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The proliferation of vascular smooth muscle cells
(VSMC) is strongly inhibited by whole heparin both
in vitro and in vivo. To identify and characterize an-

tiproliferative, but nonanticoagulant heparin deriv-
atives, heparin fragments made by periodate treat-
ment were produced and acylated with 2-, 4-, or
6-carbon chain length& In culture, the 4- and 6-car-
bon acylated compounds were more effective than
whole heparin in inhibiting serum stimulated VSMC
growth at equal mass or approximately equal mean
molar concentrations. Further testing wasperformed
in the rat carotid balloon injury model. Myointimal
VSMCproliferation produced by balloon catheteriza-
tion ofrat carotid arteries was inhibited by the 4-car-
bon acylated compound as effectively as heparin at
the same mass dose. Importantly, unlike heparin, the
4-carbon acylated compound had no anticoagulant
effect in vivo. These experiments suggest nonantico-
agulant, acylated heparin derivatives may have a
pharmacologic role in preventing myointimal pro-
liferative lesions that are responsible for failures of
vascular surgeries and angioplasties (Am J Pathol
1991, 139:1501-1509)

Atherosclerotic vascular disease is the major cause of
morbidity and mortality in the United States. Vascular
smooth muscle cells (VSMC) are a prominent cell type in
atheromatous plaques, and VSMC growth leading to oc-
clusive lesions is a major cause for long-term failure of
vascular surgical procedures.1 Heparin is a potent anti-
proliferative agent for VSMC. Thus hepann may have an
important pharmacologic role in the prevention of accel-
erated atherosclerosis involving VSMC growth that ac-

companies procedures such as angioplasty and vascu-
lar surgery. Heparin is an anticoagulant, however, that
acts by increasing the affinity of the protease inhibitor
antithrombin Ill for the serine proteases important for co-
agulation,2 and therefore, heparin treatment, because of
its anticoagulant activity, can lead to hemorrhagic com-
plications as well as the potential for electrolyte shifts and
thrombocytopenia. Clinical failures due to VSMC prolifer-
ation, however, might be prevented by treating patients
with nonanticoagulant, antiproliferative heparin com-
pounds, thus avoiding the hemorrhagic complications.
The purpose of these experiments was to test several
acylated heparin derivatives for their ability to both inhibit
VSMC proliferation in vitro and to inhibit the development
of myointimal thickening seen in vivo after arterial injury.
Their anticoagulant activities also were investigated in
vivo.

Currently this laboratory is actively studying the patho-
biology of accelerated atherosclerosis in the rat using a
carotid artery endothelial injury model. In this system,
massive smooth muscle cell myointimal hyperplasia oc-
curs in areas denuded of endothelium. Treatment of the
injured rats with whole heparin markedly suppresses the
smooth muscle cell proliferation.3 Heparin is required in
the first 2 to 3 days after injury, and a short 3- to 5-day
treatment is enough to confer a long-lasting impact on
VSMC proliferation in the injured artery. In this model,
heparin also inhibits the migration of VSMC but does not
affect adherent platelet number, or endothelial regener-
ation.3 5Anticoagulant or nonanticoagulant heparin spe-
cies, isolated by separation of binding and nonbinding
fractions on an antithrombin Ill affinity column, are equally
effective in abolishing the VSMC proliferation in this sys-
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tem; thus the antiproliferative activity of heparin is not de-
pendent on its anticoagulant activity.5 In other induced
injury systems, heparin inhibits the pulmonary arterial
thickening in response to hypoxemia6 and mesangial cell
proliferation after glomerular injury.7

In VSMC culture systems, both anticoagulant and
nonanticoagulant heparin inhibit VSMC proliferation.
Other glycosaminoglycans such as chondroitin sulfate,
dermatan sulfate, or hyaluronic acid are not active.8 A
variety of cultured cell types such as cervical epithelium,
glomerular mesangial cells, BALB/c 3T3 fibroblasts, and
mouse L-M cells are also sensitive to heparin to varying
degrees, suggesting a more general physiologic role for
heparin/heparan sulfates in regulating cell growth.89

