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Summary
Background: Thrombus resolution is a complex process that involves thrombosis, leukocyte-
mediated thrombolysis, and the final resolution of inflammation. Activated Protein C (APC) is an
anticoagulant that also possesses immunoregulatory activities.

Objective: In this study, we sought to examine the effects of APC administration on thrombus
resolution using a mouse model of deep vein thrombosis by ligating the inferior vena cava (IVC).

Methods: The IVCs of C57BL/6 mice were ligated. Beginning on Day 4 post-IVC ligation, mice
were injected i.p. daily with APC, APC plus a heme oxygenase-1 (HO-1) inhibitor Sn-
protoporphyrin IX (SnPP), SnPP alone, or vehicle control. At different time points following
surgery, the thrombus-containing IVCs were weighed and then analyzed by biochemical assays
and histology.

Results: Venous thrombi reached maximum size on Day 4 post ligation. The APC-treated group
exhibited a significant reduction in thrombus weights on Day 12 but not on Day 7 as compared to
control mice. The enhanced thrombus resolution in APC-treated mice correlated with an increased
HO-1 expression and a reduced interleukin-6 production. No significant difference was found in
urokinase-type plasminogen activator, plasminogen activator inhibitor-1, matrix
metalloproteinase-2 and -9 between APC-treated and control mice. Co-injection of an HO-1
inhibitor SnPP abolished the ability of APC to enhance thrombus resolution.

Conclusions: Our data show that APC enhances the resolution of existing venous thrombi via a
mechanism that is in part dependent on HO-1, suggesting that APC could be used as a potential
treatment for patients with deep vein thrombosis to accelerate thrombus resolution.
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Introduction
Deep vein thrombosis (DVT) is a condition that affects 1 in 1000 adults [1]. Common
complications associated with DVT include both acute events, such as pulmonary embolism,
and chronic diseases, such as post-thrombotic syndrome (PTS) [1,2]. The underlying
pathophysiology of PTS is attributed to venous fibrosis, decreased vein compliance, and
inflammation-induced valvular damage [3]. Enhancement of thrombus resolution and
suppression of late phase inflammation have been shown to decrease the occurrence of PTS
[1-3]. Current treatments for DVT primarily focus on preventing further clot expansion with
anticoagulants, such as heparin, thrombin inhibitors, and Xa inhibitor, which are often
associated with severe bleeding [4], and on increasing venous blood flow by physical
methods, such as elastic compression stockings [1,2]. In addition, vasoactive drugs have also
been used to reduce the incidence of PTS [1,2]. However, these therapies are not effective at
resolving the existing thrombi. Therefore, developing new strategies that could enhance the
resolution of pre-existing thrombi would be clinically beneficial to DVT patients.

During the early phase of thrombus resolution, inflammation leads to an influx of
neutrophils and macrophages into the venous thrombi [5]. These inflammatory cells enhance
the proteolytic degradation of the thrombi by producing various proteases, including the
urokinase-type plasminogen activator (uPA) and matrix metalloproteinase (MMP)−2 and −9
[5,6]. Once the venous thrombi are removed, the inflammation within the vessel wall needs
to be resolved as well. Persistent inflammation during the late stage of thrombus resolution
has been shown to contribute to the development of PTS [7]. Indeed, a recent study reported
that neutralization of interleukin (IL)-6, which was produced at a high level within the
venous thrombi, can significantly decrease collagen deposition and reduce fibrosis in
response to DVT [7].

Activated Protein C (APC) is a serine protease that degrades two key coagulation factors,
activated Factor V and activated Factor VIII, thus shutting down the blood coagulation
cascade [8]. APC also promotes fibrinolysis by decreasing PAI-1 activity [9]. In addition,
APC possesses potent cytoprotective and anti-inflammatory activities [10-12]. In this study,
we examined the role of APC in venous thrombus resolution by administering APC to mice
with existing venous thrombi. We found that APC treatment did not affect the early-phase
thrombus resolution. Instead, our results showed that APC significantly reduced the
thrombus weight at late-stage thrombus resolution. Mechanistically, we found that
administration of APC enhanced heme oxygenase (HO-1) expression and reduced IL-6
production within the venous thrombi. Most importantly, we found that inhibition of HO-1
activity in mice abolished the ability of APC to enhance thrombus resolution. Together, this
study identified a novel HO-1-dependent mechanism for APC-mediated enhancement of
thrombus resolution. This work also provides a proof of concept for therapeutic use of APC
to accelerate thrombus resolution and thus decrease post-thrombotic syndrome in patients
with DVT.

