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Abstract

OBJECTIVE—Venous thrombus resolution sets up an early intense inflammatory reaction, from
which vein wall damage results. Tissue response to injury includes matrix metalloproteinase
(MMP) activation and extracellular matrix protein turnover. This study sought to determine the
effect of exogenous MMP inhibition and its potential attenuation of early vein wall injury.

METHODS—Rats received treatment beginning 24 hours after a stasis venous thrombosis by
near occlusive ligation, and until harvest at day 7. Three groups were evaluated: 1). Vehicle saline
controls (NaCl); 2). LMWH (Lovenox, 3 mg/Kg per day SQ); 3). Doxycycline (DOXY; 30 mg/Kg
per day PO). Thrombus size (mg/mm), levels of TNFa and d-Dimer by colorimetric assay, and
ED-1 counts by immunohistochemistry were assessed. Vein wall assessment included stiffness by
tensiometry, ILB protein levels by ELISA, MMP2 and -9 by zymography, and histological
analysis of intimal thickness (IT). Comparisons were by t-Test to control. A P < .05 was
considered significant.

RESULTS—Thrombi sizes were similar at both days 2 and 7 for all three groups, while thrombus
TNFo was increased in 2d LMWH and DOXY treated groups (NaCl = 1.0+.8, LWMH =9 +3*,
DOXY = 27+5*, pg/mg protein, N = 6 - 8, P <.05); and at 7d in the DOXY group (NaCl =
3.0£2.5, DOXY = 23+4.2*, pg/mg protein, N = 5, P <.05). Vein wall stiffness was less with
LMWH treatment at 7d, but not with DOXY, as compared with controls (NaCl = .33+.05, LMWH
=.17+.03*, DOXY =.43+.09 N/mm, N = 5-7, P < .05). Vessel-wall IL-1 was reduced only in the
DOXY group at 7d (NaCl = 263, LMWH = 38+17, DOXY = 6+3* pg/mg protein, N=4-6, P

< .05) as was the IT score versus controls (NaCl = 2.2+.6, LMWH =1.7+.3, DOXY = 0.8 £ .20*,
IT score, N =4 -6, P <.05). Zymographic MMP9 activity was significantly reduced at 2 days in
the LMWH and DOXY groups (NaCl = 85x24, LMWH = 23x7*, DOXY = 13+5* U/mg protein,
N =6 - 8, P <.05). MMP2 zymographic activity, thrombi monocyte cell counts, and d-Dimer
activity were not significantly different across groups.
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CONCLUSIONS—Treatment with LMWH or DOXY did not alter size of DVT, mildly altered
thrombus composition, and differentially affected vein wall injury, despite similar reductions in
early MMP9 activity. Whether exogenous MMP inhibition affects long-term vein wall fibrosis
will require further study.

Introduction

A common sequelae of deep vein thrombosis (DVT) is vein wall injury, termed post
thrombotic syndrome (PTS), commonly manifesting as swelling, pain, hyperpigmentation,
and ulceration. This is an insidious process that may develop over years and is due to vein
wall injury and valve destruction.! The disability from this process is significant and it may
affect younger working age patients as compared with atherosclerosis. Early and consistent
use of compression stockings can decrease but not eliminate PTS, but may not always be
prescribed or appropriately used by the patient.

Adequate anticoagulation is proven to significantly decrease the risk of recurrent DVT and
occurrence of pulmonary embolism (PE).2 However, long term anticoagulation, primarily
Vitamin K antagonists, have bleeding risks.3 More importantly, these agents may not alter
the natural history of the PTS outside of their providing protection from recurrent DVT. PTS
is worsened by delayed native thrombolysis,* as well as prolonged stasis shown
experimentally.® Other factors may increase the risk of developing PTS, including lack of
prompt anticoagulation, extensive initial thrombus burden, chronic obstruction in the venous
system, obesity, and recurrent thrombosis.®: 7