Heparin is composed of repeating disaccharide units
of alternating glucosamine and uronic acid residues.
Heparin is highly charged because of heterogenous
modification of the saccharides by carboxylate groups
and N- or 0-linked sulfate groups. The carbons of the
saccharide units are conventionally numbered 1 through
6, and hydroxyl groups or 0-linked sulfate groups occur
at the 3 and 6 positions of glucosamine and 2 and 3
positions of the uronic acids.10 In the present experi-
ments, chemical modifications of heparin have been
made in an attempt to modulate its pharmacologic prop-
erties and particularly to abolish the anticoagulant activity
while maintaining other types of pharmacologic activities.
Whole heparin was periodate treated, and the resulting
heparin fragments were subjected to acylation with 2-, 4-,
or 6-carbon (C) chains at the hydroxyl or 0-linked sulfate
groups (0-positions) of both the glucosamine and uronic
acid residues. The preparation of 0-acylated com-
pounds was undertaken having in mind the following
questions: 1) Does this modification preserve or abolish
the anticoagulant and antithrombotic properties, and 2)
What is the influence of such modifications on the differ-
ent pharmacologic activities, especially the antiprolifera-
tive activities. In this report we show that all the acylated
heparin compounds inhibited VSMC proliferation in cul-
ture; the 4-C and 6-C compounds were more effective
than whole heparin. In vivo, the 4-C acylated compound
had no effect on clotting time and strongly inhibited
VSMC growth in the rat carotid injury system.

Materials and Methods

Preparation and Characterization of
Heparin Compounds

The whole heparin used for these studies and the sub-
sequent modifications was the sodium salt derived form
porcine mucosa with a molecular weight of 12,000 to
18,000 daltons and was isolated at the Institute Choay,

Paris, France. Heparin fragments were obtained by per-
iodate oxidation of the sodium salt of the pig mucosa
heparin by solubilizing the heparin in water and cleaving
with periodate oxidation at pH 5 at a concentration of
heparin and sodium periodate of 2%. The solution then
was dialyzed and 3-elimination conducted in basic con-
ditions (sodium hydroxide, final molarity 0.2 N) and frag-
ments reduced by sodium borohydride. The product was
recovered by alcohol precipitation (1.5 volumes of etha-
nol) after addition of NaCI (20 g/liter). These periodate-
treated fragments average approximately 6000 molecu-
lar weight (range 3,600-11,000), and the sulfate/
carboxylate ratio determined by conductimetry was 2.35.
Periodate-treated heparin fragments then were acylated
and the acylated derivatives were characterized.11 Hep-
arin fragments to be acylated were first converted into
their tetrabutylammonium or tributylammonium salt by
passage through a cation exchange column under
acidic form, followed by neutralization with tetrabutylam-
monium hydroxide or tributylamine. The dried ammonium
salt then was dissolved in dimethylformamide and acy-
lated by the desired carboxylic acid anhydride in the
presence of tributylamine and a catalytic amount of dim-
ethylaminopyridine. The product was isolated by alcohol
precipitation and converted into the sodium salt by pas-
sage through a cation exchange column under sodium
form. We have checked by nuclear magnetic resonance
(NMR) that acylation only takes place at the 0-positions,
ie, three or six of the glucosamine units and two or three
of the uronic acid residues. An average of 1.5 acyl chains
were introduced per disaccharide unit. This value was
determined by 1H-NMR and also by gas liquid chroma-
tography after transesterification. The sulfate content and
the sulfate/carboxylate ratio of the products were the
same as in the starting material.

Cell Culture

Rat aortic VSMC from Sprague-Dawley rats (Charles
River, Wellesley, MA; CD strain) were isolated, cultured,
and characterized as previously described.12 The ab-
dominal aortae of 50- to 1 00-g male rats were harvested
and the adventitia removed under a dissecting micro-
scope. The aorta was cut longitudinally and pieces of
media were taken from the vessel wall and placed under
a small stainless steel mesh screen in 60-mm tissue cul-
ture dishes. Within 1 to 2 weeks, VSMC migrated from the
explants, and were subcultured about a week after the
first appearance of cells. They were grown in RPMI-1 640
medium containing 20% fetal calf serum (FCS) and cul-
tured in a humidified incubator at 370C and 5% CO2 at-
mosphere and were used from the fourth through 12th
passages. Vascular smooth muscle cells phenotype was
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confirmed by the presence of smooth-muscle-cell-
specific actin in growth arrested cells as demonstrated
by immunocytochemistry, and the characteristic hill and
valley' appearance of confluent cultures.

