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Size-fractionated heparins have differential effects
on human neutrophil function in vitro
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Background and purpose: Heparin is known to possess a range of activities, other than effects on blood coagulation, many of
which are anti-inflammatory. Effects with potential anti-inflammatory applications include the inhibition of elastase release
from neutrophils, as well as the adhesion of these cells to vascular endothelium. In the present study we aimed to investigate
whether fractionation of heparin may yield molecules with enhanced or specific effects on human neutrophil function.
Experimental approach: Fractions of defined molecular size were obtained from heparin by different methods and assessed
for their effects on elastase release induced by formyl Met-Leu-Phe (fMLP), from neutrophils, in some cases following the
priming of these cells with tumour necrosis factor-o. (TNF-o). Effects of the fractions on neutrophil adhesion to interleukin-14
(IL-p)-stimulated human umbilical vein endothelial cells (HUVECs) were also examined.

Key results: Elastase release was inhibited by very low molecular weight fractions of heparin, with an apparent minimum chain
length of 10 saccharides required for full effect. In contrast, neutrophil-endothelial adhesion was unaffected by these
fractionated heparins, suggesting that certain non-anticoagulant actions of heparin may be lost by such an approach.
Conclusions and implications: These data suggest that an optimum chain length of heparin possibly exists for certain non-
anticoagulant actions of heparin, which may prove to be useful in the design of novel drugs with specific anti-inflammatory
actions.
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Introduction

Heparin has long been used as an anticoagulant and its
properties, in this respect, are well understood. However,
following early reports that heparin possessed effects
apart from those on blood clotting (reviewed by Jaques,
1979), many of which involve modulation of aspects of
the inflammatory process (reviewed by Lever and Page,
2002), there has been increasing interest in exploiting the
non-anticoagulant pharmacology of heparin. However, the
structural requirements for the majority of the anti-inflam-
matory effects of heparin are not well understood.

Among the anti-inflammatory effects of heparin described
to date are its ability to affect leucocyte interactions with
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vascular endothelium, both in vitro (Bazzoni et al., 1992;
Silvestro et al., 1994; Lever et al., 2000; Smailbegovic et al.,
2001) and in vivo (Ley et al., 1991; Tangelder and Arfors,
1991; Xie et al., 1997; Salas et al., 2000) and to inhibit the
accumulation of inflammatory cells in tissues that follows
these events (Sasaki et al., 1993; Teixeira and Hellewell, 1993;
Seeds et al., 1995; Yanaka et al., 1996; Vancheri et al., 2001;
Seeds and Page, 2001). Furthermore, heparin can inhibit the
activation of inflammatory cells, in addition to possessing
the ability to bind and neutralize an array of mediators
and enzymes released during an inflammatory response
(see Tyrrell et al., 1999). One such cell-derived enzyme is
neutrophil elastase, which is involved in the pathogenesis
of a wide range of inflammatory diseases such as chronic
obstructive pulmonary disease (COPD), cystic fibrosis and
rheumatoid arthritis (see Doring, 1994). In addition to its
ability to cleave structural proteins such as elastin and
fibronectin, elastase binds the adhesion molecule Mac-1
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(CD11b/CD18; Cai and Wright, 1996), important in neu-
trophil adhesion and transmigration and, furthermore, is
able to cleave intercellular adhesion molecule-1 (ICAM-1)
(Champagne et al., 1998), a ligand for Mac-1. Heparin is
known to inhibit the enzymatic activity of elastase and has
been found to limit the extent of airway damage in in vivo
models of elastase-induced emphysema (Rao et al., 1990;
Lafuma et al., 1991) and to confer benefit in patients with
COPD when given in addition to standard drug therapy
(Brown et al., 2006). We have demonstrated previously that
heparin is able to inhibit the release of elastase from human
neutrophils, in response to a range of stimuli, an effect that
was found to be independent of its anticoagulant activity
(Brown et al., 2003). In addition to the ability to neutralize
elastase activity, inhibition of the release of this enzyme by
heparin may in part underlie the positive effects seen in
human disease and animal models of inflammation, follow-
ing heparin administration. Importantly, an understanding
of the structural basis for these properties could provide the
basis for discovery of novel drugs, with application in the
treatment of inflammatory diseases, which lack unwanted
effects of the parent heparin molecule, such as anticoagulant
activity.

