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Acadesine Inhibits Tissue Factor Induction and Thrombus
Formation by Activating the Phosphoinositide 3-Kinase/Akt
Signaling Pathway

Weiyu Zhang, Jianguo Wang, Huan Wang, Rong Tang, John D. Belcher, Benoit Viollet,
Jian-Guo Geng, Chunxiang Zhang, Chaodong Wu, Arne Slungaard, Chuhong Zhu, Yuqing Huo

Objective—Acadesine, an adenosine-regulating agent and activator of AMP-activated protein kinase, has been shown to
possess antiinflammatory activity. This study investigated whether and how acadesine inhibits tissue factor (TF)

expression and thrombus formation.

Methods and Results—Human umbilical vein endothelial cells and human peripheral blood monocytes were stimulated
with lipopolysaccharide to induce TF expression. Pretreatment with acadesine dramatically suppressed the clotting
activity and expression of TF (protein and mRNA). These inhibitory effects of acadesine were unchanged for endothelial
cells treated with ZM241385 (a specific adenosine A, , receptor antagonist) or AMP-activated protein kinase inhibitor
compound C, and in macrophages lacking adenosine A, , receptor or al-AMP-activated protein kinase. In endothelial
cells and macrophages, acadesine activated the phosphoinositide 3-kinase/Akt signaling pathway, reduced the activity
of mitogen-activated protein kinases, and consequently suppressed TF expression by inhibiting the activator protein-1
and NF-«kB pathways. In mice, acadesine suppressed lipopolysaccharide-mediated increases in blood coagulation,
decreased TF expression in atherosclerotic lesions, and reduced deep vein thrombus formation.

Conclusion—Acadesine inhibits TF expression and thrombus formation by activating the phosphoinositide 3-kinase/Akt
pathway. This novel finding implicates acadesine as a potentially useful treatment for many disorders associated with
thrombotic pathology, such as angina pain, deep vein thrombosis, and sepsis. (Arterioscler Thromb Vasc Biol. 2010;

30:1000-1006.)
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cadesine, also called aminoimidazole-4-carboxamide-1-
beta-4-ribofuranoside, is an adenosine-regulating agent
that acts to increase the bioavailability of adenosine. In
clinical trials, treatment with acadesine was found to decrease
the incidence of perioperative myocardial infarction, cardiac
death, and a combined outcome of perioperative myocardial
infarction, stroke, and cardiac death.> The mechanisms
underlying these beneficial effects remain ill-defined but may
involve the inhibitory effects of acadesine on platelet aggre-
gation* neutrophil activation,> and thrombus formation.®
Acadesine is phosphorylated by adenosine kinase (ADK)
to S-aminoimidazole-4-carboxamide-1-B4-ribonucleotide.
The 5-aminoimidazole-4-carboxamide-1-B4-ribonucleotide
mimics AMP, activating AMP-activated protein kinase
(AMPK) without altering the cellular levels of ATP, ADP, or
AMP.7 The activation of AMPK has been associated with

many antiinflammatory and antidiabetic effects,® and many of
the effects of acadesine are thought to occur through AMPK
activation. These effects include, for example, the ability of
acadesine to suppress the expression of adhesion molecules
on endothelial cells® and to inhibit the production of proin-
flammatory factors (tumor necrosis factor-«, IL-18, IL-6, and
nitric oxide) in astrocytes, microglia, and macrophages via
inhibition of NF-kB and C/EBP pathways.!%!! Consequently,
acadesine treatment protects animals from experimental au-
toimmune encephalomyelitis.®'?

Tissue factor (TF) is a critical initiator of the physiological
and pathological coagulation cascade.'® In the TF-initiated
extrinsic coagulation pathway, prothrombin is converted to
thrombin, thereby inducing fibrin formation, platelet activa-
tion, and thrombus formation.!3 Endothelial cells and mono-
cytes are major cellular origins of TF undergoing pathologi-
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cal circumstances. In response to various inflammatory
stimuli, all of the following are activated: mitogen-activated
protein kinase (MAPK) p38, extracellular signal-regulated
kinase 1/2 (p44/42), and c-jun terminal NH2-kinase. These, in
turn, activate transcription factors such as AP-1, NF-kB, and
EGR-1, which signal the TF promoter to induce TF expres-
sion in endothelial cells and monocytes.!#-1¢ In contrast, the
phosphoinositide 3-kinase (PI3K) pathway negatively regu-
lates TF expression.!”-!8 This effect occurs through cross-talk
between PI3K and MAPK.!7:18

We hypothesized that acadesine inhibited TF expression
and thrombus formation. To test this hypothesis, we deter-
mined the effect of acadesine on TF expression in endothelial
cells and monocytes. We also explored the intracellular
signaling pathways involved in this process and examined the
effect of acadesine on TF expression in vivo by using mouse
models of sepsis, deep vein thrombosis, and atherosclerosis.

Materials and Methods

Human umbilical vein endothelial cells (HUVEC) and human
monocytes were prepared and assayed for TF activity (I-stage
clotting assay) and TF expression at the protein (Western blot assay)
and mRNA levels (real-time reverse-transcription polymerase chain
reaction), as previously described.'® Intracellular signaling path-
ways, including those of PI3K and MAPK, were also studied using
Western blotting. To determine the effects of acadesine on lipopoly-
saccharide (LPS)-induced TF expression and intracellular signaling,
cells were first pretreated with acadesine at indicated concentra-
tions for 1 hour and then stimulated with LPS. To determine the
effect of acadesine on TF expression and thrombus formation in
vivo, mice were injected intraperitoneally with acadesine at a
dose reported in previous studies.”!? The detailed Materials and
Methods are provided in Supplementary files (available online at
https://atvb.ahajournals.org).

