAGE were quantified by excision of the 
individual collagenous band, hydrolysis in H202 at 
37” for 24 hr and scintillation counting. 

RNA analysis. Total ribonucleic acids were isolated 
from the cells with the guanidine isothiocyanate- 
phenol-chloroform-extraction procedure of Chrom- 
czynski and Sacchi [29]. The purity and integrity of 
the RNA were checked by the ratio of AZ6,,/A2s0 
(nm) and by agarose gel electrophoresis. 

For quantitative assessment, RNA was heat- 
denatured at 65” for 15 min in a 50” formamide, 6% 
formaldehyde, 0.2 M 4-morpholinepropasulphonic 
acid, 0.05 M sodium acetate pH 7.0 and 0.01 M 
EDTA buffer. Aliquots of total RNA were then 
transferred to nylon membranes (Hybond N+, 
Amersham, France) using “Slot Blot” apparatus 

(Minifold, Schleicher & Schull, Dassel, Germany). 
RNA was fixed to the membrane by alkali treatment 
(5 min with 0.05 M NaOH pH 5.0) and then washed 
with 2 x SSC (1 x SSC:O.l5M NaCl, 0.015 M 
sodium citrate pH 7.0). 

Prehybridation was carried out at 42” for 24 hr 
in solution A containing 50% (v/v) formamide, 5 X 
SSPE (1 x SSPE: 180 mM NaCI, 10 mM Na2HP04, 
1 mM EDTA pH 7.4), 0.5% (w/v) SDS, 0.1% each 
of Ficoll, polyvinylpyrrolidone and BSA and 200 ,ug/ 
mL of heat-denatured sonicated salmon DNA. 
Hybridization was carried out in fresh buffer A 
containing 3-5 x 10s cprn/pg of the appropriate 32P- 
labelled probe for 24 hr at 42”. Labelling was 
performed using a Nick Translation kit (Boehringer, 
Mannheim, Germany) with [a-32P]dCTP (111 TBq/ 
mM; Amersham, France). The following cDNA 
probes were used: pHCALlU specific for human 
pro alpha1 (I) chain of type I collagen and pHFS3 
specific for human pro alpha1 (III) chain of type III 
collagen, provided by Sandberg and Vuorio [30]. 
The membranes were washed at 42” with 2 x SSC, 
1 X SSC, 0.1 x SSC (all containing 0.1% SDS). The 
dried membranes were exposed to X-ray films at 
-80”. 

The autoradiogams were quantified by densito- 
metric analysis (Ultroscan 2202, LKB, Freiburg, 
Germany). A linear correspondence was obtained 
between the amounts of RNA applied onto 
membrane for hybridization and the densitometric 
reading (data not shown). 

Miscellaneous. DNA was measured according to 
Burton [31]. All statistical analyses were performed 
using the Student’s t-test. Viability of the cells in the 
presence of the compounds studied was tested 
by determination of lactic dehydrogenase (EC. 
1.1.1.27). 

RESULTS 

Antiproliferative activity of derivatized dextrans 

In order to explore the inhibitory capacity of 
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Table 2. Effect of dextran derivatives on the synthesis of 
total proteins and collagen by SMCs 

Table 3. Effect of dextran derivatives on type III collagen 
synthesis by SMCs 

Addition to Total protein 
culture medium synthesis 

(400 pg/mL) (cpm.10-3 pg DNA) 

0 
LD5 
B4 
E9 
Dl 
T40 

38.2 (21.9) 
15.7 (*0.9)t 
20.2 (*1,3)t 
15.6 (‘0.8)t 
42.6 (52.4) 
36.7 (~1.9) 

Total collegen 
synthesis (% of 

total protein 
synthesis) 

16.8 (‘-0.9) 
6.1 (k0.4)t 
7.9 (*0.5)t 

11.3 (+0.7)t 
13.1 (+0.8)* 
14.9 (t0.9) 

Cultures were incubated with [3H]proline and incor- 
poration determined in total protein (as proline) as in 
collagen (as hydroxyproline) as described in Materials and 
Methods. Collagen synthesis was calculated according to 
Wiestner et al. [28]. 

Data are the means of six determinations (*SD). 
Statistical analysis as compared to control (no dextran 

added to the medium): * P < 0.01; t P < 0.001. 

derivatized dextrans, the concentration dependence 
of functional dextrans on aortic SMC growth was 
studied. Results are shown in Fig. 2. They are part 
of systematic studies performed on different 
functional dextrans. Derivatized dextrans E9 and 
Dl inhibited SMC proliferation in a dose-dependent 
manner with an inhibitory capacity equivalent to 
that of heparin for the highest concentration used. 
B4 and LD5 as unsubstituted T40 dextran had no 
inhibitory effect. 

Collagen biosynthesis 

In order to focus on their potential effect on the 
biosynthetic capacities of cells only, derivatized 
dextrans were added to post-confluent cell cultures 
(400 pg/mL./106 cells). During the time course of cell 
labelling, no significant proliferation was observed 
in control and derivatized dextran treated cells. 