Growth Assays

Before growth assays, VSMC were growth arrested by
culturing cells for 48 hours in 0.4% FCS/RPMI medium.
Vascular smooth muscle cells were released from Go by
addition of 20% FCS/RPMI with or without various doses
of whole heparin or heparin derivatives. After 4 to 6 days,
when serum stimulated cells began reaching conflu-
ence, VSMC were washed in Ca+ + and Mg+ + free
Hank's Hepes, cells were released from the dish by tryp-
sinization, and cell number was determined using a
Coulter counter. Percent inhibition of proliferation was
measured as [1 - (cell number in 20% FCS plus hepa-
rin/cell number in 20% FCS)] x 100.

Balloon Injury

Male Sprague-Dawley rats weighing from 300 to 350 g
were anesthetized with an intraperitoneal injection of so-
dium pentobarbital at 50 mg/kg. The bifurcation of the left
common carotid artery was exposed through a midline
incision. A 2-Fr Fogarty balloon catheter was introduced
through an external carotid artery arteriotomy. The cath-
eter was passed three times with the balloon distended
with a volume of air (0.4 to 0.6 cc) sufficient to generate
moderate resistance. The catheter was withdrawn and
the proximal external carotid ligated. After placement of
intravenous pump tubing for heparin delivery into the
right jugular vein, the wound was closed with a running
nylon suture. All procedures were carried out by one in-
vestigator who was blind to the treatment group at the
time of balloon injury and by subsequent pump place-
ment.

Heparin Delivery

Heparin compounds were administered in lactated Ring-
er's solution at a dose of 0.3 mg/kg hr using an implant-
able osmotic pump (Alza Corp, Palo Alto, CA), placed at
the time of surgery. These osmotic pumps reliably deliver
at a predictable rate over a period of 14 days. Control
pumps were filled with sterile carrier solution. Pumps
were placed in a beaker of lactated Ringer's solution at
37°C for 48 hours to assure that uniform pumping had
begun and that the attached Silastic catheters were filled.
After balloon catheterization, the pumps were implanted

in a subcutaneous pocket over the dorsum of the rat's
chest. Silastic tubing, attached to the pump, was passed
through a subcutaneous tunnel, to the ventral neck, and
placed in the right jugular vein using a cut-down tech-
nique. Satisfactory drug delivery was confirmed at time of
harvest by determination of pump residual volume, intra-
venous catheter position, and patency.

Morphology and Morphometry

Injured carotids were harvested at 14 days. One hour
before harvest animals received an intravenous injection
of Evans blue dye at 60 mg/kg. Animals were anesthe-
tized as for surgery and retrograde perfused with lac-
tated Ringer's solution using a 22-gauge Silastic catheter
placed in the abdominal aorta. The lactated Ringer's so-
lution was suspended at a height sufficient to generate a
pressure of 90 cm H20 as measured at the catheter tip.
Venous drainage was obtained through bilateral jugular
venotomies, and the perfusion was carried out until the
jugular effluent was clear. The animals then were per-
fused with 100 ml of a modification of Ito-Karnovsky fixa-
tive (4% paraformaldehyde, 0.05% glutaraldehyde, 15%
saturated picric acid vol/vol). The neck then was opened
and a 1-cm segment was taken from the central blue
region of the left common carotid artery. Segments were
further immersion fixed at 4°C for 1 hour.13

