© 2005 Nature Publishing Group Al rights reserved 0007-1188/05 $30.00 @
www.nature.com/bjp

British Journal of Pharmacology (2005) 146, 370-377

Some structural determinants of the antiproliferative effect
of heparin-like molecules on human airway smooth muscle

2V arsha Kanabar, 'Stuart J. Hirst, 'Brian J. O’Connor & *Clive P. Page

"Department of Asthma, Allergy and Respiratory Science, GKT School of Medicine, King’s College London, Guy’s Campus,
London SE1 9RT and *Pharmacology and Therapeutics Division, Sackler Institute of Pulmonary Pharmacology, GKT School of
Biomedical Sciences, King’s College London, Guy’s Campus, 5th Floor, Hodgkin Building, London SE1 9RT

1 Accumulation of airway smooth muscle (ASM) and its infiltration by mast cells are key
pathological features of airway remodelling in asthma. Heparin, a major component of mast cell
granules, inhibits ASM proliferation by an unknown mechanism. Here, unfractionated heparins and
related glycosaminoglycans having structurally heterogeneous polysaccharide side chains that varied
in molecular weight, sulphation and anionic charge were used to identify features of the heparin
molecule that were required for its antiproliferative activity in cultured human ASM cells.

2 Proliferation induced by 10% fetal bovine serum (FBS) was abrogated by two unfractionated
commercial heparin preparations (Sigma and Multiparin) and this effect was reproduced with each of
three low-molecular weight heparin preparations (3, 5 and 6 kDa, respectively), demonstrating that
antiproliferative activity resided in at least a 3 kDa heparin fraction.

3 N-desulphated 20% re-acetylated (N-de) heparin (anticoagulant) and O-desulphated heparin (O-
de) (non-anticoagulant) fractions also inhibited FBS-dependent proliferation (rank potency: Sigma
heparin > O-de > N-de) suggesting that the antiproliferative action of heparin involved N-sulphation
but was independent of its anticoagulant activity.

4 Other sulphated molecules with variable anionic charge (dextran sulphate, fucoidan, chondroitin
sulphates A or B, heparan sulphate) inhibited proliferation to varying degrees, as did the non-
sulphated molecules hyaluronic acid and poly-L-glutamic acid. However, nonsulphated dextran had
no effect.

5 In summary, attenuation of FBS-dependent proliferation of human ASM by heparin involves but
does not depend upon sulphation, although loss of N-sulphation reduces antiproliferative activity.
This antiproliferative effect is independent of anionic charge and the anticoagulant actions of heparin.
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Introduction

A component of tissue remodelling and excessive airway
narrowing in asthmatic airways involves accumulation of
airway smooth muscle (ASM), thought to result from aberrant
hyperplastic and hypertrophic cell growth (Heard & Hossain,
1973; Ebina et al., 1993; Lambert et al., 1993). This single
factor alone is suggested to be sufficient to cause airways
hyper-responsiveness (AHR) (James er al., 1989). Possible
mechanisms that underlie or amplify the remodelling in
asthma and which may also drive increased ASM content
include infiltration of inflammatory cells and leakage of
plasma proteins, which may serve to increase the availability
of profibrogenic and mitogenic factors within the vicinity of
ASM (Shiels ez al., 2000).

A recent study suggests a major difference between asthma
and eosinophilic bronchitis (a condition characterised by
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cough, but not AHR or airflow obstruction) was infiltration
of ASM bundles by mast cells (Brightling et al., 2002).
Although mast cells produce a variety of lipid mediators,
chemokines, cytokines and enzymes that may interact with
ASM cells to cause AHR (Page et al., 2001; Robinson 2004),
they are the only endogenous source of heparin in mammals,
which may have a protective role by limiting imflammation
and airway remodelling (Page, 1991). In support of this
hypothesis, heparin is released upon mast cell degranulation
(Green et al., 1993) and inhibits proliferation of ASM cultured
from several species including bovine, canine, guinea-pig and
man (Johnson et al., 1995; Kilfeather et al., 1995; Halayko
et al., 1997), and is antiproliferative against ASM from
asthmatic airways (Burgess et al., 2001).