Results

Acadesine Suppresses LPS-Induced or
Cytokine-Induced TF Expression in HUVEC and
Human Monocytes

To determine whether acadesine regulates TF expression in
HUVEC, we first pretreated cells with acadesine at various
concentrations for 60 minutes and then stimulated cells with
LPS to induce TF expression. Using a 1-stage clotting assay
of cell lysates, we found that acadesine downregulated the
clotting activity of TF in a dose-dependent manner (Figure
1A). The suppression of clotting activity of TF was further
confirmed by an assay that specifically examines cell-surface
TF activity (Supplementary Figure I). Consistent with these
data, acadesine decreased TF expression at the mRNA and
protein levels, as shown by real-time reverse-transcription
polymerase chain reaction and Western blots in a dose-
dependent manner (Figure 1B,C). In addition, acadesine
suppressed IL-1B-induced or tumor necrosis factor-a—in-
duced TF expression in HUVEC, and murine tumor necrosis
factor-a—stimulated TF expression in murine bEND.3 endo-
thelial cells (Supplementary Figures II, III). Similar declines
in TF clotting activity and expression were found in human
blood monocytes that were pretreated with acadesine, fol-
lowed by stimulation with LPS (Figure 1D-F).
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Figure 1. Acadesine suppresses LPS-induced or cytokine-in-
duced TF expression in HUVEC and human monocytes. HUVEC
(A-C) or monocytes (D-F) were pretreated with acadesine for 1
hour at various concentrations, followed by stimulation with LPS
at 1 pg/mL for 4 hours. A and D, TF activity of cell lysates was
examined with a 1-stage clotting assay. B and E, Total cellular
RNA was extracted, and TF mRNA expression was analyzed by
real-time reverse-transcription polymerase chain reaction. C and
F, TF expression at the protein level was analyzed by Western
blotting. Data are shown as means+SEM of 6 independent
experiments. *P<0.05. **P<0.01.

AMPK Is Not Involved in the Inhibitory Effect of
Acadesine on TF Expression

Acadesine is an activator of AMPK, which is associated with
many antiinflammatory and antidiabetic effects.® Some of the
antiinflammatory effects of acadesine appear to be mediated
by AMPK.!® To determine whether AMPK mediates the
inhibitory effect of acadesine on TF expression, we pretreated
HUVEC with AMPK inhibitor compound C before adding
acadesine and LPS to the cell medium. Acadesine was able to
inhibit TF expression in compound C-treated cells to the
same extent as in vehicle (DMSO)-treated cells; this was
demonstrated by the 1-step clotting assay for TF activity,
real-time reverse-transcription polymerase chain reaction for
TF mRNA levels, and Western blots for TF protein levels
(Figure 2A—C). As another test of the involvement of AMPK
in the inhibitory effect of acadesine on TF expression, we
isolated macrophages from mice deficient in al-AMPK,
which is the sole AMPK catalytic unit in vascular cells and
leukocytes.® These mice were obtained from Benoit Viollet
Laboratory, Institut Cochin, Paris, France. Compared to
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Figure 2. AMPK and A,,R are not involved in the inhibitory
effect of acadesine on TF expression. HUVEC were treated with
LPS (1 png/mL), LPS and acadesine (1 mmol/L), or LPS and
acadesine in the presence of AMPK inhibitor compound C

(10 wmol/L) or A,,R antagonist ZM241385 (5 umol/L). A and D,
TF activity of cell lysate was examined with a 1-stage clotting
assay. B and E, Total cellular RNA was extracted and TF mRNA
expression analyzed by real-time reverse-transcription polymer-
ase chain reaction. GAPDH was used as normalization control.
C and F, TF expression at the protein level was analyzed by
Western blotting. Data are shown as means=+SEM of 6 indepen-
dent experiments. *P<0.05. **P<0.01.

wild-type cells, macrophages isolated from al-AMPK '~
mice exhibited higher levels of TF-mediated clotting, and this
difference in activity was observed both with and without
LPS treatment (Supplementary Figure IV). Importantly, in
wild-type macrophages and «l-AMPK-deficient macro-
phages, acadesine suppressed LPS-induced TF-mediated clot-
ting to the level seen in nontreated cells. Together, these data
indicate that AMPK is not involved in the inhibitory effect of
acadesine on LPS-induced TF expression.

Adenosine A,, Receptor Does Not Contribute

to the Inhibitory Effect of Acadesine on

TF Expression

Acadesine increases adenosine levels to regulate a variety of
physiological and pathological functions.?® Adenosine A,,
receptor (A,,R) mediates most of the antiinflammatory
effects of adenosine.?! To test whether A,,R is involved in

the inhibitory effect of acadesine on TF expression, we
pretreated HUVEC with the A,, R antagonist ZM241385
before adding acadesine and LPS to the cell medium. Pre-
treatment of HUVEC with ZM241385 did not change the
inhibitory effect of acadesine on TF expression, as evidenced
by the results of the 1-step clotting assay and by TF mRNA
and protein levels (Figure 2D-F). We also used macrophages
isolated from A,,R ™'~ mice (obtained from Jiang-Fan Chen
Laboratory, Boston University School of Medicine, Boston,
Mass) to determine the involvement of A,,R in acadesine-
mediated TF suppression. In these A, R-deficient cells, LPS
induced the same level of TF-mediated clotting as it did in
wild-type cells, and acadesine suppressed TF activity to the
same extent as in wild-type cells (Supplementary Figure V).
These data indicate that A,,R does not contribute to the
inhibitory effect of acadesine on LPS-induced TF expression.