A vast array of proteins is bound by heparin, many of
which interact physiologically with the closely related
glycosaminoglycan, heparan sulphate. Whereas the heparin
binding domains of many proteins are known and, where
not known, can be reliably predicted, the corresponding
sequences within the heparin molecule that interact with
these sites are yet to be elucidated for proteins implicated in
the inflammatory response. Therefore, a rationale exists to
determine structures within the parent heparin molecule
that, if isolated, may possess useful properties as anti-
inflammatory drugs. Such molecules might be designed
around the ability of heparin to bind to specific proteins, as
has been the case for the antithrombin binding pentasac-
charide (fondaparinux), or around their ability to exert a
particular and specific effect.

In the present study, we have assessed, through investiga-
tion of the effects of different size fractions of heparin,
whether altering the length of the glycosaminoglycan chain
affects the ability of heparin to inhibit inflammatory
functions of human neutrophils, with a view to identifying
the optimum molecular size for this activity. We have found
that fractions of heparin, within a distinct molecular weight
range, inhibit the release of elastase from human neutro-
phils, in some cases to a greater maximum extent than
unfractionated heparin (UH) but lack the effects of the
unfractionated drug on neutrophil-endothelial adhesion.

Methods

Preparation of heparin fractions

Heparin fractions were prepared from low molecular weight
heparin (LMWH) by nitrous acid depolymerization at pH 1.5
(Stringer et al., 2003), alkaline $-eliminative cleavage (Mayo
and Carlson, 1970) or digestion with heparinase I (from
Flavobacterium heparinum; Goger et al., 2002), followed by
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high-resolution gel chromatography on Bio Gel P10 as
described previously (Goger et al., 2002; Stringer et al., 2003).

Isolation of neutrophils

Peripheral venous blood was collected from healthy volun-
teers (n=6-8) into citrated tubes (1:10, v/v in acid citrate
dextrose (ACD)), before being transferred to Accuspin tubes
(containing Histopaque 1077) for centrifugation at 1000 g for
10min. The resultant plasma layer was carefully removed
and mononuclear cells, contained within a distinct opaque
layer, were carefully aspirated. Following removal of mono-
nuclear cells, the remaining blood fraction was purified
further to obtain neutrophil populations. The cell mixture
found below the Histopaque layer was mixed with an equal
volume of hydroxyethyl starch solution (Haes-steril), con-
taining 18% phosphate-buffered saline and 2% ACD and
centrifuged for 15min at 20¢ to remove erythrocytes. The
supernatant was further centrifuged (7 min, 1759) to collect
the neutrophils and remaining red blood cells were lysed by
inverting the pellet for 10s in sterile water, before addition of
an equal volume of 2 x modified Hank’s balanced salts
solution (HBSS, without Ca** or Mg?*) to restore tonicity.
Cells were pelleted by centrifugation (700g, 1 min) and then
washed a further two times in modified HBSS. Neutrophil
populations isolated in this manner were found to be more
than 98% viable and to contain at least 95% neutrophils,
contaminating cells typically being eosinophils. Blood
donors were recruited and samples obtained under the
approval of the Research Ethics Committees of King's
College London and Camden and Islington Primary Care
Trust.

Elastase release assay

Neutrophils were resuspended in complete HBSS (with Ca®"
and Mg® ") at a density calculated to yield a final concentration
of 2.5 x 106 cellsml™!, once all drugs and other reagents were
present in the tube. The final volume in each tube was 250 yul.

Cells were added to tubes containing cytochalasin B
(50 ugml’l, 25ul in HBSS) and heparins (ten times final
concentration required, 25ul in normal saline, or vehicle)
and were incubated at room temperature for 30min. All
tubes, including unstimulated controls, received cytochalasin
B, which enhances degranulation responses of neutrophils
in vitro.

In some experiments, neutrophils were primed with
tumour necrosis factor-o (TNF-o; 10 ng ml 1), before stimula-
tion. This cytokine augments the neutrophil response to
subsequent stimulation, without directly causing elastase
release (Brown et al., 2003; Jones et al., 2005). In these
instances, all tubes treated as above, including unstimulated
controls, received 25yl TNF-o (100ngml™' in HBSS) and
were incubated for a further 30 min. An identical array of
tubes were treated with 25ul HBSS for 30min. Cells
were stimulated by addition of 25ul formyl-Met-Leu-Phe
(fMLP; 10~°M) or calcium ionophore (A23187; 3 x 107 M),
or vehicle to unstimulated control tubes. Tubes were
incubated for 45min at room temperature before centri-
fugation to pellet neutrophils. Duplicate 25 ul samples of