Heparin and related glycosaminoglycans (GAGs) comprise
alternating repeating disaccharide units of varying lengths with
an amino sugar (either glucosamine or galactosamine) and
uronic acid (either glucuronic or iduronic acid) residue (Tyrrell
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et al, 1999). These disaccharide units are variably
N-sulphated, O-sulphated and N-acetylated. Furthermore,
uronic acid residues are also carboxylated, which in combina-
tion with variable sulphate groups provide GAGs with a
high net negative charge. Collectively, the above physical pro-
perties of heparin result in a molecule of varying sulphation,
charge and size. Heterogeneity such as this likely underlies
heparin’s broad range of biological effects. In support of this
possibility, heparin has anti-inflammatory and antimetastatic
activities (Seeds et al., 1995; Fryer et al., 1997; Lever &
Page, 2002), which are distinct from its anticoagulant property
that resides within a defined pentasaccharide sequence
(Tyrrell et al., 1999). Furthermore, sulphation, polymer
size and anionic charge are reported to be important
determinants of the antiproliferative activity of heparin in
vascular smooth muscle (VSM) cultured from systemic or
pulmonary vascular tissue (Karnovsky & Edelman, 1994;
Joseph et al., 1997; Garg et al., 2000; 2002). However, the
properties responsible for heparin’s antiproliferative activity in
ASM have been only partially characterised in bovine ASM
(Kilfeather et al., 1995) and have not been examined at all in
human ASM.

In the present study, we hypothesised that specific structural
properties of the heparin molecule were responsible for its
anti-proliferative activity and that identification of such
properties would facilitate the design of polysaccharide
sequences to target ASM proliferation specifically. Accord-
ingly, we evaluated the contribution of sulphation, molecular
size/weight and anionic charge as variables contributing
to heparin’s reported antiproliferative capacity in fetal bovine
serum (FBS)-stimulated human ASM cells. Although identi-
fication of the molecular mechanism underlying heparin’s
antiproliferative activity in ASM was not the primary aim
of our study, a nonanticoagulant heparin derivative was also
examined to investigate whether the anticoagulant activity of
heparin was required for its antiproliferative action on these
cells.

Methods
Compounds

Unfractionated sodium heparin was obtained from two
separate sources: Sigma (Cat #H3149, 17-19kDa, 170-195
USP units mg~'; Sigma-Aldrich Company Ltd, Poole, Dorset,
U.K.) and CP Pharmaceuticals (30kDa, 2001Umg"'; CP
Pharmaceuticals Ltd, Wrexham, U.K.) and described hereafter
as Sigma heparin and Multiparin, respectively. Low molecu-
lar-weight (LMW) heparins were from Sigma (3 and 6 kDa)
and Leo Laboratories (S5kDa (Fragmin), Leo Laboratories,
Princes Risborough, U.K.). O-Desulphated heparin (O-de)
(< 10kDa) was a gift from Dr T. Kennedy (Carolinas Medical
Health Care Foundation, Charlotte, NC, U.S.A.). Chondroi-
tin sulphate A (5-50kDa), chondroitin sulphate B (37.5kDa),
N-acetyl, N-desulphated (N-de) heparin (17-19kDa), heparan
sulphate (14.2kDa), fucoidan (193 kDa), hyaluronic acid (3—
5.8 x 10°kDa), dextran (9.5kDa), dextran sulphate (DS)
(10kDa), poly-L-glutamic acid (3—15 and 50-100kDa) and 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) were obtained from Sigma. All cell culture reagents
were from Invitrogen (Paisley, U.K.).