PI3K/Akt Signaling Is Crucial to the Inhibitory
Effect of Acadesine on TF Expression in
Endothelial Cells and Monocytes
The PI3K/Akt signaling pathway has been shown to negatively
regulate TF expression in vitro and in vivo.'-* We investigated
whether acadesine could activate the PI3K/Akt pathway and
affect LPS-induced Akt phosphorylation. Under resting condi-
tions, acadesine increased the levels PI3K activity and Akt
phosphorylation in a time-dependent manner in both HUVEC
and human monocytes (Figure 3A, B; Supplementary Figure
VIA). The PI3K inhibitor wortmannin blocked the activation
of Akt by acadesine, indicating that Akt phosphorylation in
acadesine-treated cells is attributable to acadesine-mediated
PI3K activation. Treatment with LPS initiated minor Akt
phosphorylation in HUVEC and monocytes. Acadesine pre-
treatment significantly elevated the levels of phospho-Akt in
LPS-treated cells (Figure 3C; Supplementary Figure VIB).

PI3K/Akt can negatively regulate multiple signaling path-
ways.22 GSK-33, a crucial molecule for p65 phosphorylation,
is 1 downstream phosphorylation target of Akt.2? Correspond-
ing to the levels of phospho-Akt, acadesine treatment in-
creased the levels of phospho-GSK-33 in HUVEC and
monocytes under both resting and LPS-treated conditions
(Figure 3D; Supplementary Figure VIC). Extracellular signal-
regulated kinase, an important MAPK for TF expression, is
the target of the Raf-1 pathway. The latter is regulated by
PI3K/Akt signaling.!” In HUVEC treated with LPS, extracel-
lular signal-regulated kinase phosphorylation was almost
completely blunted by acadesine (Figure 3D). In human
monocytes, the phosphorylation of extracellular signal-
regulated kinase and p38 that was induced by LPS was also
dramatically inhibited by acadesine (Supplementary Figure
VID). To determine the role of PI3K/Akt activation in the
inhibitory effect of acadesine on TF expression, HUVEC
were pretreated with the PI3K inhibitor wortmannin and
LY294002, followed by the addition of LPS and acadesine.
Under these conditions, the suppression of TF expression by
acadesine was greatly reduced (Figure 3E). Thus, the PI3K/
Akt pathway is critically involved in the inhibitory effect of
acadesine on TF expression in HUVEC.

The activation of transcription factors NF-«kB and AP-1 is
necessary for TF expression.'+!516 We examined whether
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Figure 3. Role of the PI3K/Akt pathway in acadesine-
downregulated TF expression in endothelial cells. A-C, HUVEC
were treated with either acadesine (1 mmol/L) or LPS (1 ng/mL)
and acadesine for different periods and lysed. A, PI3Ka was
immunoprecipitated from cell lysates and its activity was
assayed using a commercial enzyme-linked immunosorbent
assay kit. Akt and phospho-Akt (B, C) were examined by West-
ern blotting. D, Akt, GSK3p, extracellular signal-regulated
kinase, and their phosphorylated forms were examined by
Western blotting at 30 minutes after treatment with LPS (1
ng/mL), acadesine (1 mmol/L), or LPS and acadesine with or
without wortmannin pretreatment (50 nM). E, TF in HUVEC was
examined by Western blotting at 4 hours after treatment with
LPS (1 pg/mL) or LPS and acadesine (1 mmol/L) with or without
wortmannin pretreatment (50 nM) or LY294002 (10 wmol/L).

PI3K/AKkt participated in the inhibitory effect of acadesine on
the activation of NF-«kB and AP-1 in HUVEC and monocytes.
Electrophoretic mobility shift assays showed that 60 minutes
after treatment with LPS and acadesine, the nuclear levels of
AP-1 and NF-«kB p50/p65 bound to their oligonucleotides
were much lower than those of cells treated with LPS only
(Figure 4A-D). Wortmannin, a PI3K inhibitor, reversed the
inhibition of AP-1 and NF-kB activation by acadesine (Fig-
ure 4A-D). Additionally, electrophoretic mobility shift as-
says using nuclear extracts from LPS-treated cells also
showed that acadesine directly interfered with the binding of
transcription factors, especially AP-1, to their oligonucleo-
tides (Supplementary Figure VII).

