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12-lipoxygenase activity plays an important role in PAR4 and
GPVI-mediated platelet reactivity

Jennifer Yeung1, Patrick L. Apopa1, Joanne Vesci1, Moritz Stolla1,†, Ganesha Rai2, Anton
Simeonov2, Ajit Jadhav2, Pilar Fernandez-Perez2, David J. Maloney2, Olivier Boutaud4,
Theodore R. Holman3, and Michael Holinstat1
1Department of Medicine and Cardeza foundation for Hematologic Research, Thomas Jefferson
University, Philadelphia, Pennsylvania, USA
2NIH Chemical Genomics Center, National Center for Advancing Translational Sciences,
Rockville, Maryland, USA
3Department of Chemistry and Biochemistry, University of California Santa Cruz, Santa Cruz,
California, USA
4Department of Pharmacology, Vanderbilt University Medical Center, Nashville, Tennessee, USA

Summary
Following initial platelet activation, arachidonic acid is metabolised by cyclooxygenase-1 and 12-
lipoxygenase (12-LOX). While the role of 12-LOX in the platelet is not well defined, recent
evidence suggests that it may be important for regulation of platelet activity and is agonist-specific
in the manner in which it regulates platelet function. Using small molecule inhibitors selective for
12-LOX and 12-LOX-deficient mice, the role of 12-LOX in regulation of human platelet
activation and thrombosis was investigated. Pharmacologically inhibiting 12-LOX resulted in
attenuation of platelet aggregation, selective in hibition of dense versus alpha granule secretion,
and inhibition of platelet adhesion under flow for PAR4 and collagen. Additionally, 12-LOX-
deficient mice showed attenuated integrin activity to PAR4-AP and convulxin compared to wild-
type mice. Finally, platelet activation by PARs was shown to be differentially dependent on
COX-1 and 12-LOX with PAR1 relying on COX-1 oxidation of arachi donic acid while PAR4
being more dependent on 12-LOX for normal platelet function. These studies demonstrate an
important role for 12-LOX in regulating platelet activation and thrombosis. Furthermore, the data
presented here provide a basis for potentially targeting 12-LOX as a means to attenuate unwanted
platelet activation and clot formation.
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Introduction
Platelet activation plays a crucial role in haemostasis and thrombosis (1, 2) and a central role
in the pathophysiology of cardiovascular disorders such as acute coronary syndrome (3–5).
Activation of human platelets is initiated through primary signalling by thrombin or collagen
and reinforced by secondary signalling events initiated by arachidonic acid (AA) release
from the phospholipids, formation of bioactive metabolites, and granule secretion. The
clinical importance of this positive feedback to platelet activation is evident by the
widespread use of aspirin, which specifically blocks AA metabolism to thromboxane A2(6).
An equally important metabolic pathway which utilises AA as its substrate is platelet-type
12-Lipoxygenase (12-LOX), resulting in the formation of 12-(S)-
hydroperoxyeicosatetraenoic acid (12-HpETE) (7, 8). 12-LOX is primarily expressed in the
platelet and megakaryocyte and its metabolic products have been shown to play a role in
regulating vascular and non-vascular processes such as integrin activation, vascular
hypertension, and progression of certain types of cancer (9–15). While we have recently
shown an important role for 12-LOX in platelet activation (16), the extent to which 12-LOX
activation directly regulates platelet activity and its agonist-specific role in regulating
thrombosis is unclear. We there fore sought to determine if pharmacological inhibition or
genetic ablation of 12-LOX activity plays a role in PAR and collagen-mediated platelet
activation and clot formation.