Isolation and culture of human ASM cells

Human ASM cells were obtained in accordance with
procedures approved by the Guy’s and St Thomas’ Hospitals’
Research Ethic’s Committee from the lobar or main bronchus
of 14 nonasthmatic subjects (12 smokers, two nonsmokers;
mean age 64+2years, range 27-78 years; 11 male and three
female) undergoing lung resection for carcinoma of the
bronchus using methods described previously (Hirst et al,
2000). Fluorescent immunocytochemical and flow cytometric
techniques confirmed that near-confluent, FBS-deprived early
passage human ASM cells stained (>95%) for smooth muscle-
specific o-actin and calponin (Hirst et al, 2000). Cells at
passages 3-8 were used in all experiments.

Cell stimulation and proliferation

Cells in multiwell plates were seeded at 10,000cm~ in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS. After 24h, cell growth was arrested by
replacing the medium with FBS-free DMEM supplemented
with 1 uM insulin, 5.5 uygml™" transferrin, 6.7 pgml~' selenium
and bovine serum albumin (0.1%) for 72h. Cells were then
either left unstimulated or growth was initiated with DMEM
containing 10% FBS in the presence or absence of each
heparin or related GAG. Solutions were prepared fresh on the
day of addition from a 100mgml~' stock solution. Fresh
medium was replaced every 48-72h. Proliferation was
examined on days indicated either by direct cell counting
using a haemacytometer or by the MTT reduction assay, as
previously validated with human ASM cells (Hirst ez al., 1992).

Data analysis

Data are mean+s.e.m. from cells cultured from n patients.
Data were compared using one- or two-way repeated measures
analysis of variance (ANOVA), where appropriate, followed
by Bonferroni’s #-test to evaluate differences between treat-
ment groups (SigmaStat; SPSS Inc., Chicago, IL, U.S.A.).
A probability value (P) of less than 0.05 was considered
significant. Effective concentrations giving a 50% inhibition
(ICsp) and extrapolated maximum responses were estimated
for individual concentration—response curves using nonlinear
least-squares regression (SigmaStat). ICs, values were con-
verted to negative logarithmic values (pICs) for all statistical
analysis, although for ease of comprehension 1Cs, values with
the corresponding 95% confidence interval range are given in
the text. The polymeric nature of heparin and related GAGs
precluded use of molar concentrations.

Results
Unfractionated heparins

Unfractionated heparin from Sigma (comprising variable
chain lengths) inhibited FBS-induced proliferation in a
concentration and time-dependent manner (P<0.001,
Figure la). Concentrations of at least 2.5-5mgml~' main-
tained cells in a nonproliferating state for all days examined.
Direct comparison of the effect of Sigma heparin by MTT
reduction with cell counts suggested cell counting was
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Figure 1 Attenuation of FBS-stimulated proliferation by unfractionated heparins. Human ASM cells were either unstimulated or
stimulated with 10% FBS in the presence or absence of varying concentrations (mg ml~") of either Sigma heparin (a, c) or a clinically
used commercial heparin preparation, Multiparin (b, d). Proliferation was assessed by MTT reduction (a, b) and by direct cell
counting. Panels ¢ and d compare proliferation at day 7 using both methods. Data are mean +s.e.m. of six experiments using cells
from individual donors. *P<0.05, **P<0.01, ***P<0.001, compared with FBS alone; *P<0.05 compared with MTT reduction by

two-way ANOVA.