Materials and Methods
Reagents

Human APC (Xigris) was purchased from Canada Pharmacy. Sn-protoporphyrin IX (SnPP)
was obtained from Enzo Life Sciences. Goat anti-β-actin antibody was obtained from Santa
Cruz; sheep anti-PAI-1 antibody was obtained from American Diagnostica; rabbit anti-HO-1
antibody was obtained from Abcam; and rat-anti-Mac-2 (Galectin-3) antibody was obtained
from Cedarlane.
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Mice
C57BL/6 mice were purchased from the National Cancer Institute (Frederick, MD). All
mice were housed in a pathogen-free facility and all procedures were performed in
accordance with Institutional Animal Care and Use Committee approval.

Surgical model
C57BL/6 mice (8-12 weeks old; body weights 20-30 g) were anesthetized with isoflurane
and underwent laparotomy. The inferior vena cava (IVC) was dissected and then ligated
with 7-0 silk suture just below the renal veins, based on our published method [6]. The side
branches of the IVCs were cauterized. The abdomen was closed with 4-0 vicryl suture and
the skin incision was sutured with 4-0 proline suture. Beginning on Day 4 post-surgery,
mice were injected i.p. daily with APC (0.5mg/kg body weight), APC plus SnPP (20 mg/kg
body weight), SnPP alone, or vehicle control (normal saline). At different time points
following surgery, mice were euthanized and the thrombus-containing IVCs were carefully
dissected from connective tissues and weighed. After weighing, the thrombosed IVCs were
fixed with formalin for histology or snap-frozen in liquid nitrogen and stored at −80°C for
protein analysis.

Isolation and treatment of mouse bone marrow-derived macrophages
Bone marrow-derived macrophages were prepared using our published procedures [11].
Briefly, femur and tibia from C57BL/6 mice were flushed with DMEM containing 10% FBS
using a 5 ml syringe and a 25 gauge needle. Isolated cells were centrifuged at 1,000×g and
resuspended in DMEM containing 10% FBS and 20% L929 cell conditioned media and
plated on 6-well tissue culture plates (Corning Inc., NY, US). The media were changed on
day 3 and 5. On Day 7, the adherent cells were collected and used as macrophages. To
induce HO-1 expression, bone marrow-derived macrophages were treated with LPS (50 ng/
ml) (Sigma, MO, US) and IFN-γ (100 ng/ml) (eBioscience, CA, US), in the presence or
absence of activated protein C (5μg/ml) (Lilly, IN, US) for 12 hours. HO-1 expression was
quantified by real time quantitative RT-PCR.

Extraction of RNA and quantitative real time RT-PCR
Total RNA was isolated from the above stimulated macrophages using Trizol (Invitrogen,
CA, US) and subsequently used for cDNA synthesis using Superscript III cDNA synthesis
kit (Invitrogen, CA, US) per manufacturer’s instructions. Quantitative real-time PCR was
performed on an ABI Prism 7500 HT Sequence Detections System (Applied Biosystems),
based on our published methods [11]. The PCR primers were
CGCCTTCCTGCTCAACATT-3′ and 5′-TGTGTTCCTCTGTCAGCATCAC-3′ for mouse
HO-1 and 5′- AAGCGCGTCCTGGCATTGTCT-3′ and 5′-
CCGCAGGGGCAGCAGTGGT-3′ for mouse acidic ribosomal phosphoprotein 36B4 (as a
control). The PCR reaction was done in 25 μl solution containing 12.5 μl SYBR Green PCR
Master Mix, 10 ng cDNA, and 400 nM of each primer, with the following settings:
activation of the AmpliTaq Gold Polymerase at 95°C for 10 minutes, 40 cycles of 95°C for
15 seconds and 60°C for 1 minute. The melting curve was analyzed using the ABI software
and changes in gene expression were calculated using the 2−ΔΔCt method (RQ Manager 1.4).
Each experiment was run in duplicate. All data were normalized to 36B4 expression in the
same cDNA set.