12-LOX utilizes AA as a substrate to form 12-(S)-hydroperoxy-eicosatetraenoic acid (12-
HpETE) (7) which is further metabolised by glutathione peroxidase to form 12-HETE (17).
Once formed, the majority of 12-HETE is released to the extracellular space and is
postulated to signal through a number of potential mechanisms including GPCRs (18, 19),
cytosolic signalling complexes, or alter natively incorporation into the plasma membrane
(20–22). The biological function of 12-LOX activation in platelets has been complicated by
the observation that its metabolites are reported to mediate both an increase as well as
decrease in platelet reactivity (11, 16, 23–26). In support of 12-LOX as a mediator of
platelet activation, 12-LOX activity has been linked α-granule secretion (12) and surface
integrin expression and activation in both the platelet and tumour cells (16, 27–29).
Additionally, although 12-LOX has been postulated to play a role in dense granule secretion
in platelets (26), specific inhibitors which would enable direct investi gation of 12-LOX
regulation of platelet reactivity, adhesion, and clot formation have been lacking (2, 30, 31).
The recent development, however, of selective platelet 12-LOX inhibitors has allowed for a
more detailed investigation of how 12-LOX selectively regu lates platelet reactivity, clot
formation, and dense granule secretion in the human platelet (16, 31, 32). While these
inhibitors selectively block 12-LOX activity in human platelets while not affecting activity
of other enzymes in this pathway (5-LOX, 15-LOX, COX-1, thromboxane synthase, cPLA2,
or PKC) (16, 33), their effectiveness in inhibiting the 12-LOX homolog expressed in murine
platelets (12/15-LOX) is unclear limiting the use of these selective inhibitors in the murine
system in vivo.

Here we show that inhibition of 12-LOX activity inhibits platelet aggregation, which is
coupled to a significant shift in the ability of the platelet to induce normal integrin
activation, dense granule secretion, and platelet adhesion under venous shear. Additionally,
αIIbβ3 activation in the 12-LOX−/− mouse is attenuated pro viding strong evidence for the
involvement of 12-LOX in formation and long-term stability of the platelet clot. Finally, we
show that while COX-1, but not 12-LOX activation, is essential for normal platelet
activation through PAR1 (34), 12-LOX activation plays an important role in normal platelet
function through PAR4 (16). Thus, these studies provide the first reported evidence
supporting an important physiological role for 12-LOX in adhesion of platelets under shear
which is coupled to platelet aggregation, integrin activation, and secretion and support
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further investigation of 12-LOX as a potential target for regulation of platelet activation and
uncontrolled thrombus formation.

Materials and methods
Materials

12-LOX compounds (NCTT-956 and -694) were synthesised at the NIH Chemical
Genomics Center (Rockville, MD, USA). For a list of all materials, see Suppl. Methods
(available online at www.thrombosis-online.com).

Human platelets
Human platelets were obtained from healthy volunteers from within the Thomas Jefferson
University community and the Phil adelphia area. These studies were approved by the
Thomas Jefferson University Institutional Review Board and informed consent was obtained
from all donors before blood draw. Experiments were performed on both whole blood and
washed platelets as previously described (35, 36). Unless otherwise noted, all experiments
were conducted with a platelet concentration of 3 × 108 platelets/ml.

Mice
12-LOX−/− mice and strain-matched controls (B6129SF2/J) were obtained from Jackson
Labs. Experimental procedures were approved by the Animal Care and Use Committee of
Thomas Jefferson University.

Platelet Aggregation and dense granule secretion
Washed platelets were pretreated with inhibitors for 10 minutes (min). The aggregation
response to agonist was measured using alumi-aggregometer (Model 700D, Chronolog
Corp) with stirringat 1,100 rounds per minute (rpm) at 37°C. ATP luminescence was used to
detect dense granule secretion. Aggregation in whole-blood was measured with a lumi-
aggregometer following manufacturers recommendations.

Platelet adhesion under flow
In vitro platelet adhesion under venous and arterial shear rates was performed in a
microfluidic apparatus (37). Whole blood was in cubated with NCTT-956 or NCTT-694 for
15 min followed by in cubation with calcein green fluorophore and infused at venous
(400-S) or arterial (2,000-S) wall shear rates for 5 min. Adhesion of platelets was monitored
continuously with a Nikon Ti-U inverted microscope equipped with a Retiga EXL
monochrome camera. Images were analysed using Nikon NIS Elements software.