approximately 1.8-fold more sensitive than MTT reduction
for detecting the attenuating effects of heparin (P=0.036,
Figure 1c). Likewise, another unfractionated heparin (Multi-
parin) that was standardised for anticoagulant activity
and used clinically, prevented FBS-dependent proliferation
in a concentration and time-dependent manner (P<0.001,
Figure 1b) but also caused a variable, nonsignificant potentia-
tion at the lowest concentrations examined (0.01-
0.05mgml™"). At day 7, however, there was no significant
difference between Multiparin-dependent cell inhibition deter-
mined by MTT reduction or by direct cell counting (P>0.05,
Figure 1d) and the MTT reduction assay was adopted for all
subsequent studies. Concentrations at or exceeding 10 mgml~'
Multiparin, but not below, caused cells to become rounded
and detached when viewed under the microscope 24 h after
treatment, also evidenced by optical density values well below
those obtained for control unstimulated cells. Viability of
detached cells, assessed by Trypan Blue exclusion, was >95%
after treatment for 24h with 10mgml~' Multiparin, but fell
to 42+4% at day 4. The reduction in viability at late but
not early time points of detached cells likely reflects loss
of attachment-dependent survival by Multiparin rather than
direct cytotoxicity. These effects were unrelated to the
preservative in the commercial formulation (0.15% chloro-
cresol) as no effect was found on basal or FBS-stimulated
proliferation (data not shown). In addition, neither Sigma
heparin nor Multiparin (0.01-5mgml™') had any effects upon
MTT reduction in the absence of mitogen (P>0.05, n=4)
(data not shown), suggesting they had no direct mitogenic or
cytotoxic action.

Role of sulphation

To examine a requirement for sulphation in the growth
attenuating effects of heparin, a non-heparin-like compound,
dextran sulphate (DS) was initially examined against FBS-
stimulated proliferation and compared with its nonsulphated
derivative, dextran (D, 0.01-20mgml~"). DS significantly
attenuated FBS-induced human ASM proliferation in a
concentration-dependent manner (ICs, 2.0 [0.1-3.8] mgml™!;
inhibition at 10mgml~' 108+10%), whereas D was without
effect over the range of concentrations examined (Figure 2).

To investigate the role of sulphation within the heparin
molecule in greater detail, heparan sulphate (HS) and
chondroitin sulphates (CSA and CSB) were examined for
antiproliferative activity and compared with Sigma heparin.
FBS-dependent proliferation was prevented by HS in a
concentration-dependent fashion (inhibition at 10mgml™!
97+9%, P<0.001, Figure 3a), which was not significantly
different (ICso: HS 5.7 [3.1-8.4] mgml~', Sigma heparin 2.2
[1.1-3.2] mgml~!, P>0.05) from that observed with Sigma
heparin (inhibition at 10mgml™' 92+8.0%, P<0.001). Both
CSA and CSB also both inhibited FBS-stimulated prolifera-
tion (inhibition at 20mgml~": CSB 78 +13%, CSA 47+9%,
heparin 118+3%) but were markedly less potent (P<0.001)
compared with Sigma heparin (ICs: CSB 11.9 [7.5-16.3]
mgml~!, CSA >20mgml~', Sigma heparin 0.8 [0.3-1.2]
mgml™") such that the rank order of potency was Sigma
heparin > CSB = CSA (Figure 3b).

Hyaluronic acid (HA), like heparin, is composed of
glucosamine and glucuronic acid residues, but unlike heparin

British Journal of Pharmacology vol 146 (3)



V. Kanabar et al

Heparin and airway smooth muscle proliferation 373

120

100 3 Unstimulated
= i mm 10% FBS
2 OD
S 80t
o ® Ds
?
c 60 :
S :
© ;
Q 40 |
= .
a §

20 ¢

0 0I01 OI1 1I 1I0 1(I)0

& &7
\)(\
D/DS (mg ml-1)

Figure 2 Attenuation of FBS-stimulated proliferation by sulphated
but not nonsulphated nonheparin-like dextran (D) polymers.
Proliferation at day 7 was determined by MTT reduction in the
presence or absence of dextran sulphate (DS; 10kDa) or D
(9.5kDa). Data are mean+s.e.m. of five independent experiments
using cells cultured from individual donors. *P<0.05, **P<0.01,
%P <().01 compared with FBS alone; YP<0.001 compared with D
by two-way ANOVA.
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Figure 3 Attenuation of FBS-stimulated proliferation by (a)
heparan sulphate (HS) and (b) by chondroitin sulphates (CS).
Proliferation at day 7 was determined by MTT reduction in the
presence or absence of HS, CSA or CSB and compared with
attenuation by Sigma heparin. Data are meants.e.m. of 2-5
independent experiments using cells cultured from 3-5 individual
donors. **P<0.01, ***P<0.001 compared with FBS alone,
$P<0.001 compared with Sigma heparin, #P<0.05 compared with
CSB by two-way ANOVA.