Matrix metalloproteinase’s (MMP) are major factors in vascular remodeling after injury,
particularly MMP2 and 9.8 These proteinases are elastinolytic and collagenolytic, with
overlapping but unique substrates.® In models of abdominal aortic aneurysms and cardiac
failure, MMP2 and 9 play critical roles in the pathogenesis, mediating tissue turnover.10: 11
Prior data from our laboratory has also shown correlation between venous thrombosis
resolution, vein wall injury, and MMP expression.12-14 The exact role of these MMP’s has
not been fully elucidated in the venous system, and whether these proteinases are associated
with vein wall damage is not known. However, human studies of varicose veins, though
often not associated with a thrombus, suggest a role of MMP’s in its pathogenesis.1®

Both direct and pleotropic effects of low molecular weight heparin (LMWH) can modulate
vein wall injury.18 The mechanisms of these effects are not clearly delineated, although
preservation of the medial smooth muscle cell layer and endothelial cell layer preservation
may play a role.1’ Prior work in our laboratory has also shown that direct P-selectin
inhibition is associated with decreased vein wall injury, manifested by both less vein wall
stiffness and less intimal thickening.18

In this study, we sought to determine the role of broad MMP inhibition on several measures
of vein wall injury, and compare this with the standard therapy of low molecular weight
heparin (LMWH).

METHODS

Animal Model

Male Sprague-Dawley rats (350-450 gm) were used for all studies, and all protocols were
approved by the University of Michigan Animal Care Protocol. For all surgical procedures,
the rats underwent general anesthesia with isoflorane/O, with full physiological monitoring.
Thrombosis was induced by a modified stenosis 1\VC ligation model (Figure 1).18: 19
Briefly, a midline laparotomy was made, the IVC dissected, posterior lumbar branches
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ligated, and a 3.0 silk ligature was placed parallel to the IVC. The IVC was then ligated with
a 6-0 polypropylene suture to create a near total occlusion. The 3.0 silk suture was then
removed once the 6.0 Prolene IVVC ligature had been secured. A consistent thrombus was
produced by this method.

Animals were treated with LMWH (Lovenox, 3 mg/Kg per day SQ, Sanofi-Aventis)18;
Doxycycline (DOXY'; 30 mg/Kg per day OG, Sigma)2°-22 and vehicle control, NaCl (.5 ml
per day SQ) at 24 hours after the IVC ligation. For certain assays, rats underwent a midline
laparotomy and I\VC dissection, but no ligature was placed and served as sham controls,
harvested at 7 days. These doses were chosen based on the prior experimental effects as
early and midpoint injury responses, based on prior experiments.®> At two and 7 days post
ligation, the rats were sacrificed and tissue was obtained for histological analysis, while
tissue studies were done after thrombus-vein wall separation.

Tensiometric vein wall analysis

Each harvested I\VC was divided longitudinally and placed in iced PBS. Force extension
curves were generated for each IVVC using an Instron Tensiometer (model 5542, Instron
Corporation, Canton, MA), equipped with a 5N static-load cell set at a crosshead speed of
10 mm per minute as described.> 18 23 Data analysis was performed using the Merlin
materials testing software package (Instron Corporation) to determine the biomechanical
property of stiffness—the slope of the linear elastic region of the force-extension curve
(Newton (N)/mm), which is the approximate inverse of compliance.

Immunohistochemical Analysis

Immunohistochemical staining was performed on the paraffin embedded tissue sections (10
um) as described.> 13: 24 |n brief, after blocking nonspecific sites with normal species-
specific serum, the sections were incubated with either control serum or 1gG (all from
Vector Laboratories, Inc. Burlingame CA), or rat primary antibody for thirty minutes as
follows with anti ED-1 (1:100; Serotec, Oxford, UK) to denote monocytes. A species-
specific DAB peroxidase kit for rabbit, goat or mouse (Vector Laboratories, Inc.,
Burlingame CA) was used according to the manufacturer’s instructions for the secondary
antibody and subsequent steps. The slides were then counterstained with hematoxylin and
cover-slipped.