Flow cytometry
P-selectin expression and integrin αIIbβ3 activation on the surface of the platelet were
measured by flow cytometry (Accuri C6) as a marker α-granule secretion and integrin
activation, respectively (16, 38).

Tail-bleeding assay
Tail bleeding of ALOX12−/− and wild-type mice was performed on an anesthetised mouse
as previously described (39). Time in seconds required for cessation of blood flow was
recorded.

Yeung et al. Page 3

Thromb Haemost. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.thrombosis-online.com


Statistical analysis
Comparison between experimental groups was made using appro priate statistical analyses
(paired t-test program or ANOVA with post-test analysis) using Prism software. Differences
in mean values (measured as standard error of the mean) were considered significant at p <
0.05.

Results
12-LOX inhibition attenuates platelet aggregation

Platelet aggregation is essential for agonist-mediated clot formation. To confirm the
specificity of the 12-LOX inhibitor, levels of TxB2 and 12-HETE were measured in the
presence of NCTT-956 following platelet stimulation with 200 μM PAR4-AP (Suppl. Figure
1, available online at www.thrombosis-online.com). The role of 12-LOX in agonist-induced
platelet aggregation was examined by measuring the dose-response for PAR1-AP, PAR4-
AP, collagen, and ADP-mediated aggregation in the absence or presence of NCTT-956 or
baicalein (12-LOX inhibitors [16, 31, 32]) (▶ Figure 1). In the absence of 12-LOX
inhibitors, all agonists were able to induce full and stable aggregation. Interestingly, in
contrast to PAR1 sensitivity to COX-1 for normal aggregation (34), PAR1-mediated platelet
aggregation was insensitive to 12-LOX inhibition. A significant shift in the dose-response
for aggregation was observed with all other agonists tested. ADP, which normally induces
full aggregation at 5 μM, was not able to overcome the inhibition of 12-LOX and full
aggregation was not reached even at an ADP concentration of 40 μM. These data support an
important role for 12-LOX in regulating agonist-induced platelet aggregation through a
number of receptor pathways.

12-LOX regulation of dense granule secretion
As granule secretion plays an important role in the regulation of platelet clot growth and
stability, secretion of dense granules was measured in platelets treated with or without 12-
LOX inhibitors (▶ Figure 2). Treatment with the active 12-LOX inhibitor (NCTT-956)
resulted in complete inhibition of PAR1-AP and PAR4-AP-induced ATP secretion, while
treatment with the inactive analog (NCTT-694) had no effect on dense granule secretion at
concentrations as high as 100 μM NCTT-694 (▶ Figure 2A). The effects of NCTT-956 were
also compared to the 12-LOX inhibitor baicalein. Similar to NCTT-956, baicalein induced a
dose-dependent inhibition of PAR1-AP-mediated dense granule secretion. To ascertain that
the analogs did not interfere directly with the luciferase-based assay of ATP release, control
reactions were performed where a known concentration of ATP was measured in presence
of analogs or vehicle. The results showed that neither NCTT-956 nor NCTT-694 inhibit the
luciferase assay (Suppl. Figure 2, available online at www.thrombosis-online.com). This
was a surprising result based on the observation in ▶ Figure 1 that inhibition of 12-LOX
attenuated PAR4, but not PAR1-mediated platelet aggregation. However, this is in line with
the observation that PAR4 is more sensitive to positive feedback through secretion and ADP
compared to PAR1 (36).

To determine if 12-LOX regulation of dense granule secretion was agonist specific, the
same experiments were repeated with a number of agonists known to induce dense granule
secretion (Suppl. Figure 3, available online at www.thrombosis-online.com). Inhibition of
12-LOX completely eliminated dense granule secretion induced by thrombin, PAR4-AP,
collagen, U46619 (an agonist for the TPα receptor), and ADP, giving strong evidence that
12-LOX activation is important to platelet dense granule secretion. To determine if
inhibition of dense granule secretion was due to an inhibition of 12-LOX signalling or a
potential indirect effect on thromboxane signalling, platelets were treated without or with
100 μM aspirin (COX-1 inhibitor) or 100 nM SQ29548 (TPα inhibitor) followed by
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stimulation with 10 nM thrombin, 20 μM PAR1-AP, or 200 μM PAR4-AP. Neither
inhibition of COX-1 nor TPα resulted in a significant change in agonist-mediated dense
granule secretion (▶ Figure 2B).