Western blot
The harvested venous thrombi were homogenized in TPER (Pierce). The extracted proteins
were separated by 12% SDS–polyacrylamide gel Electrophoresis (PAGE), transferred onto
PVDF membranes, and then probed with primary antibodies against either β-actin (1/2000
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dilution), PAI-1 (1/1000) or HO-1 (1/2000). Immuno-reactive bands were visualized with an
ECL chemiluminescence detection kit (Amersham) and followed by autoradiography.
Densitometry analysis was assessed using NIH ImageJ and normalized to β-actin present in
each sample.

Gelatin zymography
MMP-2 and MMP-9 activities were analyzed by substrate-gel electrophoresis (zymography)
using SDS–PAGE (10%) containing 0.1% gelatin (Novex, Invitrogen). Briefly, equal
amount of proteins were mixed with Novex Tris Glycine SDS Sample buffer (Invitrogen),
loaded onto the gel, and separated by electrophoresis. The gels were washed once for 30 min
at room temperature in Zymogram Renaturation Buffer (Biorad) and then incubated
overnight in Zymogram Development Buffer (Biorad) at 37°C. The gels were stained with
0.1% Coomassie Brilliant Blue R-2500 and destained in 5% methanol and 7% acetic acid.
Gelatinolytic activity appeared as a clear band on a blue background.

ELISA
Active uPA levels within venous thrombi were measured by enzyme-linked immunosorbent
assay (ELISA) using a commercial kit (Molecular Innovations), according to manufacturer
instructions. Intra-thrombus IL-6 concentrations were determined by ELISA according to
the manufacturer’s instructions (BD Pharmingen).

Histological Analysis
The venous thrombi were fixed in formalin, embedded in paraffin and cut into 5μm thick
sections. Serial sections were then subjected to H&E and Masson’s Trichrome staining.
Two-color immunohistochemical staining of the paraffin sections was done using the
Multiple Antigen Labeling kit from Vector Laboratories with a rabbit anti-HO-1 antibody
and a rat anti-Mac-2 antibody (for macrophages), based on our published methods [13].
HO-1 and Mac-2 staining were visualized using enzyme substrate Vector NovaRED (red
color) and DAB (brown/gray color), respectively. Nuclear was counterstained with
hematoxylin.

Statistical Analysis
Statistical analyses were performed using Student’s t-test (Systat Software, Inc., Point
Richmond, CA). P values less than 0.05 were considered significant.

Results
Administration of APC enhances late-stage thrombus resolution

To investigate the utility of APC in accelerating the resolution of pre-existing venous
thrombus, we employed a widely used mouse model of DVT by ligating the IVC, resulting
in thrombus formation within the vein [6,14-16]. Upon IVC ligation, the weight of venous
thrombus formed in C57BL/6 mice increased over time, reaching its maximum (27.5±1.7
mg) on Day 4 post IVC ligation (Figure 1A). Beginning on Day 4, the thrombus weight
decreased gradually, which is defined here as thrombus resolution. We chose Day 4 as the
starting point of APC administration as the venous thrombus no longer expands (Figure 1A).
We intraperitoneally injected APC or vehicle daily from Day 4 to Day 11 (Figure 1B). The
results showed that there was no significant difference in thrombus weights between APC-
treated and control animals on Day 7 post-surgery (Figure 1C), a time point that represents
an early-stage thrombus resolution. On Day 12, the thrombi from APC-treated animals were
significantly smaller than those of control animals (Figure 1C). Thus, APC treatment
significantly accelerated late-stage thrombus resolution in mice with pre-existing thrombi.
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APC does not affect intra-thrombus expression of uPA, PAI-1 or MMP activities
Major proteases contributing to thrombus resolution include uPA, MMP-2 and MMP-9
[5,6]. To investigate whether APC promotes thrombus resolution by up-regulating one or
more of these proteases, we harvested the venous thrombi from APC-treated and vehicle
control mice on Day 7 and Day 12 post-surgery. Active uPA concentrations within the
thrombi were determined by ELISA. We found that APC treatment did not alter the
concentrations of active uPA on either Day 7 or Day 12 (Figure 2A). Similarly, immunoblot
analyses did not detect a significant difference of intra-thrombus PAI-1 protein levels
between APC-treated and control mice on either Day 7 or Day 12 (Figure 2B). In addition,
gelatin zymography revealed that MMP-2 activity did not change significantly on Day 7 or
Day 12, while MMP-9 activity slightly decreased in response to APC administration (Figure
2C).