Intima-media Thickness Analysis

The vein wall intima layer extends from the surface endothelium to the internal elastic
membrane, present in large veins.25 Paraffin-embedded I\VC tissue was sectioned (3 pm)
and stained with H&E. The vein wall sections were evaluated for intimal thickness scoring
as described, by a blinded pathologist, using light microscopy evaluating five segments
around the circumference of the vein with a standardized scoring system.® A consistent
midproximal thrombosed IVC segment was used for all histological analysis.1” Intimal
thickness scoring criteria was done as follows: 0: Intima appears as just a potential space
with space occupied only by endothelial cells; 1: Very small spaces present between
endothelial cells and the internal elastic lamina. Intima still appears generally as thick as the
nuclei of normal spindle-shaped endothelial cells; 2: Intima is at least twice as thick as an
endothelial nucleus (about same as an RBC diameter) at its widest point in the HPF; 3.
Intima is at least 5 times the thickness of an RBC diameter at its widest point in the HPF.
Intimal thickness tends to be highly variable and may contain cells other than endothelial
cells; 4. Intima is greatly thickened and contains either fibroblasts, white blood cells and/or
hemorrhage at its widest point.
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Cytokine/Clotting Components ELISA

After thrombus-vein wall separation, the IVC and clot were separately placed in complete
lysis buffer (Complete Protease Inhibitor Cocktail Tabs, Roche, Nutley, NJ), then
homogenized and sonicated for 30 seconds each, centrifuged at 0°C at 10,000 x g for 30 min
and the supernatant collected. Quantification of peptide mediators was normalized to total
protein in the sample. Total protein was quantified by a modified Bradford assay per
manufacture’s instructions (Pierce, Inc., Rockford, I1) with serial dilutions of bovine serum
albumin (BSA, Sigma Chemical, St. Louis, MO) as standards. Tissue homogenate ELISA’s
for rat tumor necrosis factor-alpha (TNFa), interleukin-1beta (IL-1B) (both from R and D,
Minneapolis, MN), urokinase plasminogen activator (uPA), and plasminogen activator
inhibitor (PAI-1) were performed according to manufacturer’s instructions (Innovative
Research, Novi, MI). D-dimer was assessed in the thrombus homogenate according to
manufacturer’s instructions and standardized to total protein (Diagnostica Stago, Parsippany,
NJ).

SDS-PAGE Gelatin Zymography

As described, 13: 23 homogenized IVC and clot tissue were subjected to substrate
zymography for MMP-2 and -9 using pre-cast 10% SDS-polyacrylamide gels containing 1
mg/ml of gelatin (unless otherwise stated, all zymography supplies were from Novex, San
Diego, CA). Densitometry analysis was performed using a FOTO/Analyst CCD CAMERA
(Fotodyne, Hartland, W1) and GEL-Pro Analyzer software version 3.1 (Media Cybernetics,
Silver Springs, MD). Pro and active MMP-2 and -9 activity optical densities were summed
and normalized to mg of IVVC and clot total protein.

Statistical Analysis

Results

All data are represented as mean + SE. Unpaired Student’s T-test and one-way ANOVA
were used as appropriate for comparison between the groups at their individual time points
and appropriate controls (Sigma Stat, SPSS, Inc. Chicago, IL). A P < .05 was assigned
significance

Doxycycline and LWMH Do Not Alter Acute Experimental Thrombus Resolution

Thrombus weights are a simple and reliable measure of thrombus resolution.> 17: 26 Neither
doxycycline nor LMWH affected thrombus resolution in the time frames analyzed. Thrombi
sizes were not altered at day 2 (NaCl 6 = 0.5, LMWH 6.4 £ .05, doxycycline 6.0 + 0.4 mg/
mm, N = 6-8, P >.05), or at day 7 (NaCl 5.9 £ 2.3, LMWH 4.4 + 1.2, doxycycline 5.4 + 2.6
mg/mm; P > .05, N=8). This is consistent with prior experimental observations for LMWH
with this model 1> 18