After fixation, specimens were extensively washed in
0.1 mol/l (molar) phosphate buffer at 4°C and stored un-
der the same conditions until paraffin embedded. Five-
micron sections were taken from the midportion of the
arterial segment and stained with hematoxylin and eosin
(H&E) for elastin using Verhoeff's method. Verhoeff-
stained slides were projected onto a digitizing pad with a
Leitz projecting microscope. The areas bound by the lu-
men, internal elastic lamina, and outer medial boundary
were measured with a digital planimeter, and the intimal
and medial areas were calculated. All measurements
were made with the observer blind to treatment group.
Cell number per unit area was determined by examining
H&E-stained sections at 1 000x magnification. Using an
optical graticule, the number of nuclei per graticule area
was counted in four distinct regions around the circum-
ference of the intima. Two sections were counted from
each carotid, for a total sampling of 14,800 >2

Anticoagulation Assay

To compare the in vivo anticoagulant effects of whole
heparin and the heparin derivatives, male rats weighing
350 to 400 g received an injection of 3.6 mg/kg of heparin
or heparin derivative. Whole blood clotting times and ac-
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tivated partial thromboplastin times were measured be-
fore injection, and at 30, 60, 120, and 180 minutes after
injection. To determine clotting times, animals were tail
bled into 0.6-mm internal diameter capillary tubes, and
the tubes were broken every 30 seconds until a strand of
clot was observed. Partial thromboplastin times were de-
termined by applying sample blood into a diagnostic test
cartridge and measuring cessation of blood flow by laser
photometry using a 512 coagulation monitor (Ciba Corn-
ing Diagnostic Corp., Medfield, MA).

Results
Whole heparin and acylated heparin compounds were
tested for their antiproliferative activity on cultured rat
VSMC. Past experiments have shown that heparin is a
potent inhibitor of smooth muscle cell proliferation. In the
present experiments we tested a periodate-treated hep-
arin fragment, and derivatives of this compound that were
modified at the 0-positions with acyl groups containing 2,
4, or 6 carbons, and compared their antiproliferative ac-
tivity with the antiproliferative activity exhibited by whole
heparin itself. Vascular smooth muscle cell growth as-
says demonstrated that native heparin, the periodate-
treated compound, and acylated derivatives all have
substantial antiproliferative activity (Figure 1). In general,

the lowest dose of these compounds that was signifi-
cantly inhibitory was 10 ug/ml. There were differences in
the antiproliferative activities between the compounds,
however. The periodate-treated compound was less ef-
fective than whole heparin at most doses tested. In con-
trast, the 4-C and 6-C acylated derivatives had higher
antiproliferative activity than whole heparin, whereas the
2-C derivative was equally as effective as heparin.
We determined the antiproliferative activity of the hep-

arin compounds if compared at approximately equal
mean molarities, based on the average molecular weight
of the different heparin compounds. As the mean molec-
ular weight of the periodate-treated heparin and acylated
derivatives (an average of 6000 MW) are approximately
half the molecular weight of whole heparin (an average of
15,000 MW), we compared the inhibitory activity of 200
ug/ml of heparin (equal to a mean molarity of 13.3 ,umol/l
[micromolar]) versus the periodate-treated compound
and acylated heparin derivatives at 100 ,ug/ml (equal to a
mean molarity of 16.5 ,umol/l) (Figure 2). At these doses,
native heparin is significantly more inhibitory (58.8%) than
the periodate-treated precursor (40.1%), and less inhib-
itory than the 4-C (74.1 %) or 6-C (76.8%) acylated com-
pounds. Similarly whole heparin at a dose of 100 ,ug/ml
(equal to a mean molarity of 6.7 ,umol/l) compared with
the heparin derivatives at 50 ,ug/ml (equal to a mean
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Figure 1. Hepain and heparin derivatives inhibitcultured VSMCgrowth. Rat VSMCweregrowth arrested by culturing in 0.4% FCS/RPMIfor
48 hours and were releasedfrom CO by addition of 20% FCS/RPMI with or without the indicated concentrations of whole heparin, the
periodated heparin precursor, or the 2-C, 4-C, or 6-C acylated heparin derivatives. Cell number was determined after 4 to 6 days. Data are
given as the percent inhibition compared to non-heparin treated control cultures and are the mean valuesfrom at leastfour experiments.
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Figure 2. In vitrogrowth inhibitory activity of
approximately equal mean molar concentra-
tions ofheparin and heparin derivatives. Rat
VSMC were growth arrested and treated with
20% FCS/RPMI with or without heparin or
heparin derivatives as described in Figure 1.
Percent growth inhibition is shown for ap-
proximately equal mean molar concentra-
tions ofwhole heparin (200 jg/ml, equal to a
mean molarity of 13.3 .M), the periodated
heparin precursor (100 pLg/ml), or the 2-C,
4-C, or 6-C acylated heparin derivatives (100
jig/ml, equal to a mean molarity of165 pM).
At these approximately equal mean molar
concentrations, whole heparin and the 2-C
acylated derivative are more inhibitory than
the periodated heparin precursor (P S 0.06);
and significantly less inhibitory than the 4-C
or 6-C acylated derivatives (P S 0.01; Stu-
dent's t-test).
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molarity of 8.3 pLmol/l) compared with the heparin deriv-
atives at 50 ,ug/ml (equal to a mean molarity of 89.3 ,umol/
I) had approximately 21% more antiproliferative activity
than the periodated precursor and 17% less activity than
the 4-C or 6-C acylated compounds. Thus these exper-
iments show that the 4-C and 6-C acylated compounds
were very effective at low doses, and were more effective
than heparin even at approximately equal mean molar
doses.