Role of 12-HETE in dense granule release
To determine if 12-HETE, or its precursor, 12-HpETE, plays a role in regulation of agonist-
induced secretion, dense granule secretion was measured following PAR1-AP stimulation
either in the presence or absence of exogenous metabolite (250 nM 12-HETE or 12-
HpETE). Exogenous 12-HETE and 12-HpETE significantly increased PAR1-AP-mediated
dense granule secretion by 20% compared to agonist alone (▶ Figure 2C) while metabolite
alone did not induce dense granule secretion. These data are in agreement with other
published work implicating 12-HETE as a potential modulator of platelet function (26) and
our current observation that absence of 12-LOX activity and 12-HETE results in inhibition
of agonist-mediated dense granule secretion. Exogenously added 12-HpETE resulted in an
even larger increase in PAR1-AP-induced dense granule secretion of 60% compared to
control suggesting a potential role for other 12-LOX metabolites in modulating agonist-
mediated platelet activation.

12-Lipoxygenase does not regulate α-granule secretion
Secretion of α-granules from human platelets is induced by both PAR1 and PAR4 (35, 40).
To assess if 12-LOX specifically regulates dense granule secretion or both dense and α-
granule secretion, platelets were treated with or without NCTT-956, NCTT-694, or baicalein
for 10 min followed by stimulation with thrombin, PAR1-AP, or PAR4-AP. α-granule
secretion was determined by measuring P-selectin levels on the platelet surface by flow
cytometry (▶ Figure 3). α-granule secretion was not significantly attenuated following 12-
LOX inhibition in the presence of all three agonists. These data suggest that α-granule
secretion is not regulated via the 12-LOX pathway.

Regulation of platelet function in vivo by 12-LOX
To determine if 12-LOX plays a role in platelet function in vivo, bleeding time was assessed
in 12-LOX−/− and strain-matched wild-type mice using the tail-bleeding assay (39) (▶
Figure 4A). While wild-type mice showed a normal cessation time for bleeding following
clipping of the tail vein (N=10), the time to cessation of bleeding in 12-LOX−/− mice was
significantly prolonged (N=11).

Regulation of whole blood aggregation and adhesion by 12-LOX
Although aggregation in washed platelets shows sensitivity to 12-LOX activation (▶ Figure
1), its role in whole blood has not been well defined. To determine if platelet aggregation is
altered in whole blood, freshly drawn human blood was treated with or without NCTT-956
or NCTT-694 for 10 min followed by stimulation with collagen (the first step in platelet
activation following vessel injury). Using impedance aggregometry a significant decrease in
platelet aggregation was observed in the presence of the 12-LOX inhibitor compared to
untreated platelets or platelets treated with the negative analog (▶ Figure 4B). To determine
if 12-LOX plays a role in platelet adhesion and clot formation under flow, whole blood
treated with or without NCTT-956 or NCTT-694 was flowed over a collagen strip at low
and high shear rates (400 and 2000 sec−1) (▶ Figure 4C). Although untreated blood showed
significant clot growth within 1–3 min, inhibition of 12-LOX at low shear resulted in a
significant delay in platelet adhesion as well as attenuation of the overall area and intensity
of adhesion to collagen. Blood treated with the inactive analog NCTT-694, however,
exhibited no delay in adhesion or clot growth. At high shear, 12-LOX activation did not
appear to be essential as there was no observable difference in area coverage or clot
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formation at any time point measured. These data provide strong evidence that platelet
reactivity and haemostasis rely in part on the enzymatic activity of platelet 12-LOX and
supports a potential role for 12-LOX in the recruitment and activation of platelets into a
growing clot.