does not contain iduronic acid residues and is not sulphated
(Varma & Varma, 1983). Treatment with HA caused a
concentration-dependent inhibition of FBS-induced prolifera-
tion (P<0.001), which was markedly less than with Sigma
heparin (ICsy: HA 22.0 [16.6-27.3] mgml~', Sigma heparin 0.8
[0.3-1.2] mgml™', P<0.001) (inhibition at 2.5mgml~": HA,
17+ 3%, heparin, 93+2%) (Figure 4).

Sulphation pattern and anticoagulant activity

We next examined if anticoagulant activity or positional
sulphation were factors in the attenuated proliferation by
heparin. We found FBS-stimulated proliferation was inhibited
by O-de (non-anticoagulant), by N-de (anticoagulant), by N-
desulphated 90% re-N-acetylated heparin (N-ac) and by Sigma
heparin (Figure 5). Inhibition at 20 mgml~" was 93+6, 89 +4,
103+ 5 and 113 +8%, respectively). The antiproliferative effect
of all three heparin derivatives was significantly less potent
compared with Sigma heparin (ICs;: O-de 2.1 [1.3-2.8]
mgml~!, N-de 14.6 [10.0-19.2] mgml~!, N-ac 2.9 [1.0-4.7]
mgml~!, Sigma heparin 0.8 [0.3-1.2] mgml~', P<0.001) with
the rank order of potency against FBS being Sigma heparin
> 0-de > N-ac> N-de.

Role of molecular size

To establish if the antiproliferative effect of heparin was
retained in smaller heparin fragments, three low molecular-
weight (LMW) heparins (3, 5 and 6 kDa) were compared with
the antiproliferative effects of Sigma heparin (17-19 kDa).
FBS-dependent proliferation was prevented by each of the
LMW heparins (P<0.001) (Figure 6). Similar extents of
attenuation of FBS-stimulated proliferation were found with 3
and 5kDa LMW heparin compared with Sigma heparin
(P>0.05), although the 6kDa fraction resulted in some cell
loss above 5mgml~!. Likewise, no differences in potency were
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Figure 4 Effect of treatment with hyaluronic acid (HA) on FBS-
dependent proliferation. Proliferation at day 7 was determined by
MTT reduction in the presence or absence of HA and compared
with native heparin (Sigma). Data are mean+s.e.m. of five
independent experiments using cells cultured from individual
donors. ¥*P<0.05, **P<0.01, ***P<0.001 compared with FBS in
the absence of GAG, SP<0.01 compared with Sigma heparin by
two-way ANOVA.
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Figure 5 Attenuation of FBS-stimulated proliferation by O-
desulphated heparin (O-de, non-anticoagulant), N-desulphated re-
N-acetylated (N-de, anticoagulant) and N-acetylated heparin (N-ac,
anticoagulant). Proliferation was determined by MTT reduction at
day 7 in the presence or absence of O-de, N-de or N-ac and
compared with attenuation by native heparin (Sigma). Data are
mean +s.e.m. of five independent experiments using cells cultured
from individual donors. **P<0.01, ***P<0.001 compared with
FBS alone, P<0.001 compared with Sigma heparin, #*P<0.05
compared with O-de by two-way ANOVA.
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Figure 6 Attenuation of FBS-stimulated proliferation by LMW
heparins. Proliferation was determined by MTT reduction at day 7
in the presence or absence of LMW heparin fractions of 3, 5 or
6kDa and compared with attenuation by Sigma heparin (17—
19kDa). Data are mean+s.e.m. of six independent experiments
using cells cultured from individual donors. ***P<0.001 compared
with FBS in the absence of LMW fractions by two-way ANOVA
(see text for details of other statistical comparisons).

found (ICsy: 3kDa 1.6 [0.3-3.0] mgml~!, 5kDa 2.2 [0.8-3.6]
mgml™', 6kDa 1.7 [0.1-3.5] mgml™', Sigma heparin 1.1 [0.5~
1.7] mgml~!, P>0.05).