After determining the increased effectiveness of the
4-C and 6-C acylated compounds to inhibit VSMC in
vitro, we compared whole heparin, the periodate-treated
precursor, and the 4-C acylated compound in vivo, test-
ing their ability to suppress the development of myointi-
mal thickening after arterial injury. Rat carotid arteries
were subjected to balloon injury and whole heparin, per-
iodate-treated precursor, 4-C acylated compound or
control carrier solution was delivered by pump infusion

2A-;x;..-'<,- -V -

into the jugular vein. After 14 days, the carotids were
perfusion fixed, harvested, sectioned, and stained (Fig-
ure 3). Intimal and medial areas were quantitated by dig-
ital planimetry. The development of myointimal thickening
compared with non-heparin-treated controls was re-
duced approximately 50% by heparin, 47% by the 4-C
acylated heparin derivative, and 40% by the periodate
treated precursor (Figure 4). Although the data suggest
that whole heparin and 4-C acylated derivative were
more effective than the periodate-treated precursor,
these differences did not reach statistical significance.
Two separate preparations of the 4-C acylated com-
pound were tested, and these were quite comparable in
their ability to inhibit myointimal thickening. Medial areas
were modestly decreased by the compounds, com-
pared with control ballooned animals: whole heparin,
22%; 4-C acylated fragment, 28%; periodate-treated pre-
cursor, 20%. The ratio of intimal area to medial area, a

C
Figure 3. Light photomicrographs of carotid arteries from balloon-injured rats at 14 days receiving: control saline solution (A), whole
heparin (B), and 4-C acylatedheparin derivative (C). Elastic lamina appear as darkly stained bands throughout the media (Verhoeffs elastin,
X 100).
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Figure 4. Heparin and heparin derivatives
inhibit intimal thickening in balloon injured
rat carotid arteries. Rats were subjected to bal-

control heparin periodated

measure of the myointimal proliferative response that
controls for oblique sectioning, showed that, compared
with control, heparin decreased the l/M ratio by 30%, and
the 4-C acylated compound by 35% (Figure 5).

Because the reductions in intimal thickening may be
due to changes in cell number or extracellular matrix or
both, we assessed the intimal cell density in the control,
heparin, and heparin-derivative-treated samples by de-
termining cell number per unit area. Intimal cell number
per square millimeter was 7950 + 865 for saline-treated
controls, 7680 + 865 for whole heparin, 8060 ± 580 for
periodate-treated precursor, and 8440 ± 1180 for the
4-C acylated compound. There was no statistical differ-
ence in cell number/unit area of the heparin or heparin
derivative samples compared with control; thus the
changes in intimal thickening in both heparin and the
heparin derivative-treated samples are due to changes in
cell number and not to extracellular matrix volume.