12-LOX activity is important for haemostasis and thrombosis in the mouse
While murine 12-LOX is highly homologous to human, its enzymatic activity is less
selective and is known to form at least two products from AA, 12-HETE and 15-HETE. Due
to its altered enzymatic activity, the 12-LOX inhibitors directed toward the human enzyme
do not bind with high efficacy to mouse 12-LOX. To determine if the observed 12-LOX
effects identified in human platelets with the 12-LOX inhibitor are due to inhibition of 12-
LOX activity, platelets from 12-LOX−/− and strain-matched wild-type mice were assessed
for αIIbβ3 activity. Washed platelets were stimulated with either PAR4-AP or convulxin (▶
Figure 5), and the level of αIIbβ3 was measured. Mice deficient in 12-LOX showed a
significant attenuation of αIIbβ3 activation for both agonists compared to wild-type mice.
This data confirms an important role for 12-LOX in regulating platelet activation,
thrombosis, and haemostasis.

Agonist-dependent regulation of platelet activation through COX-1 and 12-LOX
Previously, we have shown that inhibition of thromboxane formation perturbs PAR1-
mediated platelet activation to a much larger extent compared to PAR4 suggesting that
PAR4 may rely on a 12-LOX signal for normal platelet activation as opposed to COX-1
(34). To assess if this is the case, platelet aggregation and αIIbβ3 activation were measured
in response to PAR1-AP or PAR4-AP in the presence of aspirin, NCTT-956, or both (▶
Figure 6). PAR1-AP showed no sensitivity to NCTT-956 even at low agonist concentrations
but aggregation was significantly shifted to the right in the presence of aspirin. Treatment
with both aspirin and NCTT-956 was not significantly different from aspirin alone. PAR4
showed no significant shift in the presence of aspirin at any concentration tested while
treatment with NCTT-956 significantly shift the dose-response for aggregation to the right.
Treatment with both aspirin and NCTT-956 was no different than NCTT-956 alone (▶
Figure 6A). To confirm the observed selective inhibition of PAR1 and PAR4 signalling with
aspirin and NCTT-956, respectively, integrin αIIbβ3 activation was measured under the
same conditions (▶ Figure 6B). Similar to what was observed for aggregation, PAR1-AP-
induced αIIbβ3 activation was significantly attenuated in the presence of aspirin, but not
NCTT-956, while PAR4-AP-induced αIIbβ3 activation was significantly attenuated in the
presence of NCTT-956, but not aspirin. Dual treatment in either case had no additional
inhibitory effect on either PAR-AP suggesting these signalling pathways are not synergistic
in nature.

Discussion
Regulation of platelet activation is crucial in the treatment of a number of
pathophysiological conditions including cardiovascular disease and diabetes and positive
feedback plays a significant role in stable clot formation in vivo (2). Although anti-platelet
therapies targeting positive reinforcement by inhibition of COX-1 (aspirin) or the P2Y12
receptor (clopidogrel) have succeeded in reducing morbidity and mortality due to clot
formation and stroke, new approaches are warranted to further decrease the level of platelet
reactivity. We have investigated an alternative approach to attenuating platelet activation
and clot formation and have shown that targeting 12-LOX activation with selective platelet
12-LOX in hibitors may represent a viable approach to anti-platelet therapy. Inhibition of
12-LOX in human platelets resulted in agonist-specific attenuation of platelet aggregation
and agonist-independent inhibition of dense granule secretion (▶Figure 1 and▶ Figure 2).
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Since dense granule is thought to be a major reinforcement path way leading to secretion of
platelet agonists such as ADP, 5-HT, and epinephrine (2, 40), 12-LOX inhibition of dense
granule secretion may partially explain the observed deficit in normal platelet aggregation
and adhesion as well as an inability to form stable clots under shear conditions. Further,
attenuation of platelet adhesion and clot growth indicates a potential benefit inhibition of 12-
LOX may present as an approach to anti-platelet therapy. Finally, while PAR1-mediated
platelet activation is sensitive to inhibition of COX-1 but not 12-LOX, PAR4-mediated
platelet activation is significantly attenuated in the absence of 12-LOX activity but not
COX-1. Taken together, these data yield strong evidence that selective 12-LOX inhibitors
have the potential to decrease the severity of platelet clot formation and minimise vessel
occlusion, which in turn may lead to a reduction in the incidence and severity of
cardiovascular events.