supernatant were transferred to 96-well plates and 150zl Tris-
buffered saline added to each well. Finally, the chromogenic
substrate for human leucocyte elastase, N-methoxysuccinyl-
ala-ala-pro-val-p-nitroanilide, was introduced to each well, in
a volume of 20l (6 mM in 25% dimethylsulphoxide). Plates
were incubated at room temperature before spectrophoto-
metric analysis at 405nm in a plate reader. In previous
experiments, it was established that the presence of heparin
in neutrophil supernatants had no effect on the colorimetric
assay used to detect elastase (data not shown). Results are
expressed as % control elastase release, that is elastase release
from neutrophils stimulated in the absence of study drugs and
corrected for basal elastase release/background absorbance.

Neutrophil-endothelial adhesion assay

Human umbilical vein endothelial cells (HUVECs) at passage
five or below were cultured to confluency in large vessel
endothelial cell growth medium, in the central 60 wells of
flat-bottomed 96-well plates (200 pl culture medium per well;
5% COy; 37°C). Monolayers were stimulated by the addition
of 22ul per well of a solution of interleukin-15 (IL-18;
100U ml™; tenfold the final concentration required in the
well), or vehicle, prepared in culture medium at tenfold the
final concentration required in the well, for 6h. A 6-h
HUVEC stimulation period with IL-1f was selected for use in
the study, based on our previous findings that these
conditions produce a significant but submaximal neutrophil
adhesion.

Leucocyte-endothelial adhesion was examined using an
assay described previously (Lever et al., 2000; Smailbegovic
et al., 2001). Briefly, HUVEC monolayers, stimulated with
IL-18 (10Uml™ "), were washed with warmed HBSS before
addition of 200ul radiolabelled neutrophil suspension
per well. Neutrophils, isolated as described above, were
radiolabelled by incubation with aqueous sodium [>!Cr]-
chromate (37 kBq per 10° cells) for 60 min at room tempera-
ture. Excess radiolabel was removed by three washes in
modified HBSS before cells were resuspended at a final
concentration of 10°cellsml™' in complete HBSS. Cell
viability was unaffected by this process.

Radiolabelled neutrophils were incubated on HUVEC
monolayers for 30 min (37°C), following which non-adherent
cells were removed by gentle aspiration and washing
with warmed HBSS. Wells were examined microscopically
and, upon confirmation of monolayer integrity, adherent
cells were lysed by addition of 200ul detergent solution
(1% Igepal) per well. One hundred microliter samples were
transferred to scintillation vials and y-counted alongside
100l samples of the original radiolabelled neutrophil
suspension (input). The number of adherent cells was
calculated as the percentage of input counts present in sample
counts, corrected for background radioactivity. Heparins were
added to monolayers immediately before the addition of
neutrophils. Results were corrected for basal adhesion.

Data analysis
Results are shown as means+s.e.m. Differences between
means were analysed by analysis of variance, followed by
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Dunnett’s test. ICso values were determined using GraphPad
Prism version 4. Values of P<0.05 were taken to indicate
significant differences between means.

Materials and reagents

Unless stated otherwise, all reagents were obtained from
Sigma-Aldrich Ltd, Poole, Dorset, UK. Haes-steril was
obtained from Fresenius-Kabi Ltd, Warrington, UK; HUVECs
and culture media were from TCS Cellworks Ltd, Botolph
Claydon, Buckingham, UK; TNF-o and IL-18 were from
R&D Sytems Ltd, Abingdon, Oxon, UK; and sodium 5'[Cr]-
chromate was from Amersham Life Sciences Ltd, Chalfont
St Giles, UK.

Results

Heparin fractions of defined size (8, 10, 12, 14 and 20
saccharides; 8sH, 10sH, etc., respectively), derived from
LMWH by heparinase I digestion, were found to inhibit
fMLP-induced elastase release both in the absence of
(Figure 1a) and following (Figure 1b) priming with TNF-a.
However, inhibitory activity was lost as molecular weight
decreases (Table 1); 4- 6- or 8-saccharide heparins having
effect only at the highest concentration tested (100 ugml 1),
whereas larger fractions inhibited elastase release at lower
concentrations. Interestingly, some of these larger fractions
had a greater maximum inhibitory effect on elastase release
than the LMWH from which they were prepared (Table 1).
Fractions of heparin derived by nitrous acid depolymeriza-
tion and fS-eliminative cleavage, of 4- 6- and 14-saccharides,
did not differ in their effect from those of equivalent size
obtained by heparinase I cleavage (data not shown), suggest-
ing that the method of preparation does not influence the
activity of the fractions obtained.