It was of particular interest to determine the in vivo
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saline (control, n = 10), or 0.3 mg/kg-hr of
whole heparn (heparmn, n = 5), periodated
heparinfragment (periodated, n = 6), or the
4-C acylatedheparin derivative (4-C, n = 9).
After 14 days the carotids were harvested, sec-
tioned, stained and the intimal areas were
measured with a digital planimeter. Wbole
heparin, the periodated heparin fragment,
and the 4-C acylated derivative all signifi-
cantly inhibited myointimal thickening com-

4-C pared with control (P < 0.001).

anticoagulant activities of the 4-C acylated derivative and
the periodated heparin fragment relative to whole hepa-
rin. The antiocoagulant activity of whole heparin, the pe-
riodated heparin fragment, and 4-C acylated heparin
were tested as a bolus injection to insure a large dose of
the heparin derivatives and thus more readily detect any
anticoagulant effect of the compounds. Rats received a
single dose of 3.6 mg/kg compound (an equivalent dose
to 12 hours of continuous infusion in the antiproliferative
experiments). Both whole blood clotting time and acti-
vated partial thromboplastin times were determined be-
fore the heparin injection, and at 30, 60, 120, and 180
minutes after the dose was given (Figure 6). Whole hep-
arin prolonged the clotting time by 2.5- to 3-fold, whereas
neither the 4-C acylated fragment nor periodated precur-
sor had any anticoagulant activity. Similarly heparin pro-
longed the activated partial thromboplastin times by 5- to
1 0-fold over the first 2 hours, whereas the other two hep-
arin derivatives again had no effect. The anticoagulant

Figure 5. Inhibitory activity of heparin and
heparin derivatives on the intimal-medial ra-
tio after balloon injury of the carotid artery.
Balloon injured rats were treated with saline
(control), or 0.3 mg/kg-hr of whole heparin
(heparin), periodated heparin fragment (per-
iodated), or the 4-C acylated heparin deriva-
tive (4-C, and the intimal and medial areas
ofthe injured carotid arteries were measured
by digitalplanimetry and the ratio of the two
calculated. The intimal/medial ratio was sig-
nificantly reduced compared to control by
whole heparin (P a0.01) and by the 4-C acy-
lated heparin derivative (P < 0.001).
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Figure 6. Heparin but not the heparin deriv-
atives elevate whole-blood clotting times and E
partial thromboplastin times. Rats were given
a 3.6 mg/kg dose ofwhole heparin, periodate
treated heparin derivative, or 4-C acylated 50
heparin derivative. WbTole blood clotting times co
(A) and activated partial thromboplastin
times (B) uere determined before injection co
(0), or 30, 60, 120, and 180 minutes after

a

injection. Heparin significantly elevated both 0
clotting time and partial thromboplastin o
times compared to treatment with the perio-
dated heparin fragment or the 4-C acylated
derivative (P c 0.001).

activities of the heparin derivatives also were tested in the

experimental animals receiving continuous infusion at 0.3
mg/kg'hr of either 4-C acylated dervative, or periodated
precursor. These animals showed no elevation of whole
blood clotting time at 14 days. We and others have re-

peatedly shown that administration of whole heparin re-

sults in elevation of whole blood clotting times from 1.5 to
2 times normal.3 5'4 Thus neither the 4-C acylated frag-

ment or periodate precursor had any anticoagulant ac-

tivity as measured by in vivo assays of antithrombin Ill

mediated anticoagulation.

Discussion
In this article we report that several low-molecular-weight,
nonanticoagulant heparin derivatives were effective in in-
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ture, the acylated compounds were shown to be more
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ing growth. Further the 2-C acylated fragment was as
active as whole heparin, but was less effective than either
the 4-C or 6-C acylated compounds in suppressing
VSMC proliferation. Structure-function studies using
chemically modified heparin compounds have identified
several important structural features of heparin contribut-
ing to its growth inhibitory activity. The minimum oligosac-
charide size needed for antiproliferative activity is a pen-
tasaccharide; maximal antiproliferative activity is ob-
tained with dodecasaccharide (-6500 MW) and larger
fragments. In addition, N- or O-desulfated heparins are
without effect, and N-desulfated N-reacylated com-

pounds have antiproliferative activity.15'16 In all cases, the

A
30

a

E 20
a)

E
.G

_

10
0

-

U

0
A 6-rE



1508 Pukac et al
AJP December 1991, Vol. 139, No. 6

antiproliferative activity of heparin increases with increas-
ing size and degree of sulfation. In the present experi-
ments, an increase in potency of the acylated heparin
derivatives was noted with increased carbon chain
length. Acylation may increase the hydrophobicity of the
fragments and may affect the binding affinity or increase
the half-life of the compounds.