Lipoxygenases play a role in a number of pathophysiological processes ranging from
atherosclerosis and clot formation to cancer and essential hypertension. Elucidating the role
of 12-LOX in regulation of platelet reactivity, however, has posed a significant challenge
based in part on the lack of specific inhibitors (30, 41). Baicalein was initially used in
human platelets to pharmacologically show that 12-LOX plays a role in calcium
mobilisation and aggregation (11). This work was the first evidence that 12-LOX may play
an important role in the regulation of platelet reactivity. Although baicalein is now viewed
as a relatively non-specific 12-LOX inhibitor (16, 31), the observation that inhibition of 12-
LOX activity resulted in attenuation of calcium mobilisation and perturbed resultant platelet
activation steps helped to form the basis for the current study. The development of selective
inhibitors targeting platelet 12-LOX has allowed us to investigate its potential role in the
progression of platelet-mediated clot formation commonly observed in cardiovascular
disease (16, 31, 32). While the current study strongly supports a primary role for 12-LOX in
regulation of normal platelet function through a number of signalling pathways including
collagen and PAR4, the underlying mechanisms mediating the differential regulation of
PAR1 versus PAR4 by COX-1 and 12-LOX, respectively, will also need to be delineated in
order to fully appreciate the unique roles these receptors play in regulating platelet activation
following injury.

Secretion and positive feedback are thought to be important events in clot formation and
irreversible platelet activation. Our data suggest that 12-LOX regulates dense granule
secretion in an agonist-independent manner but selectively attenuates platelet aggregation by
collagen and PAR4-AP, while sparing the PAR1 path way. This observation is in line with
previous reports showing dense granule secretion being more important for PAR4-induced
aggregation compared to PAR1 (36). Similarly, 12-LOX has recently been shown to
regulate PKC activity which plays a role in dense granule secretion (16, 39, 42). The current
study also showed that while aspirin does not inhibit dense granule secretion in platelets, it
prevents formation of thromboxane A2 which is important for PAR1, but not PAR4-
mediated platelet aggregation (34). Hence, PAR1 appears to require COX-1 for normal
platelet activation while PAR4 requires 12-LOX (▶Figure 6). The complex interactions
between these receptor pathways and the oxygenases in the platelet may represent unique
approaches for regulating these disparate pathways and an opportunity for the development
of highly targeted anti-platelet therapeutics. The mechanistic differences mediating COX-1
and 12-LOX regulation of platelet activity are currently being investigated.

While inhibition of 12-LOX blocks dense granule secretion and 12-HETE formation, our
data support the hypothesis that other 12-LOX metabolites formed following platelet
activation may play an important role in regulating secretion since addition of 12-HpETE,
the direct product of 12-LOX, exerts an even stronger effect than its reduced form. Several
products may be formed following 12-LOX metabolism of AA, including 12-HETE and
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hepoxilins (43, 44). Furthermore, 12-LOX can oxidise any number of fatty acids present on
the platelet membrane following cleavage with cPLA2 (31, 38), suggesting that other
metabolites may be contributing to the regulation of platelet activation and thrombosis.

To differentiate between regulation of dense granule secretion and α-granule secretion, P-
selectin was measured as a surrogate for α-granule secretion (▶Figure 3). Our results show
that 12-LOX was not required for α-granule secretion in the platelet. The potential role for
12-LOX in P-selectin secretion has been postulated by others (12) and agrees with the
recently proposed model suggesting that a number of discrete pools α-granules exist in the
platelet which are differentially secreted in an agonist-dependent manner (45). This is an
active area of investigation which will need to be elucidated in order to understand the
extent to which 12-LOX regulates platelet function.