The thrombus is composed of leukocytes, fibrin matrix, platelets, and certain cytokines.
There were no differences in thrombus fibrinolysis degradation products, measured
indirectly by D-Dimer levels at 2 days (NaCL 2.4 + 1.0, LMWH 2.5 £ 0.8; Doxy 3.3 £ 0.8,
ng/mg protein, P >.05, N = 6 - 8), or thrombus monocytes (ED -1 + cells) at 7 days (NaCL
76 £ 12, LMWH 66 + 6; Doxy 82 + 11 cells/5 hpf, P > .05, N = 5). Monocytes were not
assessed at 2 days, as few are present at this time point.23 TNFa is a cytokine involved in the
regulation of immune cells, although it may have an anticoagulant effect.2” Thrombus TNFa
levels were elevated 9 to 27 fold in the 2 day LMWH and doxycycline treated groups,
respectively, as compared with vehicle controls (P < .05, N = 6)(Figure 2a). At 7 days, the
doxycycline group had 8-fold higher TNFa levels as compared with vehicle (P < .05, N = 6)
(Figure 2b), while LMWH did not have any significant effect.
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Doxycycline and LMWH are associated with decreased MMP9 activity and alter uPA/PAI-1

balance

To assess doxycycline and LMWH effects on MMP2 and 9, zymography was done on the
thrombus and vein wall homogenate. Both doxycycline and LMWH were associated with
reduced vein wall total MMP-9 activity at 2 days by 3 - 6 fold (P < .05, N =6 - 8) (Figure
3). Sham levels were negligible at 0.11 + .08 AU/mg protein (N = 3). At 7 days, vein wall
total MMP9 activity was not significantly different between groups (NaCl 40 + 11, Doxy 31
+24, LMWH 90 + 47, P > .05, N = 4-5). Note that little active MMP9 was detected, and is
essentially all proform.

Total MMP2 activity in the vein wall was not significantly different between groups at 2
days (NaCl 45 + 14, Doxycycline 23 £ 3, LMWH 49 + 13, Sham 60 + 18 AU/mg protein, P
> .05, N = 5-8).

Neither thrombus MMP9 nor MMP2 were significantly different between the treatments and
control at 7 days (data not shown).

Fibrinolysis is primarily an uPA mediated process in rodents.28 To assess a major proximal

activator of MMPs, we assayed uPA and PAI-1 by ELISA. Reflecting the local fibrinolytic

balance,12: 29 yPA:PAI-1 ratios were determined by ELISA. Vein wall uPA/PAI-1 Ag ratio
was elevated at 7 days in both the LMWH and doxycycline treated animals, increased by 40
— 80%, respectively (P <.05, N =6) (Figure 4).

Doxycycline was associated with a lower thrombus uPA/PAI-1 antigen (Ag) ratio than the
vehicle, reduced by 20% (P < .05, N = 5). No difference was observed with LMWH
administration at 2 or 7 days.

Doxycycline and LMWH Differentially Affect Vein Wall Remodeling

Experimental vein wall injury after DVT is characterized by local inflammation with
monoctye influx, and elevated proinflammatory factors.?» 23 IL-1 is a pro-inflammatory
cytokine which has profibrotic properties.3% Vein wall IL-1p at 7 days was reduced 4 fold in
the doxycycline treated animals as compared with vehicle (P < .05, N = 4 - 6) (Figure 5). No
difference in IL-1p was observed with LMWH administration as compared with vehicle.
Lastly, no difference in vein wall ED-1 positive cells were found comparing all treatment
groups (data not shown).

Vein wall stiffness is the approximate inverse of vein wall compliance and is a
biomechanical measure of vein wall injury following DVT.5 18: 23 At 7 days, tensiometry
measurements showed the LWMH group to have 2-fold lower vein wall stiffness than
vehicle control (P < .05, N =5 - 7). No significant difference in stiffness parameters was
found with doxycycline administration as compared with vehicle (Figure 6).

Intimal thickness reflects response to vessel injury, and is best characterized in arterial
models of injury3! but also the venous system.18: 23 As measured by IT score, doxycycline
was associated with 3 fold less intimal thickening as compared with vehicle control (P < .05,
N =4 - 6) (Figure 7). No significant difference was found with LMWH as compared with
vehicle control.