Acadesine Inhibits TF Expression in Mouse

Models of Sepsis, Atherosclerosis, and Thrombosis
In a mouse LPS-induced sepsis model, TF is produced at high
levels and is a major contributor to the hypercoagulation
state.'® To determine whether acadesine can suppress TF
expression in this murine model, we injected acadesine
intraperitoneally into C57BL/6] mice (purchased from the
Jackson Laboratory, Bar Harbor, Me) 1 hour before LPS
administration. LPS induced the expression of TF mRNA in
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Figure 4. Role of the AP-1 and NF-«B pathways in acadesine-
downregulated TF expression in endothelial cells. Nuclear pro-
tein was extracted from HUVEC or human monocytes at 1 hour
after treatment with LPS (1 wg/mL) or LPS and acadesine

(1 mmol/L) with or without wortmannin pretreatment (50 nM).
F-I, Electrophoretic mobility shift assays were performed using
32p-oligonucleotides corresponding to the AP-1 and NF-«kB DNA
recognition sequences. Results for AP-1 in HUVEC (A) and
monocytes (C), respectively. Results for NF-«B (B, D). The inten-
sity of each AP-1 or NF-kB band was quantified by densitome-
try and expressed as folds of untreated control cells. Data are
shown as means+SEM of 4 independent experiments. *P<0.05.

many major organs, including the lung and liver. This
expression was dramatically reduced by acadesine treatment
(Figure 5A). Consistent with the results for TF mRNA, fibrin
levels in the livers of mice treated with LPS and acadesine
were much lower than those of mice treated with LPS only
(Figure 5B). In immunohistochemistry experiments that used
an antibody against fibrin, robust fibrin deposition was found
on the endothelium of venules in the livers of LPS-treated
mice but not in control mice. Treatment with acadesine
almost completely eliminated LPS-induced fibrin deposition
(Figure 5C).

Macrophages are a major source of TF in atherosclerotic
lesions.>* On sections of atherosclerotic arteries from apoli-
poprotein E~/~ mice fed a western diet for 3 months, strong
TF-positive staining (brown) was observed (Figure S5D).
Peritoneal injection of acadesine for 5 days did not signifi-
cantly reduce the number of macrophages in atherosclerotic

Downloaded from http://atvb.ahgjournals.org/ by guest on October 31, 2012


http://atvb.ahajournals.org/

1004 Arterioscler Thromb Vasc Biol May 2010
A *% B
< 40
2
£ 30 Fibrin [ =]
(4
3 10 Acadesine(0.5g/kg) - +
3 LPS(2mg/kg) - + +
o
- 0
Acadesine(0.5g/kg) - - +
LPS(2mg/kg) - + +
Fibrin
Acadesine(0.5g/kg) - +
LPS(2mg/kg) - + +
D E ﬁ**
1.0
0.9 % Saline _ Acadesine _ g 08
Je A 8 o .
8 £ 06
F Y2 o4
F 52
s O
=~ 0.0
Acadesine - +
F 0.9 % Saline Acadesine
E 40 ad
-l | o, 230
- L4 3%
E 1o
o
ayr -4 £
=
Acad +

Figure 5. Acadesine inhibits TF production in the mouse models
of sepsis, atherosclerosis, and thrombosis. C57 BI/6J mice
(male, 25-30 grams) were injected intraperitoneally with
acadesine (500 mg/kg) and LPS (2 mg/kg). At 6 or 24 hours
after injections, livers were collected for RNA extraction or pro-
cessed for Western blots and histochemical analysis. A, TF
mRNA expression was analyzed by real-time reverse-
transcription polymerase chain reaction. B, Liver lysates were
prepared and fibrin expression at the protein level was analyzed
by Western blotting. C, Liver sections were immunostained with
AP-conjugated antibody against fibrin to detect fibrin on the en-
dothelium of venules (arrows; *P<0.05; ** £P<0.01). D and E,
Apolipoprotein E™~ mice fed a western diet for 3 months were
intraperitoneally injected with vehicle (0.9% saline) or acadesine
(500 mg/kg) daily for 5 days. The atherosclerotic arteries were
collected and processed for immunostaining and RNA extrac-
tion (*P<0.05; **P<0.01). D, The stainings of TF in atheroscle-
rotic lesions of mice treated with the vehicle and acadesine
were quantified and compared. E, The levels of TF mRNA were
measured with real-time reverse-transcription polymerase chain
reaction and compared between 2 groups. F, C57BL/6J mice
(male, 25-30 grams) were injected intraperitoneally with vehicle
(saline) or acadesine (500 mg/kg) and then underwent a surgical
procedure to initiate thrombus formation in the inferior vena
cava. The injections were performed daily for 3 days. The
thrombosed inferior vena cava was weighed and the length of
thrombus was measured. The size of the thrombus was quanti-
fied as mg/cm. Three representative thrombosed inferior vena
cava from 10 mice in each group and the quantitative data for
thrombosed inferior vena cava are shown. *P<0.05. **P<0.01.

lesions (data not shown). However, acadesine treatment
dramatically decreased TF expression, demonstrated by the
weak TF staining on the sections of arteries from mice treated
with acadesine (Figure 5D). Additionally, the level of TF
mRNA in atherosclerotic arteries of apolipoprotein E '~
mice treated with acadesine was significantly lower than that
in arteries from apolipoprotein E~/~ mice treated with vehicle
(Figure SE). These results indicate that TF expression by

macrophages in atherosclerotic lesions is dramatically inhib-
ited by acadesine treatment.

TF is also important in the formation of deep vein thrombo-
sis.?> Using a mouse model of deep vein thrombosis, we
examined whether acadesine can affect thrombus formation.
Mice treated with vehicle had large thrombi in their inferior vena
cava, whereas mice treated with acadesine had very small
thrombi in their ligated inferior vena cava (Figure 5F).