Given that the elastase release observed, following TNF-o
priming, was approximately twice that seen without this
pretreatment of neutrophils (Figure 2a), yet the degree of
inhibition by each heparin species tested was similar,
irrespective of whether or not the cells were primed, we
were interested to see whether the TNF-a-induced compo-
nent of elastase release in our assays is inhibited directly by
heparin. UH was found to have no effect on elastase release,
regardless of assay conditions, when the calcium ionophore,
A23187, was used in place of fMLP (Figure 2c), despite the
fact that TNF-u pretreatment had similar effect on the
A23187 response as on that to fMLP (Figure 2a). In contrast,
however, UH inhibited fMLP-induced elastase release, again,
to a similar extent both with and without TNF-o. priming
(Figure 2b). Furthermore, the lack of effect of heparin on
A23187-induced elastase release further confirms that the
inhibitory effects seen when fMLP is used as the stimulus are
not due to heparin interfering in any way with the detection
of elastase.

Interestingly, over the same concentration range found
to inhibit elastase release, heparin fractions of 4- to
14-saccharides had no effect on the adhesion of neutrophils
to endothelial cells that had been stimulated with IL-1f. This
is in contrast to the effects of UH, which inhibits both
neutrophil adhesion (Lever et al., 2000; Smailbegovic et al.,
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Figure 1 Effects of heparinase-derived LMWH fractions on fMLP-induced elastase release from (a) unprimed and (b) TNF-z-primed
neutrophils. Data are expressed as % of control elastase release (fMLP; 10~7 M), without heparin in (a) saline- and (b) TNF-z (10 ng ml~")-
treated cells, respectively. Values were corrected for basal release under the relevant conditions and represent the mean +s.e.m of experiments
with cells from six separate donors, each performed in duplicate. Statistical significance (P<0.05) is indicated (*) from control release (100%).
fMLP, formyl-Met-Leu-Phe; LMWH, low molecular weight heparin.

Table 1 Inhibition of elastase release by a range of heparinase-derived fractions of heparin, with respect to molecular size, the LMWH from which they
were derived and UH

fMLP-treated cells TNFo. + fMLP-treated cells

Number of saccharides Inhibition at 100 ng ml~" (%) 1Cs0 (ng mi~7) Inhibition at 100 pg mi~" (%) ICs0 (ng mi~7)

4 39.2+0.5* — 32.5+4.4% —

6 44.4+4.1* — 41.7+£3.1* —

8 56.3+7.6* 81.8+1.5 62.6+8.8* 71.9+1.3
10 68.1+6.4* 20.6+1.6 84.24+4.9* 42.0+1.9
12 73.4+5.8* 23.9+1.5 94.7£2.9* 144413
14 72.5+5.7* 25.4+1.4 81.1+4.7* 18.7+1.2
20 88.5+3.0* 79+1.5 95.34+3.1* 7.5+1.3
LMWH 65.6+1.3* 16.2+1.4 63.8+13.5% 11.7+2.2
UH 63.3+4.4* 18.3+£3.6 66.4+5.5% 56+1.7

Abbreviations: fMLP, formyl-Met-Leu-Phe; LMWH, low molecular weight heparin; TNF-¢, tumour necrosis factor-o; UH, unfractionated heparin.
Data are shown for inhibition of neutrophil elastase release, when induced by fMLP alone (1 0~7M; first columns) and fMLP (1077 m) following priming with TNF-o

(10ng ml~; second column). *P<0.05.

2001) and degranulation (Brown et al., 2003). The LMWH,
from which the defined-length fractions were obtained,
inhibited elastase release (Table 1) and also had a weak
inhibitory effect on neutrophil adhesion (maximum inhibi-
tion 30.0+6.3%; IOOugml’l; P<0.05: basal adhesion was
6.7+1.7% input, increasing to 17+0.9% input after IL-f
stimulation). Although not significant, there was a trend
among all of the defined-length heparin fractions examined
to increase neutrophil adhesion at lower concentrations. It is
unclear whether this reflects a real effect, which could
possibly relate to inhibition of elastase released by adhering
neutrophils and further investigation may be warranted.
However, in the present study, the fact that fractionation
differentially affects the inhibitory actions of heparin on
neutrophil function is, we believe, of interest.