The results in vitro suggested that the 4-C and 6-C
acylated compounds were potent antiproliferative
agents; thus we tested the 4-C acylated compound in the
rat carotid injury model. Our results showed, at the dose
tested, whole heparin and the 4-C acylated compound
strongly inhibited myointimal proliferation. The nonacy-
lated periodate fragment inhibited the intimal thickening,
although perhaps not as effectively as whole heparin or
the 4-C acylated compound. The nonacylated periodate
compound also was active in vitro, but to a lesser extent
than whole heparin or the acylated derivatives. It has
been demonstrated that the reduction in intimal area in
heparin-treated animals after carotid injury at 14 days is
largely due to a reduction in intimal smooth muscle cell
number without a change in intimal smooth muscle cell
density or extracellular matrix volume.17,18 Our data con-
firm this observation for whole heparin and show the pe-
riodated precursor and 4-C acylated derivative-treated
samples also had no change in cell number per unit area
compared with controls. These results indicate that the
reduction in intimal thickening by whole heparin and the
heparin derivatives is due to diminished migration and
proliferation ofVSMC in the intima, rather than to changes
in extracellular matrix volume.

Significantly the acylated compound as well as the
periodate-treated precursor had no effect on blood clot-
ting time or activated partial thromboplastin times,
whereas the same dose of whole heparin resulted in
marked elevation of the clotting and partial thromboplas-
tin times. Furthermore studies have shown that this dose
of whole heparin given by pump infusion significantly el-
evates clotting times up to 14 days after implant.314 It has
been shown, however, that doses of whole heparin that
are not anticoagulant can inhibit mesangial19 or myoinit-
mal proliferation.20 The dose, time, and mode of delivery
of heparin and heparin derivatives are important vari-
ables that need to be carefully assessed to determine the
most effective approach.

There are several hundred thousand vascular surgi-
cal procedures performed annually in the United States,
of which a significant number fail within 1 year because of
smooth muscle cell proliferation.21 For example, of the
more that 200,000 aortocoronary and peripheral vascular
bypass procedures using vein grafts performed annu-
ally, the leading cause of clinical failures is myointimal
hyperplasia within the graft itself.22 For heart transplant
patients, the development of transplant atherosclerosis,

in which the lesions are predominantly populated by
VSMC, currently ranks as the leading cause of death in
cardiac transplant recipients surviving beyond the first
postoperative year.23 Finally a large number of angio-
plasty procedures are performed each year; however,
the success of these procedures is limited because up to
40% of these undergo restenosis, largely due to myoint-
imal proliferation.2'24 Thus in addition to the intrinsic bi-
ologic interest of characterizing the antiproliferative fea-
tures of heparin in structural-functional terms, there is
considerable interest in using heparin-derived species
for preventing occlusion due to VSMC proliferation after
vascular surgeries. Nonanticoagulant heparin derivatives
of enhanced potency would be of significant clinical im-
pact. Several nonanticoagulant heparins isolated by an-
tithrombin Ill affinity chromatography or controlled depo-
lymerization have been shown to have antiproliferative
activity. The variable and expensive isolation procedures
and antiproliferative activity of these compounds, how-
ever, have necessitated investigation and characteriza-
tion of other, more effective nonanticoagulant heparins. In
this report we have shown a potent inhibition of myointi-
mal proliferation in an arterial injury model of accelerated
atherosclerosis by a nonanticoagulant heparinlike com-
pound. This compound has a direct effect on VSMC, as
shown by inhibition of cell proliferation in culture. This or
similar compounds may be an effective treatment for vas-
cular surgical procedures where VSMC growth is a prob-
lem. Further research into the lowest possible dose, nec-
essary time of delivery, and the effect of acylation on the
half-life, binding ability, and oral administration will be of
utmost interest to further define important aspects of this
compound's activity.
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