Although 12/15-LOX knockout mice have been generated to study lipoxygenase function in
mice (26), this study is the first to identify the role of 12-LOX for regulation of platelet
reactivity in regulation of aggregation, secretion, and adhesion in human platelets. The
mouse homolog of 12-LOX is similar in structure to that of the human protein; however,
significant species differences do exist. For example, 12-LOX in the human solely produces
12-HETE from arachidonic acid, while 12/15-LOX in the mouse is known to produce both
12-HETE and 15-HETE, the latter product recently being shown to be essential for
ischaemia-induced angiogenesis (46). With these limitations in mind, it is likely that the
murine 12-LOX-deficient mouse shares some functional similarities to pharmacological
inhibition of 12-LOX in the human as we show here that platelets isolated from 12-LOX−/−

mice show significant attenuation of αIIbβ3 activation following PAR4-AP or convulxin
compared to wild-type mice.

Our data support a physiologically important role for 12-LOX in mediating a number of pro-
thrombotic processes, which are key in the formation of a stable platelet clot formation.
Adequate regulation of platelet activation has been a central focus in clinically treating a
number of diseases including acute coronary syndrome and cardiovascular disease as well as
the cardiovascular complications often associated with metabolic syndrome and diabetes.
Although several inhibitors of the reinforcement pathways are currently in use including
aspirin and clopidogrel, a need exists for the development of alternative strategies to control
platelet reactivity and minimise the occurrence of thrombotic events in patients diagnosed
with a number of cardiovascular risks (47). Hence, 12-LOX inhibition may represent a new
approach to anti-platelet therapy as it not only targets platelet aggregation, dense granule
secretion, and adhesion to collagen under shear, but shows significant agonist-dependence
specifically targeting collagen and PAR4 while sparing PAR1 signalling (16) (▶Figure 6).
Taken together, these findings provide impetus for studies to further identify how 12-LOX
regulates platelet activity at a mechanistic level through PAR4 and collagen, and further
probe the potential for 12-LOX in hibitors as a next generation of anti-platelet therapeutic
agents either alone or in combination with existing anti-platelet approaches (48–51).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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What is known about this topic?

• 12-lipoxygenase is highly expressed in platelets and functions primarily through
production of eicosanoids to form bioactive metabolites which may function in a
paracrine or autocrine manner.

• 12-LOX eicosanoids are known to play an important role in regulation of tumor
growth, diabetes, and vascular tone.

• 12-LOX activity may play an important role in pro- or anti-throm botic
regulation of platelet function, but the agonists affected by 12-LOX and the
mechanism of action remain unclear.

What does this paper add?

• We show the relative importance of 12-LOX activity in regulating a number of
PAR4- and GPVI-mediated biochemical endpoints crucial to normal platelet
activation and clot formation.

• 12-LOX regulation of thrombin signalling in the platelet is limited to the
protease-activated receptor 4 (PAR4), while PAR1 appears to be primarily
regulated by COX-1.