Discussion

Our study demonstrates that acadesine inhibits TF expression
in endothelial cells and in monocytes/macrophages, and that
this inhibition occurs through the activation of the PI3K/Akt
signaling pathway. PI3K/Akt signaling reduces the activity of
MAPK, phosphorylates GSK-33, and suppresses the AP-1 and
NF-«B pathways, thereby inhibiting TF expression. Acadesine
is also effective in suppressing the expression of TF in mouse
models of sepsis, atherosclerosis, and thrombosis.

Our findings indicate that the PI3K/Akt pathway is a focal
point for the inhibitory effect of acadesine on TF expression.
The PI3K/Akt pathway is a conserved family of signal
transduction enzymes that participate in the regulation of cell
proliferation and survival.?> A number of studies have dem-
onstrated that PI3K/Akt is a negative-feedback regulator of
TF expression.!”-18:26 Acadesine affects this signaling path-
way differently in different cells. Acadesine inhibits PI3K/
Akt signaling in C6, MCF-7, PC3, CEM, and K562 tumor
cells but enhances it in acute lymphoblastic leukemia
cells.?7:28 Acadesine seems to have no effect on PI3K/Akt in
vascular smooth muscle cells.? However, we found that in
endothelial cells and monocytes, the PI3K/Akt pathway is
dramatically activated by acadesine under resting and acti-
vated conditions. LPS or proinflammatory cytokines, such as
tumor necrosis factor-c, also induced Akt phosphorylation in
endothelial cells. After incubation with LPS, the levels of
phospho-Akt peaked at 30 to 60 minutes, whereas the levels
of phospho-MAPK reached the highest level at 15 to 30
minutes (Figure 3D; Supplementary Figure VID). Thus, the
delay in PI3K/Akt activation allows proinflammatory cyto-
kines to activate MAPK, thereafter activating NF-«kB and
AP-1'7 and inducing TF expression. In contrast, in acadesine-
treated cells, Akt phosphorylation was elevated initially and
further increased during LPS stimulation. The increased
phospho-Akt was able to phosphorylate GSK-3f3 to prevent it
from phosphorylating p65,23 resulting in inhibition of NF-«B
activity and NF-kB—dependent TF expression. Furthermore,
the increased phospho-Akt was also able to inhibit the
phosphorylation of MAPK, thereby suppressing the NF-«B
and AP-1 pathways.!” The inhibitory effect of acadesine on
TF expression in endothelial cells was reversed by the PI3K
inhibitor wortmannin and LY294002, indicating that PI3K/
Akt activation is required for the suppression of TF expres-
sion by acadesine. LY294002 is more specific than wortman-
nin for inhibition of PI3K activity. In our study, reversal of
the inhibitory effect of acadesine on TF expression by
LY294002 was not as great as that by wortmannin, although
the difference did not reach statistical significance. This may
be attributable to more broad effects on pathways other than
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PI3K for wortmannin or incomplete inhibition of PI3K
activity by LY294002 at the dose used in our assay.

In addition to the inhibitory effect on translocation of
transcription factors, acadesine was able to directly interfere
with the binding of transcription factors to their specific DNA
sequences, indicating 1 more level at which acadesine could
inhibit TF expression (Supplementary Figure VII). This
observation is consistent with a previous report.3°

Our findings also indicate that acadesine-mediated sup-
pression of TF is not associated with its role in AMPK
activation. Endogenous AMPK activity is important in main-
taining the resting status of cells, and others have suggested
that many effects of acadesine, especially its role in the
regulation of inflammation, are linked to its activation of
AMPK.°-12 We did find that in mouse macrophages lacking
alAMPK, TF activity was increased more than that of
wild-type macrophages, even without any stimulation (Sup-
plementary Figure IV). Additionally, acadesine was able to
activate AMPK in endothelial cells and macrophages. How-
ever, neither the suppression of AMPK activity in human
endothelial cells with compound C nor the depletion of
alAMPK in mouse macrophages abrogated the inhibitory
effect of acadesine on LPS-induced TF expression. Further-
more, it has been previously reported that acadesine activates
endothelial Akt in an AMPK-independent manner.?' In this
study, we observed that the inhibitory role of acadesine in TF
expression is PI3K/Akt-dependent. These results provide
convincing evidence that the observed inhibitory effect of
acadesine in TF expression is not related to its role in AMPK
activation.

Acadesine increases the bioavailability of adenosine; how-
ever, the exact mechanism for this has not been elucidated.3?2
It is known that after entrance into the intracellular compart-
ment, acadesine is converted by ADK to 5-aminoimidazole-
4-carboxamide-1-B4-ribonucleotide. ADK is a crucial aden-
osine-removing enzyme.>* Thus, it may be that the
metabolism of acadesine by ADK interferes with the adeno-
sine-removal function of this enzyme, thus leading to an
increase in intracellular adenosine. It is plausible that the
suppression of TF expression by acadesine is related to its
role in adenosine regulation. Adenosine exerts many of its
antiinflammatory effects through the receptor A,,R. In our
study, however, blockage or deficiency of A,,R did not
influence the inhibitory effect of adenosine on TF expression.
This suggests that the mechanism of inhibition is A,,R-
independent. Adenosine can activate PI3K/Akt in either an
A, sR-dependent or an A, R-independent manner.3*-3¢ Be-
cause HUVEC do not express AR, it is likely that our
observed activation of PI3K/Akt by acadesine occurs via an
adenosine receptor-independent pathway. To mimic the role
of acadesine in PI3K/Akt activation and TF expression, we
used lentiviral RNAIi to knock-down ADK in HUVEC.4° In
these cells, PI3K/Akt was activated and LPS-induced TF
expression was suppressed (Supplementary Figure VIII).
Thus, it is very likely that acadesine suppresses TF expression
through its regulation of ADK activity.