Role of anionic charge

The contribution of anionic charge to the antiproliferative
effects of heparin was explored using highly polyanionic
peptides/polysaccharides with and without N- and O-sulpha-
tion. Poly-L-glutamic acid (PGA) was examined in two forms
to control for differences in molecular size: PGA-1 (3—-15kDa)
and PGA-2 (50-100kDa), with PGA-1 being comparable in
size to unfractionated Sigma heparin (17-19 kDa).
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Figure 7 Attenuation of FBS-stimulated proliferation by poly-
anions. Proliferation was determined by MTT reduction at day 7 in
the presence or absence of sulphated (fucoidan) or nonsulphated
(PGA-1,-2) polyanions. Data are mean+s.e.m. of five independent
experiments using cells cultured from individual donors. *P<0.01,
***P<0.001 compared with FBS in the absence of polyanions by
two-way ANOVA.

All three polyanions inhibited FBS-induced cell prolifera-
tion (P <0.001). Maximal inhibition with fucoidan occurred at
Imgml~' and was 124+ 4%. Inhibition at 10mgml~' PGA-1
and PGA-2 was 9446 and 62+13%, respectively. Corre-
sponding ICs, values were: fucoidan 0.03 [0.01-0.1] mgml™",
PGA-1 24.0 [10.8-37.0] mgml™' and PGA-2 18.4 [9.2-28.0]
mgml~! (Figure 7). Overall, there were no differences in
potency between the nonsulphated polysaccharides PGA-1
and PGA-2 (Figure 7) or Sigma heparin (P> 0.05, not shown),
supporting our findings with LMW heparins that molecular
size (at least to 3kDa) was not a determinant for heparin’s
antiproliferative activity in ASM. However, they were
markedly less potent (approximately 500-fold) than the
sulphated polysaccharide, fucoidan (P<0.001).

Discussion

Heparin’s structural heterogeneity arises from polysaccharide
side chains containing alternating residues of an amino sugar
(glucosamine) and uronic acid (either glucuronic or iduronic
acid), variably distributed with regions of sulphated domains
(O-sulphate and N-sulphate) and less sulphated domains (N-
acetylated). Additionally, heparin comprises irregular chain
lengths and is highly negatively charged due to the sulphated
and carboxylated groups present on the polysaccharide side
chains (Tyrrell et al., 1999). These variables in chemical
structure are thought to account for its diverse biological
properties (Tyrrell et al., 1999; Lever & Page, 2002) and may
explain why commercial preparations of heparin often differ
widely in their antiproliferative activity against VSM (Jaques
et al., 1967; Castellot et al., 1986; Grainger et al., 1993).
Although, it is well-established that heparin is likewise
antiproliferative for ASM cells from other species including
man (Johnson et al., 1995; Kilfeather et al., 1995; Halayko
et al., 1997), the key structural moieties on the heparin
molecule required for this activity are unknown. Here, we
demonstrate some of the structural properties of heparin
necessary for inhibition of ASM cell proliferation. These
include sulphation, particularly N-sulphation and to a much
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lesser extent, 2-O- and 3-O-sulphation. We also show that the
antiproliferative activity was independent of its anticoagulant
activity, anionic charge and molecular size exceeding 3 kDa.