APC reduces IL-6 concentration and collagen deposition within the venous thrombi
Previously, we showed that APC inhibits macrophage production of IL-6 both in vitro and in
vivo [11]. To determine if APC treatment also reduces intra-thrombus IL-6 concentrations
following IVC ligation, we harvested the thrombosed IVCs on Day 7 and 12 after IVC
ligation from APC-treated and control mice. The amount of IL-6 within the venous thrombi
was determined by ELISA. The results showed that APC significantly reduced IL-6 levels
within the venous thrombi on both Day 7 and 12 (Figure 3A), suggesting that APC
administration promotes thrombus resolution by potentially suppressing intra-thrombus
inflammation. In support of this hypothesis, we found that the thrombosed IVCs harvested
from APC-treated mice exhibited reduced collagen deposition as compared to those from
control mice, based on Masson’s Trichrome staining (Figure 3B; collagen staining in blue).
Infiltrating macrophages were found in the venous thrombi of both APC-treated and control
mice (Figure 3C; macrophage staining in brown).

Enhancement of thrombus resolution by APC is associated with an increased HO-1
expression

Recently, HO-1, the rate-limiting enzyme in the heme degradation pathway, has been shown
to possess anti-inflammatory activities [17]. In particular, it has been reported that IVC
ligation leads to significant upregulation of HO-1 expression within the vessel wall and that
genetic inactivation of HO-1 in mice impairs thrombus resolution [18]. To investigate
whether APC administration in mice could upregulate HO-1 expression in the setting of
thrombus resolution, we harvested the thrombosed IVCs from APC and vehicle-treated mice
on Day 7 and 12 post-IVC ligation and determined their HO-1 protein levels by immunoblot
analysis. The results showed that APC-treated mice exhibited 2.2-fold and 3.3-fold increase
in HO-1 protein within the venous thrombi on Day 7 and Day 12, respectively, when
compared to the vehicle-treated control mice (Figure 4A).

HO-1 is expressed by a wide range of cells, including macrophages. Given the large number
of macrophages present within the venous thrombi on Day 12, we investigated whether
macrophages could represent one of the potential cell types that contributed to the increased
HO-1 expression in APC-treated mice. We prepared macrophages from the bone marrow
based on our published methods [11] and stimulated them with LPS and IFNγ with or
without APC. HO-1 gene transcription was quantified by real-time quantitative RT-PCR.
The results showed that APC treatment of macrophages increased HO-1 expression by
approximately 1.7 folds (Figure 4B), which is in line with the HO-1 increases observed in
vivo (Figure 4A).
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Immunohistochemistry showed positive HO-1 staining (in red) in the infiltrating
macrophages (in brown) within the venous thrombi (Figure 4C). These results suggest that
macrophages are a likely source of HO-1 within the venous thrombi in IVC-ligated mice.

Inhibition of HO-1 activity blocks the ability of APC to enhance thrombus resolution
Correlation between the increase in HO-1 expression (Figure 4A) and the enhanced
thrombus resolution (Figure 1C) in APC-treated mice suggests that the ability of APC to
accelerate thrombus resolution in mice may depend on HO-1. To test this hypothesis, we
administered daily Sn-protoporphyrin IX (SnPP), a well-characterized inhibitor of HO-1
[19], concurrently with APC in mice, beginning on Day 4 post-IVC ligation as described in
Figure 1B. We found that the thrombus weights from mice treated with both SnPP and APC
were significantly higher than those treated with APC alone (Figure 5), whereas mice treated
only with SnPP had similar thrombus weights as the control mice. These results
demonstrated that HO-1 activity is critical for APC enhancement of thrombus resolution.

Discussion
DVT is a significant clinical problem and no effective treatment is available. Current
management for DVT, including anticoagulants and compression stockings, is inadequate
due to their inability to enhance the resolution of thrombi already present in the vein.
Fibrinolytic agents tPA and uPA exhibit short therapeutic windows (<2 weeks) and are
inefficient at degrading mature clots that are rich in collagen. They are also associated with
severe hemorrhagic complications. Therefore, there is an urgent need to develop effective
treatments, especially for patients with existing DVT. In this work, we report that
administration of APC in mice with existing venous thrombi can significantly accelerate
thrombus resolution. We also show that the ability of APC to enhance thrombus resolution is
dependent on the up-regulation of intra-thrombus HO-1, a heme-degrading enzyme that
possesses novel anti-inflammatory activities.