Given its inhibitory effect on TF expression, acadesine
shows promise as a treatment for diseases associated with
pathological thrombosis. Individuals with sepsis have a high
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level of TF and elevated coagulation states in their blood.37-38
Elevated TF has been found in the local coronary circulation
and systemic blood flow of patients with acute coronary
syndromes, such as unstable angina and myocardial infarc-
tion.?* Deep vein thrombosis is also linked to TF produc-
tion.>* In our study, acadesine dramatically inhibited TF
expression in models of mouse sepsis and deep vein throm-
bosis, and it also decreased the production of TF by lesional
macrophages. Because clinical trials have demonstrated the
safety of acadesine for the prevention of perioperative myo-
cardial infarction, its potential extension to other diseases is a
realistic option for improving clinical outcomes through the
inhibition of TF expression.
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Material and Methods
Reagents

Lipopolysaccharide (Escherichia Coli 0111:B4) was from Sigma-Aldrich (St. Louis, MO).
Human TNF-a and IL-1p were from R&D systems (Minneapolis, MN). Adenosine receptor A;aR
antagonist ZM241385 and compound C were from Tocris (Ellisville, MO) and
Calbiochem(Gibbstown, NJ). Rabbit polyclonal antibodies against human tissue factor (for western
blotting) and mouse tissue factor (for immunohistochemistry) were kindly provided by Dr. Ronald
Bach (VAMC, Minneapolis, MN). Antibodies for western blotting, including Rabbit anti-GAPDH,
anti-p38, anti-phospho-p38, anti-extracellular signal-regulated kinase (ERK1/2),
anti-phospho-ERK1/2, anti-JNK (JNK), anti-phospho-JNK (p-JNK), anti-Akt, anti-phospho-Akt,
anti-GSK38, and anti-phospho-GSK-3f were purchased from Cell Signaling Technology, Inc.
(Danvers, MA). Antibody against Fibrin II beta (BB 15-42, Clone: T2G1) was from Accurate
Chemical & Scientific Corp (Westbury, NY). Prior to immunostaining, this antibody was
conjugated with alkaline phosphatase using an AP conjugation kit from KPL, Inc. (Gaithersburg,
MD). All AP-conjugated second antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). ECF™ substrate for western blotting was from GE Healthcare (Pittsburgh, PA). The

system for isolation of human monocytes was from Miltenyi Biotec (Auburn, CA).

Culture of HUVEC:s and isolation of human peripheral blood monocytes and mouse
peritoneal macrophages

As previously described ', human endothelial cells were isolated from umbilical cords and
cultured. HUVECs at passages 2 or 3 were used for experiments.

We isolated human monocytes by published methods *. Briefly, fresh human blood was
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collected from healthy adult volunteers with acid-citrate-dextrose (ACD; 38 mM citric acid, 75 mM
trisodium citrate, and 100 mM dextrose; 1:7 ACD final concentration). Whole blood was
centrifuged for 15 min. The resultant leukocyte pellet was layered onto the HISTOPAQUE®-1077
(Sigma, 1077-1). The mononuclear cells collected from buffy coat were purified by CD14
microbeads (MACS; Miltenyi Biotec, Auburn, CA), resuspended in RPMI medium with 10% FBS,
and incubated at 37°C for 2 h before use.

Mouse peritoneal macrophages were prepared by using a method previously described °.
Two milliliters of 4% thioglycolate medium was injected intraperitoneally into male mice (6 to 8
weeks old, 25-30 g body weight). Three days later, peritoneal macrophages were harvested by
peritoneal lavage using sterile HBSS buffer supplemented with 5 mM EDTA. Lavaged
macrophages were resuspended in cell grow medium, placed into 6-well plates overnight, then
washed to remove non-adherent leukocytes. Macrophages adhering on culture plates were used for

experiments.

One-stage clotting TF activity assay
Treated or non-treated cells were lysed. The TF activity of cell lysates was determined by

a one-stage clotting assay standardized against recombinant human TF, as previously described '.

TF activity on the surface of HUVECs

The assay was performed as described * HUVECs were cultured in 48-well plates and treated with
LPS or/and acadesine. The TF activity on the cell surface of HUVECs was assayed by measuring
the enzymatic activity of the TF/Factor VIla complex. The cells were washed twice and incubated

with Tris buffer (0.1 mM NaCl and 0.05 mM Tris, pH 7.3) containing BSA (5 mg/mL) and CaCl2

2
Downloaded from http://atvb.ahgjournals.org/ by guest on October 31, 2012


http://atvb.ahajournals.org/

(4 mM), followed by the addition of human factor VII. After an incubation at 37°C for 30 min, the
chromogenic substrate for TF/factor VIla complex, Spectrozyme fXa (American Diagnostica Inc., )
was added. The reaction was incubated at 22°C for 30 min and stopped with glacial acetic acid. The
absorbance was read at 405 nm and compared with those values obtained from a standard curve

generated using known amounts of TF.