Discussion

Thrombus resolution occurs as a result of interaction between the vein wall and thrombus,
often leaving the vein wall scarred and permanently damaged. Matrix metalloproteinase’s
have been shown to be associated with vessel wall damage after thrombosis, 12 and causal in
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other models of injury.8: 22 This study examined the effect of exogenous MMP inhibition
and its potential attenuation of early vein wall injury. Three main conclusions can be drawn
from the study; namely, post venous thrombosis treatment with LMWH and doxycycline: 1.
inhibited MMP9 but not MMP?2 activity in the vein wall in the early period after thrombosis;
2. did not directly affect thrombus resolution; and 3. differentially affected vein wall injury.

Doxycycline treated rats demonstrated reduced vein wall MMP9 levels, consistent with its
known mechanism of action.20: 21 Despite repeated dosing, this effect was only seen at 2
days and not the later time point of 7 days. This may be due to other stimulatory
mechanisms that override the doxycycline effect, such as the thrombus juxtaposition and
plasmin release, a known activator of MMP9.32 Interestingly, LMWH was also associated
with a similar pattern of MMP9 inhibition. Heparin can inhibit MMP activity in vitro33 and
this may represent a direct effect. Alternatively, this may be due to decreased preformed
MMP9 release from degranulating PMNs,34 or other cellular anti-inflammatory effects.3°
We recognize the limitations of zymography for assessing in vivo MMP activity, as well as
partial as compared with complete MMP activity abrogation. Preliminary experiments with
genetically deleted MMP9 and MMP2 mice suggest divergent effects on vein wall
remodeling, with MMP2 deletion being associated with less later vein wall fibrosis whereas
MMP9 has less striking effects (unpublished data).

Doxycycline did not inhibit thrombus resolution, at least through 7 days, and suggests that
MMP9 does not play a role in DVT resolution. Although we have found inhibition of PMN
influx into the early thrombus was associated with larger thrombi and correlated with
reduced MMP9 activity,23 this is likely due to diminished plasminogen activation.
Consistent with this observation is that exogenous plasmin inhibition was associated with
larger thrombi and significantly elevated MMP9 activity,14 again suggesting that MMP9 is
not crucial for thrombus resolution. Lastly, we have found that genetically deleted MMP9
mice show no difference in thrombus resolution (DVT size) over time (unpublished data).

Despite its effective clinical use as an anticoagulant, LMWH has been shown to have little
effect on early thrombus resolution in rodent models.1’: 18: 36 This may be an artifact of our
model, although in our model flow occurs through the stenosed segment, in contrast to the
total stasis model.18 In fact, LMWH treatment is associated with smaller DVT, but only
manifests at later time points (e.g. 14 day).1” Although we found that the uPA to PAI-1
balance was affected by both treatments, being decreased in the thrombus with doxycycline
and elevated in the vein wall with both LMWH and doxycycline, this also did not appear to
affect the overall thrombus size. It may be the direction of these changes cancelled each
other out, that plasmin was activated by alternative mechanisms, or the physiological
consequences of this difference was not significant.

Only LMWH was associated with decreased vein wall stiffness, and suggests this
biomechanical measure of injury may be unrelated to MMP9 activity. Prior evaluation of
tropoelastin antigen levels were not directly correlated with stiffness,® suggesting simple
elastinolysis may not be the primary mechanism that this biomechanical measure captures.
This was suggested in prior work with exogenous plasmin inhibition, whereby the stiffness
was reduced despite significantly upregulated MMP9 activity.14 We speculate, given prior
experimental data, that LMWH may work via anti-P-selectin activity as we have shown
previously.18 Both LMWH and P-selectin inhibition were associated with significantly
reduced vein wall stiffness after experimental DVT, consistent with the current report.

Given that LMWH had a similar decrease in MMP9 as doxycycline, but no decrease in
intimal thickness, this argues against intimal reaction as dependent on MMP9. However,
doxycycline has broad MMP inhibition activity, and the reduced MMP9 may be a surrogate
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marker for other MMP activity against vein wall matrix. Inhibition of MMP activity may
allow accelerated healing of the intima after mechanical stretch from the thrombus.
Although pre treatment with LMWH may protect the venous endothelium, this effect is
diminished with delayed administration.1” Impaired endothelialization is associated with
intimal hyperplasia in arterial models.3 A thicker intima likely reflects a particular process
of sub endothelial response to injury that may be driven by IL-1p, which was not decreased
by LMWH as compared with the vehicle control group. Interestingly, MMP2 was not
significantly altered with either LMWH or doxycycline, and is consistent with experimental
administration of doxycycline as similar dosages to ours in models of aortic aneurismal
disease.2! This may be due to the persistent stimulatory nature of the DVT on the vein wall,
as well as presence of thrombin and plasmin. Smooth muscle cells produce this proteinase,
while MMP9 is mainly delivered by the influxing leukocytes. Similarly, MMP2 activity was
present in non-thrombosed sham operated rat’s 1\VC and suggests a homeostatic role. This
has been suggested in other vascular beds as well.8