The importance of sulphation for the antiproliferative effect
of heparin was initially identified with the nonheparin-like
polymer DS, which unlike nonsulphated D inhibited FBS-
dependent human ASM proliferation. Similar observations are
reported elsewhere with bovine ASM (Kilfeather et al., 1995),
rat VSM and rat fibroblasts (San Antonio et al., 1992).
Although structurally unrelated to heparin, both heparin and
DS are comparable in their high level of sulphation, with DS
having 3.3 sulphate residues per disaccharide unit (Windholz
et al., 1976) and heparin having 2.4 sulphate residues per
disaccharide unit (Rabenstein, 2002). The compounding effect
of DS polymers having varying molecular weights and hence
differing overall sulphate content was not addressed directly
in this study, but Kilfeather et al. (1995) demonstrated that DS
polymers with molecular weights between 5 and 500 kDa were
equally effective in preventing FBS-dependent proliferation
of bovine ASM cells, suggesting that the absolute presence of
sulphation is required. This is also supported by the finding
that nonsulphated D lacked antiproliferative activity. How-
ever, the finding that the non-sulphated molecule HA also
possessed antiproliferative activity was unexpected and
contrasts with observations in VSM by Garg et al. (2000).
However, the antiproliferative effect of HA occurred with
higher concentrations (>5mg ml™') and was markedly less
effective compared with Sigma heparin. On balance, therefore,
we suggest that sulphation is important but is not the sole
property of the heparin molecule required for its antiproli-
ferative activity.

We further examined the contribution of sulphation in
experiments employing polysaccharides that exhibit less
sulphation than heparin. Although structurally similar to
heparin with side chains composed of the same monosacchar-
ide building blocks, resulting in alternating glucosamine and
hexuronic acid residues (either iduronic or glucuronic acid) of
which most are glucuronic acid in HS chains, HS has a lower
proportion of N- and O-sulphation and N-acetyl groups. The
ratio of N-sulphated to N-acetylated glucosamine residues is
1:1 for HS butis 4: 1 in heparin (Rabenstein, 2002). However,
despite the reduction in overall sulphation within HS its
antiproliferative activity was comparable with heparin itself.
In similar studies with VSM heparin was found to be more
effective (Garg et al., 2000), but in bovine ASM heparin was
two-fold /less antiproliferative than HS (Kilfeather ez al., 1995).
Although we did not examine over-sulphation of these
molecules, Garg et al. (2000) found that over-sulphation of
HS augmented its antiproliferative activity by 30%, whereas
over-sulphation of heparin had no additional effect, which
may indicate that heparin was already optimally sulphated.
Consistent with the importance of sulphation, we found that
the chondroitins, CSA and CSB, which are less sulphated
than HS or heparin were poorly antiproliferative compared
with heparin (average number of sulphate groups per
repeating disaccharide unit for heparin is 2.5 compared with
1.0 for the chondroitins and 1.5 for HS (Varma & Varma,
1983). Moreover, the overall order of potency against FBS-
stimulated proliferation in human ASM cells was hepar-
in=HS>»CSB>CSA>HA. This is similar to reports else-
where for inhibition of cell adhesion (San Antonio et al., 1992)
and loosely correlates with the empirical sulphate content

for each of the GAGs examined where heparin>HS>CSB=
CSA >HA (Rabenstein, 2002).

Both heparin and HS are variably N-sulphated, O-sulphated
and N-acetylated, whereas CSA and CSB though N-acetylated
and O-sulphated are not N-sulphated (Varma & Varma, 1983).
The finding that antiproliferative activity was lower for both
chondroitins than for heparin or HS suggests that N-
sulphation also contributes to the overall antiproliferative
potency of heparin. That HS is less N- and O-sulphated
compared with heparin but equally antiproliferative implies
the level of N-sulphation present in HS side chains was
sufficient and not below a threshold required for this activity.
Consistent with this possibility, completely N-de, 20% re-
N-acetylated heparin (N-de) retained antiproliferative activity
but was less effective than heparin, indicating that removal of
N-sulphation reduces but does not abrogate antiproliferative
activity. In VSM studies, loss of N-sulphation results in
complete loss of antiproliferative activity (Wright et al., 1989),
which upon N-acetylation partially restores antiproliferative
activity, perhaps due to neutralisation upon N-acetylation of
the otherwise positively charged heparin molecule (Wright
et al., 1989). The finding that 90% re-N-acetylation (N-ac)
resulted in improved antiproliferative activity compared with
20% re-N-acetylation (N-de), but not to the same extent with
heparin, is consistent with similar observations in VSM
(Castellot et al., 1984; Tiozzo et al., 1993) and suggests that
N-sulphation is required for heparin’s antiproliferative activ-
ity. Although we did not examine a minimum level of N-
sulphation required for antiproliferative activity, a recent
study suggests heparin must retain 24% N-sulphate groups to
retain comparable antiproliferative activity with native heparin
(Longas et al., 2003). The antiproliferative activity of O-de
(non-anticoagulant) and N-ac were similar but less effective
than heparin suggesting that the pentasaccharide sequence
required for anticoagulant activity does not play a role in
attenuation of ASM proliferation, a finding supported in VSM
in vivo (Guyton et al, 1980) and in vitro (Hoover et al., 1980).
Collectively, since O-desulphated heparin retains N-sulphation
and 6-0 sulphation but not 2-O or 3-O sulphation (Fryer et al.,
1997) our findings suggest attenuation of ASM cell prolifera-
tion by heparin involves N-sulphation and N-acetylation but
not 2-O or 3-O sulphation.