Discussion and conclusions

The results of this study demonstrate that our previous
observations, that commercially available, unfractionated
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and LMW heparins inhibit neutrophil elastase release,
extend to very LMWH preparations. Furthermore, it would
appear that some loss of this activity occurs as the length of
the heparin chain is reduced. A number of physiological
ligands for heparin and its chemical analogue, heparan
sulphate, display optimal binding to sequences of 12-14
sugar units. For example, the heparin binding site in the
hepll domain of fibronectin accommodates a 14-saccharide
sequence (Walker and Gallagher, 1996; Lyon et al., 2000)
and the high affinity binding sites in heparan sulphate
for transforming growth factor-f (Lyon et al., 1997) and basic
fibroblast growth factors (FGF) are 12-14 sugars in length
(Turnbull et al., 1992; Gallagher, 1998). In the case of the
FGF family, the long sequences bind two growth factor
molecules, which then engage and dimerize cognate signal-
ling receptors (Walker et al., 1994; Pellegrini, 2001).
Thus, the finding in this study, that heparin structures in
this range are required for inhibition of neutrophil elastase
release, is compatible with the effect being mediated by
a distinct protein target, such as a cytokine or membrane
receptor.
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Figure 2 Effects of UH on fMLP and A23187-induced neutrophil elastase release. (a) A23187 (3 x 1078 M) and fMLP (1077 m) elicited a similar
level of elastase release from neutrophils, both with and without prior priming with TNF-« (10 ng ml~"). UH inhibits this release of elastase (b) in
response to fMLP (1 077 M) but (c) not in response to A23187 (3 x 1078 m). Data are expressed as % of control elastase release (fMLP or A23187
without heparin, primed or unprimed cells as appropriate), corrected for basal release under the relevant conditions and represent the
mean +s.e.m of experiments with cells from 6 to 8 separate donors, each performed in duplicate. Statistical significance (P<0.05) is indicated
(*) from control release (100%). fMLP, formyl-Met-Leu-Phe; UH, unfractionated heparin.

Furthermore, these results suggest, firstly, a possible
physiological role for heparin/heparan sulphate in modula-
tion of neutrophil activity and, secondly, that design of
structures holding potential therapeutic applications in the
treatment of inflammation could be based on templates in
this size range. In order to examine further the possibility
that heparin may inhibit elastase release in our assays by
interacting with the cytokine TNF-«, used as a priming agent
in the study described, we carried out further experiments to
investigate the effects of heparin (unfractionated in this
case), on A23187-induced elastase release. Pretreatment of
neutrophils with TNF-o leads to an increase in the elastase
release that is seen in response to subsequent stimulation
with agents such as fMLP or platelet activating factor (PAF;
Brown et al.,, 2003). Heparin inhibits the elastase release
induced by these agents, to a similar extent, whether or not
the cells have been primed with TNF-«, demonstrating firstly
that heparin inhibits the response to fMLP/PAF but suggest-
ing also that the effects of TNF-o on neutrophils may be
inhibited. However, while the heparin binding sites of
numerous proteins have been successfully modelled, TNF-o,
to date, has neither been found nor predicted to contain a
heparin binding site.

The calcium ionophore, A23187, induces degranulation of
neutrophils in a manner that is not inhibited by heparin
(Laghi-Pasini et al., 1983). Therefore, we chose to use this
agonist in the present study in lieu of fMLP, both with and
without prior TNF-« priming, in an attempt to dissect out the
TNF-a-induced element of the elastase release observed in