Real-time RT-PCR

Total RNA from cultured cells or frozen samples was extracted with Trizol reagent
(Invitrogen, Carlsbad, CA). cDNA was synthesized with a first-strand cDNA synthesis kit
(Fermentas, Glen Burnie, MD). PCR was performed with a Roche LightCycler 2.0 thermal cycler
(Roche, Indianapolis, IN) that used SYBR Green as a double-stranded, DNA-specific binding dye.
The relative amount of each gene in each sample was estimated by the AACt method °. Primer
sequences for TF were as follows: hTF forward, TGACCTCACCGACGAGATTGTGAA;
hTF reverse, TCTGAATTGTTGGCTGTCCGAGGT; mTF forward,
ACAAGTGCTTCTCGACCACAGACA; and mTF reverse,
TTGCTTCATAGGCCCAGGTCACAT. Primer sequences for human TF are able to detect both the

membrane-bound, full-length TF and a soluble, alternatively spliced isoform °.

Western blot analysis

Western blot analyses were performed as described °. Cells were rinsed twice with
ice-cold PBS and lysed in modified RIPA lysis buffer. Samples were separated on 8—10% sodium
dodecyl sulfate-polyacrylamide gels, then transferred to polyvinylidene fluoride membranes.

Membranes were blocked with 5% non-fat milk in Tris-buffered saline with 0.1% Tween 20 for 1 h

3
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at room temperature, then probed overnight at 4°C with primary antibodies against TF, GAPDH,
p38, pp-38, p-ERK, ERK, p-Akt, or Akt, followed by incubation with alkaline
phosphatase—conjugated second antibody for 1 h at room temperature. Membranes were developed
with a chemifluorescence reagent and scanned by Storm 860 (GE, Healthcare, Piscataway, NJ).

Band intensities were quantified with the NIH Image J program.

PI3K activity measurement
PI3Ka was immunoprecipitated from cell lysates. PI3Ka activity was assayed using PI3-Kinase
Activity ELISA:Pico, a competitive ELISA kit (Echelon Biosciences Inc., Salt Lake City, UT),

according to the manufacturer’s instructions.

Electrophoretic mobility shift assay (EMSA)

Nuclear protein was extracted with the NucBuster Protein Extraction kit from Novagen
(San Diego, CA). The following oligonucleotides were purchased from Santa Cruz Biotechnology:
NF-kB consensus (5'-AGTTGAGGGGACTTTCCCAGGC-3"),
NF-kB mutant (5'-AGTTGAGGCGACTTTCCCAGGC-3"), SP-1 consensus
(5'-ATTCGATCGGGGCGGGGCGAGC-3"), and SP-1 mutant
(5'-ATTCGATCGGTTCGGGGCGAGC-3"). Oligonucleotides for the AP-1 consensus site
(5'-CTGGGGTGAGTCATCCCTT-3") and AP-1 mutant control
(5'-CTGGGGTGAGTTGTCCCTT-3") were from Integrated DNA Technologies, Inc. (Coralville,
[A). Oligonucleotides were end-labeled with [y—32P] ATP (Amersham Biosciences) and T4
polynucleotide kinase (Amersham Biosciences). Five micrograms of nuclear extract was loaded per

lane (10 pg for the TF- B probe). EMSA was carried out as described '.

4
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Mice

Wild-type C57BL/6J mice and apolipoprotein E-deficient (apoE ") mice were
purchased from the Jackson Laboratory (Bar Harbor, ME). A, AR_/_ and ocl—AMPK_/ " mice were
produced as described 37, AzAR_/_ mice were in a C57BL/6J background, whereas on—AMPK_/_
mice had a mixed 129 and C57BL/6J background. For experiments that used a;-AMPK—deficient
macrophages, cells were isolated from o,;-AMPK ™"~ mice and from age- and gender-matched

littermate ocl—AMPKH+ mice.

Mouse models of endotoxemia, atherosclerosis, and deep vein thrombosis

To initiate the mouse model of endotoxemia, male wild-type mice (8 weeks, 25-30 g
body weight) were intraperitoneally injected with LPS (2 mg/kg, E. coli serotype 0111:B4; Sigma
Chemical, St Louis, MO) ¥. To develop atherosclerotic lesions in arteries, apoE "~ mice were fed a
Western diet containing 21% fat, 0.15% cholesterol, and 19.5% casein without sodium cholate for 3
months °.

To develop deep vein thrombi, male wild-type mice (8 weeks, 25-30 g body weight)
underwent general anesthesia. Following a laparotomy, the inferior vena cava (IVC) was ligated
with a 6-0 polypropylene suture. Three days later, mice were euthanized, and the thrombosed IVC
was collected, weighed, and measured for length. The samples were snap-frozen and stored for

histological analysis .

Acadesine treatment
For experiments involving a single administration of acadesine (mouse model of
endotoxemia), acadesine was dissolved in saline (20 g/L) and injected intraperitoneally without

5
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anesthesia at a dose of 500 mg/kg body weight '+ '?

. For experiments involving repeated injections
of acadesine (mouse models of atherosclerosis and thrombosis), 500 mg/kg of acadesine was
dissolved in saline (20 g/L) and injected into mice intraperitoneally once a day for the time

indicated (5 d for atherosclerosis model, 3 d for thrombosis model). Saline was injected as a control

condition in all experiments.

Statistical analyses

Statistical analyses were performed with Instat software (GraphPad Software). Data are
presented as the mean = SEM. Data were compared with either one-way ANOVA followed by the
Bonferroni correction post-hoc test or Student t test to evaluate two-tailed levels of significance.