APC is a natural anticoagulant and proteolytically cleaves both activated coagulation Factor
V and Factor VIII, thus shutting down the intrinsic and also extrinsic coagulation pathways.
In addition to its anticoagulant function, APC possesses anti-inflammatory activities by
suppressing the production of pro-inflammatory cytokines, such as IL-1β and IL-12 [20,21],
increasing the production of anti-inflammatory cytokines IL-10 and TGF-β [22], and
enhancing wound healing [23]. The underlying molecular mechanism is poorly understood.
Recently, we found that the ability of APC to block IL-6 production by activated
macrophages is dependent on CD11b/CD18, PAR-1 and S1P receptors [11]. These favorable
properties of APC make it a potential drug candidate for treatment of DVT. Indeed, we
found that administration of APC in mice, after the formation of venous thrombi, leads to
significant enhancement in thrombus resolution. Surprisingly, we observed that injection of
APC did not have significant effects on thrombus weights in the early stage (i.e. Day 7) of
thrombus resolution. These results suggest that the anticoagulant activity of APC may not
contribute significantly to its ability to enhance thrombus resolution. In support of this
notion, Sood, et al. reported that inhibition of blood coagulation by heparin, either pre- or
post-IVC ligation, had no effect on thrombus resolution [24]. Finally, clinical studies [25]
have demonstrated an increased risk of DVT in patients with FV-Leiden, a Factor V mutant
that is resistant to APC-mediated inactivation [26]. Given that the anti-inflammatory rather
than anticoagulant activity of APC plays a major role in its ability to accelerate thrombus
resolution, we speculate that APC should be effective as a potential treatment for DVT in
FV-Leiden patients.

It is well established that the early-stage thrombus resolution is dependent on the induction
of acute inflammation, which helps recruit inflammatory cells (neutrophils and
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macrophages) into the nascent thrombus [14,15]. These leukocytes promote thrombus
resolution by secreting uPA, MMP2 and MMP9 [6,27]. Nevertheless, inflammation is a
double-edged sword and persistent inflammation also delays thrombus resolution by
enhancing collagen deposition and accelerating the development of PTS [7,28]. Indeed,
blockade of IL-6 activity has been shown to reduce collagen deposition and fibrosis within
the vessel wall in a mouse model of thrombus resolution [7]. In this study, we find that APC
promotes thrombus resolution by reducing IL-6 concentrations and collagen deposition
within the venous thrombi. Interestingly, we find that APC administration did not increase
the expression of known proteases that have been implicated in thrombus resolution,
including uPA and MMP2. We also find that APC slightly reduced the expression of
MMP9, in good agreement with a published report [29]. In addition, we find that APC
treatment did not significantly decrease PAI-1 levels within the venous thrombi (Figure 2B).
Another novel finding of this study is the observation that the ability of APC to enhance
thrombus resolution is dependent on HO-1, the inducible isoform of heme oxygenases. Of
note, we used human APC in this study. Though we find that human APC is effective in
mice, it may exhibit species difference than its murine counterpart. HO-1 is expressed
widely in different cell types and functions primarily to convert heme to biliverdin, iron, and
carbon monoxide. Emerging evidence also implicates HO-1 in immunosuppression
[17,19,30]. In particular, it has been reported that genetic inactivation of HO-1 enhances
splenocyte production of TNF-α, IL-1 and IL-6 by 19, 22 and 37-fold [30]. Upregulation of
HO-1 expression by hemin significantly delays thrombus formation upon vascular injury in
mice, an effect that can be blunted by the HO-1 inhibitor SnPP [19]. Finally, HO-1
deficiency significantly impairs thrombus resolution following the ligation of IVCs [17].
These published studies provide further support for our proposed mechanism that APC
enhances thrombus resolution and reduces post-thrombotic syndrome by inducing HO-1
expression, potentially in infiltrating macrophages.