Morphological aspect of over-confluent SMCs in 
the presence of derivatized dextrans was not 
altered as compared to control conditions. Lactate 
dehydrogenase determination showed that there was 
no deleterious effect on the viability of the cells in 
the presence of derivatized dextrans (not shown). 
Total protein synthesis, estimated from the incor- 
poration of total radioactivity per pg DNA, was 
significantly decreased with all derivatives except for 
Dl and T40 dextran (Table 2). 

Total collagen biosynthesis as related to total 
protein synthesis was also decreased in the presence 
of derivatized dextrans with a lesser amplitude with 
Dl component. T40 had no effect (Table 2). 

Pepsin resistant radiolabelled collagen types were 
separated on SDS-PAGE and used to determine 
the relative biosynthesis of total type III collagen 
(cell + medium) to total collagen synthesis (Table 
3). Derivatized dextrans had different effects on 
type III collagen synthesis. The substituted E9 
derivative had the most pronounced activity, 
decreasing type III collagen biosynthesis to approxi- 
mately 50% of control value. LDS and B4 

Addition to culture 
medium % of [3H]proline incorporated in 

(400 pg/mL) collagen alpha1 (III) chain 

0 52.9 (-r-3.5) 
LD5 34.5 (+3.1)* 
B4 31.1 (22.8)t 
E9 26.5 (+-2.5)t 
Dl 42.5 (~3.7) 
T40 50.7 (k3.6) 

SMCs were labelled with [3H]proline. Pepsin resistant 
radiolabelled collagen types were separated on SDS- 
PAGE and relative synthesis of total type III collagen 
(medium + cell layer) was determined as described in 
Materials and Methods. 

Values are means of six determinations (*SD). 
Statistical analysis as in Table 2: * P < 0.01; t P < 0.001. 

Table 4. Effect of dextran derivatives on the distribution 
of collagen types between medium and cell layer 

Addition to 
culture medium 

(400 pg/mL) 

0 
LD5 
B4 
E9 
Dl 
T40 

Type I collagen in Type III collagen 
medium (%) in medium (%) 

91.2 (t7.1) 82.3 (k5.8) 
93.1 (27.6) 85.4 (26.3) 
56.0 (?3.9)* 56.4 (r3.8)* 
56.9 (a4.0)* 48.2 (-+3.5)* 
95.1 (27.8) 93.7 (k7.5) 
92.7 (28.1) 86.2 (26.2) 

The distribution of each collagen type was calculated 
according to the following formula: 

[3H]proline incorporated in medium collagen 

[‘Hlproline incorporated in total collagen 
x 100. 

(medium + cell) 

* P < 0.001. 

components had a similar but less important effect, 
whereas Dl derivative had no significant activity. 
Interestingly unsubstituted T40 dextran had no 
significant effect. 

Distribution of type I and type III collagens 
between the medium and cell layer was estimated 
by comparing labelled collagen in the medium to 
total labelled collagen (medium + cell layer) for 
each type. Only B4 and E9 significantly altered the 
distribution of both type I and type III collagens 
(Table 4). It is important to observe that LD5 had 
no effect on this distribution. Total RNA was 
extracted from dextran-treated SMCs and analysed 
by slot blot hybridization. Significant variation 
occurred for type III collagen mRNA (Fig. 3). 
Quantitative analysis indicated that LD5, B4 and 
particularly E9 derivatized dextrans, significantly 
reduced the steady-state level of type III collagen 
mRNA (Table 5). However Dl component as 
unsubstituted T40 dextran had no significant effect 



Effects of derivatized dextrans on smooth muscle cells 851 

PRO al(III) 

6 

Fig. 3. Slot blot analysis of type III collagen mRNA level. 
Total RNA was extracted and analvsed bv slot blot 
hybridization as described in Materials and Methods. 
Increased amounts of total RNA (2, 4 and 6pg) were 
hybridized with 32P-labeled cDNA probe specific for type 
III collagen pro alpha1 chain. Quantitative densitometric 
analysis of the spots is reported in Table 5. 1, control; 2, 

LD5; 3, B4; 4, E9; 5, Dl; and 6, T40. 

Table 5. Effect of dextran derivatives on the relative 
amount of collagen mRNAs expressed by smooth muscle 

cells in culture 

Addition to 
culture medium alpha1 (I) mRNA alpha1 (III) mRNA 

(400 pg/mL) (% of control) (% of control) 

0 100.0 (27.8) 100.0 (26.3) 
LD5 109.1 (59.7) 66.7 (?4.3)? 
B4 98.0 (27.3) 73.9 (24.l)f 
E9 93.8 (28.2) 61.1 (+3.8)$. 
Dl 110.2 (k9.9) 88.9 (k6.6) 
T40 97.3 (28.8) 95.1 (T7.4) 

Relative levels of collagen mRNA were determined by 
densitometric analysis of slot blot hybridized with specific 
cDNA probes (see Fig. 3) as described in Materials and 
Methods. Results are expressed as a percentage of control 
value (with no dextran in the medium). Control value was 
set to 100% (*SD based on cross-comparisons between 
six determinations under control conditions). 