The null hypothesis was rejected at P < 0.05.

6
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Figure legends for Supplementary Figures

Supplementary Figure 1. Acadesine suppresses LPS-induced TF activity on the surface of
HUVEC:s.

HUVECs were pretreated with acadesine for 1 h at various concentrations, followed by stimulation
with LPS at 1 ug/mL for 4 h. TF activity on the cell surface was assayed by measuring the
enzymatic activation by the TF/factor VIIa complex. An activity of 1 is equivalent to 10™"> Mol of

TF. Data are shown as means £ SEM of six independent experiments, * P < 0.05, ** P <0.01.

Supplementary Figure 2. Acadesine suppresses cytokine-induced TF expression in HUVECs.
HUVECs were pretreated with acadesine at 1 mM for 1 h, followed by stimulation with TNF-a (10
ng/mL) or IL-18 (10 ng/mL) for 4 h. TF expression at the protein level was analyzed by western
blotting. The intensity of the TF bands was quantitated by densitometry, normalized to GAPDH,
and expressed as folds of TF expressed by untreated HUVECs. Data are shown as means = SEM of
four independent experiments. The data from cells treated with cytokines and cytokine/acadesine

were compared, * P <0.05, ** P <0.01.

Supplementary Figure 3. Acadesine suppresses LPS-induced TF expression and activity in
murine bEND.3 cells.

Murine bEND.3 endothelial cells were pretreated with acadesine for 1 h at various concentrations,
followed by stimulation with LPS at 1 ug/mL for 4 h. TF activity of cell lysates were examined
with a one-stage clotting assay (a). Total cellular RNA was extracted, and TF mRNA expression
was analyzed by real-time RT-PCR. GAPDH was used as normalization control (b). Data are shown
as means = SEM of six independent experiments, * P <0.05, ** P <0.01.
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Supplementary Figure 4. The effect of acadesine on TF activity in a 1AMPK-deficient murine
macrophages.

Thioglycollate-elicited peritoneal macrophages were isolated from wild-type or al AMPK ™"~ mice,
then treated with either LPS (1 ug/mL) or LPS and acadesine (1 mM), followed by the one-stage
clotting assay to measure TF activity. Data are shown as means + SEM of six independent

experiments, * P <0.05, ** P <0.01.

Supplementary Figure 5. The effect of acadesine on TF activity in A;,R-deficient murine
macrophages.

Thioglycollated-elicited peritoneal macrophages were isolated from wild type or A;,AR™™ mice, then
were treated with either LPS (1 ug/mL) or LPS and acadesine (1 mM), followed by a one-stage
clotting assay to measure TF activity. Data are shown as means + SEM of six independent

experiments, * P <0.05, ** P <0.01.

Supplementary Figure 6. Role of the PI3K/Akt pathway in acadesine-downregulated TF
expression in human monocytes.

(a) and (b), Akt and phospho-Akt in human monocytes treated with acadesine (1 mM), LPS (1
ug/mL) or LPS and acadesine for different periods and examined by western blotting. The intensity
of the phospho-Akt was quantitated by densitometry and, after normalization to total Akt,
expressed as fold difference over untreated monocytes. Data are shown as means + SEM of six
independent experiments. The data from treated cells at different time points were compared with

those from untreated monocytes, * P < 0.05. (¢), Akt, GSK-3f, and their phosphorylated forms

8
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were examined by western blotting at 30 min after treatment with LPS (1 ug/mL), acadesine (1
mM), or LPS and acadesine with or without wortmannin pretreatment (50 nM). Data are shown
from one of four independent experiments. (d), At various time points after treatment with LPS (1
ug/mL) or LPS and acadesine (1 mM), monocytes were examined by western blotting for the levels
of phospho-ERK1/2, ERK1/2, phospho-JNK, JNK, phospho-p38, and p38. Immunoblots are

representative of four independent experiments.

Supplementary Figure 7. Acadesine directly interferes with the binding of transcription
factors to their oligonucleotides

Nuclear protein was extracted from HUVECs or human monocytes treated with LPS. EMSA was
performed using **P-oligonucleotides corresponding to the AP-1 and NF-kB DNA recognition
sequences and the same amount nuclear protein in the presence of acadesine at different
concentrations. The intensities of AP-1 and NF-kB bands were quantified by densitometry and
expressed as fold difference over untreated control cells. Data are shown as means £ SEM of four

independent experiments, * P> 0.05.

Supplementary Figure 8. PI3K/Akt activation and TF expression in adenosine kinase
knockdown HUVEC:.

(a), Akt and phospho-Akt in HUVECs transduced with lentiviruses carrying siRNA against
adenosine kinase or a scrambled sequence (control). The intensity of phospho-Akt was quantitated
by densitometry and, after normalization to total Akt, expressed as the fold change over this value
in HUVEC: transduced with control virus, * P <0.05. (b), HUVECs transduced with control or

ADK RNAI viruses were examined by western blotting for TF expression at 4 h after treatment
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with LPS (1 ug/mL) with or without wortmannin pretreatment (50 nM). The intensity of the TF
bands was quantitated by densitometry, normalized to GAPDH, and expressed as the fold change
over TF expressed by HUVECs without ADK knockdown. Data are shown as means + SEM of four

independent experiments, * P < 0.05.
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