In summary, we showed in this study that administration of APC in mice with existing DVT
significantly accelerates thrombus resolution via a HO-1-dependent mechanism. The ability
of APC to enhance thrombus resolution and suppress fibrosis makes it an attractive drug
candidate for the treatment of DVT in human patients. Importantly, as APC-mediated
enhancement of thrombus resolution primarily depends on its anti-inflammatory activity,
unique APC variants that exhibit low anticoagulant activity but possess intact anti-
inflammatory function, such as 5A-APC [31], could be potential drug candidates that can
promote thrombus resolution without the risks of severe bleeding, thus offering better
clinical care for patients with DVT.
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Figure 1. Administration of APC enhances late-phase thrombus resolution
A) Time course of thrombus resolution. Mice (n=7) were subjected to IVC ligation. The
thrombus weights were measured at different time points post-surgery. B) Schematic
representation of APC injection schedule. C) Mice were injected i.p. daily with APC or
vehicle beginning on Day 4 after surgery. Thrombus weights were measured on Day 7 (n=7)
and Day 12 (n=12-14) post-IVC ligation. Data shown are the means ± SEM. *, vehicle vs.
APC, p= 0.0026.
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Figure 2. APC does not affect intra-thrombus levels of uPA, PAI-1 or MMPs
Thrombosed IVCs from APC-treated and control mice were harvested on Day 7 and Day 12.
A) Active uPA levels were determined by ELISA, n=5; B) The amount of PAI-1 was
determined by immunoblot using anti-PAI-1 antibody and quantified by NIH ImageJ;
Images shown were representative of 3-5 samples. C) Active MMP-2 and MMP-9 levels
were measured by gelatin zymography and quantified as above. Representative images were
shown. For MMP2, p=0.28 (for Day 7) and 0.80 (for Day 12), n=3-5. For MMP9, p=0.26
(for Day 7) and 0.11 (for Day 12), n=3-5.
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Figure 3. APC treatment decreases IL-6 concentrations and reduces collagen deposition within
venous thrombus
Venous thrombi were taken from APC- or vehicle-treated mice on Day 7 and 12 post-
surgery. A) IL-6 concentrations within the thrombus homogenates were measured by ELISA
and normalized to the total amount of protein in the lysates. Data shown are the means ±
SEM. *, p<0.05, vehicle vs. APC, n=5-8. B) Collagen deposition was analyzed by staining
5μm-thick paraffin sections of the venous thrombi with Masson’s Trichrome Stain.
Quantification was done by NIH ImageJ of 2-4 mice per group. C) Macrophage
accumulation was analyzed by immunohistochemical staining with an anti-Mac-2 antibody.
Scale bars: 50 μm.
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Figure 4. APC treatment induces HO-1 expression
A) Mice were injected daily with vehicle or APC from Day 4 to Day 11 following IVC
ligation. Intra-thrombus HO-1 levels on Day 7 and Day 12 were determined by immunoblot
analysis using an anti-HO-1 antibody. The amount of HO-1 was quantified by NIH ImageJ.
Data shown are the means ± SEM. *, p= 0.0181, vehicle vs. APC, n=3-5. B) Bone marrow-
derived macrophages were treated with LPS and IFN-γ, with or without APC (5μg/ml) for
12 hours. HO-1 gene transcription was quantified by real-time qRT-PCR. Changes in HO-1
expression were calculated using the 2−ΔCt method (RQ Manager 1.4). The expression of
36B4 gene in the same cDNA set was used as a control. Data shown are the means ± SD of
two independent experiments. C) The 5μm-thick paraffin sections of Day 12 venous thrombi
from control and APC-treated mice were subjected to immunohistochemical staining with
anti-HO-1 (in red) and anti-Mac-2 (macrophages; in brown/gray). Arrows indicate HO-1/
Mac-2 double-positive cells and arrowheads indicate HO-1 or Mac-2 single-positive cells.
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Figure 5. APC enhances thrombus resolution via HO-1 induction
Mice were subjected to IVC ligation and then treated daily from Day 4 and 11 post-ligation
with vehicle, APC, APC plus SnPP, or SnPP alone as above. Thrombosed IVCs were
retrieved on Day 12 and weighed. Data shown are the means ± SEM. *, p= 0.0013, APC vs.
APC+SnPP, n=4-14.
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