Each value is the mean of six determinations (*SD). 
* P < 0.02; t P < 0.01; $ P < 0.001. 

on this parameter. In similar conditions the level of 
pro alpha1 (I) collagen mRNA was not significantly 
modified by any dextran derivatives. 

DISCUSSION 

The proliferation of vascular SMC and excessive 
secretion of ECM macromolecules, particularly 
collagens, are postulated to be early key steps in the 
pathogenesis of atherosclerosis. Highly anti- 
proliferative molecules, devoid of significant anti- 
coagulant activity, could be efficient in the control 
of SMC phenotype. As collagen metabolism is 
disturbed in atherosclerosis, the activity of these 
compounds on collagen biosynthesis was also studied. 

We previously showed that low molecular weight 
heparin fragments (CY222) with antiproliferative 
properties towards SMC and low anticoagulant 
activity modulated the collagen gene expression of 
SMC in uitro [20]. This modulation was studied in 
post-confluent cells and appeared unrelated to their 
antiproliferative activity. 

To extend this investigation to structure-activity 
relationship, we studied new heparin-like molecules, 
dextrans grafted with function groups [25]. We 
previously showed that heparin-like biomaterials 
exhibiting no or very low anticoagulant activity had 
the capacity to inhibit aortic SMC proliferation 
[23,24]. Native dextran and carboxymethyl dextrans 
were totally inactive. In order to study the charge 
effect of these polymers, we compared carboxymethyl 
dextrans bearing varying amounts of carboxyl group. 
No antiproliferative effect was observed. It also 
appeared that benzylamide groups are required to 
increase inhibitory capacity. It was also observed in 
SMCs that the E9 derivative was very efficient in 
inhibiting cell proliferation. The Dl derivative 
exhibited less inhibitory potency than the E9 
derivative. 

Our studies were focused on collagen phenotype 
expression of SMCs. Experiments were carried out 
on post-confluent cultures in the absence of serum 
to distinguish the effects on collagen gene expression 
from general antiproliferative activity. During our 
biosynthetic experiments no detectable effect of 
dextran derivatives on proliferation of post-confluent 
SMC cultures were observed. However, three of the 
dextran derivatives decreased total protein synthesis 
and, in an even more efficient fashion, collagen 
synthesis. 

As compared with proliferative SMC, decreases 
in protein and collagen biosynthesis have been 
described for quiescent cultures, growth arrested by 
cell density and/or mitogen deprivation [9, lo]. 
Experiments carried out on quiescent SMC culture 
indicate that dextran derivatives were able to 
decrease total protein synthesis and more specifically 
collagen biosynthesis by a mechanism distinct from 
their antiproliferative activity. 

Furthermore, the Dl derivative exhibited no effect 
on total protein synthesis, type III collagen 
synthesis or collagen excretion but did inhibit SMC 
proliferation. On the contrary, LD5 and B4 
derivatives, which had no inhibitory effect on SMC 
proliferation, did decrease type III collagen synthesis. 

Differences in the ratio of collagen type appear 
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to reflect differences in steady-state procollagen 
mRNA levels, implicating primary control by 
transcription or mRNA stabilization [32-341. Our 
data indicate that changes in proportion of type III 
collagen synthesis are accompanied by comparable 
modulations in type III procollagen mRNA levels. 
In particular, E9, the most substituted dextran, 
appears to be the most active component in 
modulating type III collagen expression. E9 
decreased type III collagen synthesis to 50.1% of 
control value and similarly decreased type III 
procollagen mRNA to 61.1% of control level. 
Among the dextran derivatives used in this 
study the E9 derivative exhibited the strongest 
antiproliferative activity towards SMC. 

No correlation could be demonstrated between 
the absence of effect of LD5 and B4 on SMC 
proliferation and the ability of these compounds to 
decrease total collagen biosynthesis and type III 
collagen proportion. In addition only the two 
derivatized dextrans bearing benzylamide groups 
(B4 and E9) altered collagen distribution between 
the medium and cell layer. It was demonstrated that 
high molecular weight dextran sulphate (M, 500,000) 
increased processing of collagen in cell culture, 
leading to an alteration of collagen distribution 
between cell and medium [35]. However in our study 
unsubstituted native dextran (M, 43,900) had no 
such effect on this parameter. These data suggest 
that benzylamide groups could play a role in the 
decrease of collagen proportion in medium of SMCs 
exposed to B4 and E9 derivatives. 

In conclusion it appears that derivatized dextrans 
exhibit different bioactivities depending on their 
respective quality and degrees of substitution and 
could involve different mechanisms in SMC 
proliferation and collagen biosynthesis. E9, the most 
substituted dextran in the present study, was the 
most efficient in decreasing both SMC proliferation 
and SMC collagen gene expression. 
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