our assays. TNF-o priming increased the elastase release
obtained in response to treatment with A23187 but heparin
had no effect on this release nor, in accordance with earlier
reports (Laghi-Pasini et al., 1983), on that seen in response to
treatment with A23187 alone. These data would suggest that
heparin inhibits neutrophil degranulation and, hence,
elastase release through a mechanism downstream of TNF-«
priming, an important pro-inflammatory mechanism of
clear relevance to neutrophil-driven inflammatory diseases
(Oudijk et al., 2005). One potential site for contact between
TNF-o and the neutrophil is in the microvasculature, given
that activated endothelial cells produce TNF-a (Ranta et al.,
1999; Albaugh et al., 2001) and that neutrophils must
interact with this cell layer in order to subsequently migrate
to the inflamed tissue. The fact that heparin, in vitro at least,
inhibits the augmented release of elastase from TNF-o-
primed neutrophils, without direct effect on the priming
event itself, suggests that heparin may be useful in limiting
the release of tissue-destructive granule components at sites
of their release, such as the lung. Coupled with our data
showing that very low molecular weight fractions of heparin
have no effect on neutrophil-endothelial adhesion but
retain the ability to inhibit elastase release, this observation
suggests that fractions of heparin may possess useful anti-
inflammatory effects when administered locally to tissues,
thus avoiding problems potentially associated with systemic
delivery. Furthermore, unfractionated and LMW heparin
preparations are comprised of a heterogenous mixture of
heparin molecules with a range of molecular weights. If a
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specific molecular weight, or weight range, is required for a
given activity it would follow that this activity would be
reduced by the presence of molecules outside that range. The
defined length heparins used in this study, although each
containing only molecules of the size specified, are not
necessarily identical with respect to molecular composition.
In the heparins used in the present study, the average
sulphation was 2.4 sulphate groups per disaccharide and the
principal disaccharide unit (75% of total) was IdoA,2S -
GIcNS, 6S. Thus, although any sequence present is likely to be
dominated by this component, it remains possible that a
specific saccharide sequence in the heparin molecule might
be responsible for the activity we have observed. This said,
the three different methods of preparation of the heparin
fractions did not yield products that differed from one
another with respect to the activities we tested. However,
whereas treatment of heparin with nitrous acid at pH 1.5
leads to selective deaminative cleavage at N-sulphated
glucosamine residues, digestion of heparin by the enzyme
heparinase I leads to breakage of (1—4) glucosaminido-
iduronic linkages, involved in the region responsible for
binding of basic FGF (Turnbull et al., 1992; Whitelock et al.,
1996), demonstrating that certain biological functions of
heparin can indeed be removed by specific scission and
subsequent fractionation.

Over the same range of concentrations that the defined
length heparins inhibited neutrophil elastase release, none
of the materials inhibited the adhesion of neutrophils to
cytokine-stimulated endothelial cells. It is of interest that
whereas UH inhibits both neutrophil adhesion and neutro-
phil elastase release, upon fractionation to small, defined-
length polymers, only one of these activities is lost. While it
should not be overlooked that the static adhesion assay used
in our study does not take into account any potential
modulation of selectin-mediated neutrophil rolling and any
effects would most likely reflect binding of CD11b/CD18
(Mac-1) by heparin (Diamond et al., 1995), our observation
does nonetheless support the notion that different actions of
heparin might be separable from one another through
structural manipulation. Such effects of UH on neutrophil-
endothelial adhesion appear to be diminished or removed by
fractionation although, in contrast, inhibition of neutrophil
degranulation is retained by smaller fractions of the parent
molecule. However, it would appear that an optimum
chain length of heparin exists for this latter effect. Our data
suggest that to retain the potency of standard UH, with
regard to inhibition of elastase release, a minimum number
of saccharides per molecule is required. Interestingly, the
binding of platelet factor 4 (PF4), a property of heparin that
underlies one of the most serious side effects associated with
this drug (heparin-induced thrombocytopaenia), has been
reported to correlate with chain length, with eight saccha-
rides being the minimum length required for binding
(Maccarana and Lindahl, 1993). However, high affinity
binding to PF4 requires a saccharide of approximately 30
sugar units, this long structure being needed to engage
binding sites on opposite faces of the PF4 tetramer (Stringer
and Gallagher, 1997). Whereas the heparins found to be
most active in inhibiting elastase release in our experiments
contain more than eight saccharides, it is likely that
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interactions with PF4, or other proteins, will be significantly
reduced in the case of these preparations, compared to those
seen with standard unfractionated or LMW heparins. This
clearly requires further investigation, along with the exact
mechanism by which elastase release is inhibited by heparin
fractions. A greater understanding of the latter may ulti-
mately allow the protein binding characteristics of heparin
preparations to be manipulated in order to maximize
those that may be therapeutically useful while reducing
those that are unwanted, as has been described with respect
to the anticoagulant actions of this drug (Petitou et al.,
1999). The results of these studies may prove to be important
in the design of novel drugs, based on the heparin template,
with specific anti-inflammatory actions.
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