We also investigated whether the overall size of the heparin
polymer was a factor in the attenuation. All three LMW
heparins examined prevented FBS-dependent proliferation,
and were comparable in activity with Sigma heparin, suggest-
ing that the antiproliferative activity of heparin resides in
chains of 3-6kDa and as little as 3kDa. This agrees with
previous findings in bovine ASM (Kilfeather ez al., 1995) as
well as a report by Tiozzo et al. (1991) who demonstrated a
graduated loss of antiproliferative activity with decreasing
molecular weight from 4.5-1kDa LMW heparin fraction.

The importance of net charge within the heparin molecule to
antiproliferative activity has not been widely investigated. The
highly anionic, non-sulphated linear polysaccharides, PGA-1
and -2 though antiproliferative appeared less antiproliferative
than heparin. That PGA-1 and -2 were equally effective,
further suggests that increasing the overall negative charge by
increasing the size of the molecule does not influence cell
proliferation. However, this does not rule out a requirement
for a minimum anionic charge. Previous studies report variable
findings. For example, Joseph et al. (1997) showed that the
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antiproliferative activity of a lower charge density (less negative)
heparin fraction in VSM cells was similar to the parent heparin,
but high charge density fractions were ineffective. This contrasts
with the findings of Wright er al. (1989) who showed that
increased negative charge was concomitant with antiprolifera-
tive activity. Our finding that the highly anionic non-sulphated
linear polysaccharides, PGA-1 and -2 were equally effective but
less effective than highly anionic and sulphated polysaccharide
fucoidan suggest that both anionic charge and sulphation
contribute to antiproliferative activity.

The underlying mechanism of heparin’s antiproliferative
action in ASM is unknown, although it has been shown to
prolong cell cycle kinetics thereby increasing the interval
between mitosis (Halayko et al., 1997). Much more is known
in VSM where the binding of heparin to cell surface high-
affinity sites results in selective modulation of mitogenic
signalling pathways and altered expression of a specific subset
of growth regulatory genes including immediate-early response
genes, transcription factors, cell cycle machinery proteins and
extracellular matrix components. Emerging data suggest that
its antiproliferative effect requires upregulation of a novel
growth arrest-specific gene Cop-I (also known as CCNS,
HICP, Wisp2 or CTGF-L), which is a member of the CCN
(cysteine-rich 16/connective tissue growth factor/nephroblas-
toma overexpressed) family of secreted, cysteine-rich modular
proteins implicated in growth regulation, migration and
extracellular matrix production. Upregulation of this gene by
heparin and secretion of the growth-suppressing protein COP-
1/CCNS5 is reported to be restricted to heparin-sensitive VSM
cells and absent in heparin-resistant VSM or heparin-treated
endothelial cells (Delmolino et al., 2001). Recent studies with
siRNA against CCN5 have confirmed that it is required for a
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