Doxycycline did not affect the vein wall stiffness, but was associated with decreased vein
wall intimal thickness, correlating with reduced vein-wall, IL-1p. Prior work has also shown
that modulation of the vein wall fibrotic response is possible,36 although MMP inhibition
was not tested nor was IL-1 measured. As extrapolated from arterial vascular injury, IL-1p
may play a profibrotic role in necintimal hyperplasia as well as being decreased by
doxycycline administration.3”+ 38 Whether a preserved intimal thickness is less
thrombogenic is not clear, and cannot be answered by the current model.

Both LMWH and doxycycline treatment were associated with elevated early thrombus
TNFa level, while persistence of elevation was only observed with doxcycline. The role of
TNFa in thrombogenesis suggests mixed effects.?’ It is likely given similar sizes of DVT
with the injury in this model, it reflects alteration in cellular processes that probably don’t
alter thrombus dissolution directly.

Important clinical applications are possible from the further study of MMP inhibition and
vein wall remodeling following DVT as its protective effect may be different than LMWH.
Doxycycline is overall well tolerated and is being evaluated in patients with AAA disease
(G Upchurch, personal communication 2009). Further work will be needed to clarify the
mechanism of action in this model, whether combination of LMWH and doxycycline is
additive, and later vein wall analysis to determine whether preservation of the intima is
significant from a thrombogenic standpoint.
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Research Design

Day 0: Ligation placed

l r Day 2 (48 hrs post ligation) Tissue Harvested
Male W _ :

Rats '

24 hours (post ligation):

clot has formed, and

treatment begins Day 7 (post ligation):
Tissue harvested

Groups:

1) LMWH (Lovenox, 200 U/Kg per day SQ)

2) Doxycycline (DOXY; 30 mg/Kg per day OG )
3) Nacl (.5 ml per day $Q).

Figure 1.

Experimental Protocol. Rats underwent a controlled vena caval stenosis; at 24 hours, either
LMWH, doxycycline, or vehicle were administered. Then, at 2d or 7 day post therapy, the
rats were sacrificed and tissue analysis completed.
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Figure 2.

Thrombus cytokine response was altered with both agents. A). At 2d, TNFa was
significantly elevated in the LMWH and doxycycline groups. B). At 7 days, only
doxycycline was associated with elevated thrombus TNFa.
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Figure 3.
Both LMWH and doxycycline were associated with significantly decreased MMP9 activity
as measured by substrate zymography. Pro MMP-9 is at 105 kD. Note * = P < .05.
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Figure 4.
The local vein wall and thrombus fibrinolytic antigen levels were affected by both agents.

Vein wall uPA/PAI-1 antigen ratio was significantly increased with both LMWH and
doxycycline. Conversely, doxycycline was associated with reduced thrombus uPA/PAI-1
ratio at 2 and 7 days. Note * = P < .05.
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Figure 5.
At 7d, IL-1B was significantly decreased with doxycycline administration. Note * = P < .05.
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Figure 6.
Vein wall stiffness was measured by microtensiometry at 7 days. Only LMWH was

associated with significantly reduced stiffness. Note * = P < .05.
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Figure 7.

A). Vein wall intimal thickness was significantly reduced in the doxycycline group as
compared with the vehicle control. No difference was observed with the LMWH. B).
Photomicrographs of the vehicle, LMWH and doxycycline are shown, at 200X. Arrows
denote intimal layer. Note * = P < .05 compared with vehicle. T = P < .05 compared with
sham non thrombosed control.
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