• The observed differential regulation of agonist-mediated platelet activity
through 12-LOX and COX-1 provides a basis for potentially targeting 12-LOX
as a means to attenuate unwanted platelet clot formation.
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Figure 1. 12-LOX is an important determinant of platelet aggregation
Washed platelets were treated with or without 50 μM baicalein or 25 μM NCTT-956, and
platelet aggregation was measured following stimulation with increasing concentrations of
PAR1-AP, PAR4-AP, collagen, or ADP. All agonists tested other than PAR1-AP showed a
shift to the right in the EC50 for platelet aggregation (N=3). *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001.
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Figure 2. 12-LOX activation is required for dense granule secretion in platelets
Washed platelets were treated with active or inactive 12-LOX inhibitors and the level of
dense granule secretion was monitored by measuring ATP release following stimulation
with different agonists. A) ATP release induced by 20 μM PAR1-AP (N=5) or 200 μM
PAR4-AP (N=4) with increasing concentration of NCTT-956, or NCTT-694 (N=3).
Composite analysis of dose-response for dense granule secretion with PAR1-AP in the
presence of in creasing concentrations of NCTT-956 (N=5) and NCTT-694 (N=3).
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***P<0.001. Representative and composite for dense granule secretion following PAR1-AP
in the presence of increasing concentrations of baicalein (N=3). Structure of NCTT-956,
NCTT-694, and baicalein are shown for comparison. B) Composite analysis of ATP
secretion in the presence of the 100 μM aspirin or 100 nM SQ29548 followed by stimulation
with 10 nM thrombin, 20 μM PAR1-AP, or 200 μM PAR4-AP for 10 min. C) Dense granule
secretion was measured in absence or presence of 12-LOX metabolites to determine their
role in the regulation of agonist-mediated secretion. Washed platelets were treated with
either 250 nM 12(S)-HETE (N=3) or 12(S)-HpETE (N=3). Dense granule secretion was
measured following activation with PAR1-AP. ***P<0.001; *P<0.05. Metabolite alone did
not induce dense granule secretion in washed platelets (N=3).
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Figure 3. 12-LOX is not critical for agonist-mediated α-granule secretion
α-granule secretion was determined following stimulation of platelets with 10 nM thrombin,
20 μM PAR1-AP, or 200 μM PAR4-AP in the presence or absence of active and inactive
12-LOX inhibitors (N=4). P-selectin expression following treatment with 25 μM
NCTT-956, 50 μM baicalein, or 25 μM NCTT-694 was not significantly different from
control.
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Figure 4. Inhibition of 12-LOX in whole blood attenuates platelet aggregation and adhesion
In vivo haemostasis, as well as platelet aggregation and clot formation ex vivo in whole
blood were measured to deter mine the role of 12-LOX in regulating platelet activation in
the presence of confounding factors present in the blood. A) Tail-bleeding time of 12-
LOX−/− (N=11) and strain-matched wild-type mice (N=10). Mean bleeding time is denoted
by a horizontal line (****P<0.0001). B) Whole blood aggregometry was performed in the
absence or presence of the 12-LOX inhibitor, NCTT-956 or the negative analog, NCTT-694.
Blood was treated with or without 100 μM NCTT-956 or -694, stimulated with 5 μg/ml
collagen, and impedance aggregometry was measured for 10 min post-stimulation (N=3). A
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significant decrease in impedance was observed in the presence of NCTT-956 but not
NCTT-694 (**P<0.01; NS, not significant).
C) Platelet clot formation over a collagen strip under low or high shear conditions (400 s−1

or 2,000 s−1, respectively) was measured either with (□) or without (•) 100 μM NCTT-956
or NCTT-694 (△) (N=4). The rate of clot formation was significantly delayed and at
tenuated following inhibition of 12-LOX compared to control.
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Figure 5. 12-LOX−/− mice have impaired platelet activation and haemostasis
Platelet function was measured in wild-type and 12-LOX−/− mice. Washed platelets were
stimulated with either PAR4-AP (50 μM and 100 μM) or convulxin (CVX) (50 ng/ml or 100
ng/ml) for 10 min, and αIIbβ3 activity was measured by flow cytometry using the JON/A
antibody (N=3).
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Figure 6. COX-1 and 12-LOX regulation of PAR-mediated platelet activation

Yeung et al. Page 20

Thromb Haemost. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Washed platelets were assessed for differences in sensitivity to COX-1 and 12-LOX
following stimulation with either PAR1-AP or PAR4-AP. A) Platelet aggregation was
measured following 10 minute stimulation with increasing concentrations of either PAR1-
AP or PAR4-AP in the absence or presence of 25μM NCTT-956, 100 μM aspirin (ASA), or
both (N=4–11). On the left are representative aggregation curves and on the right is the
composite data for each agonist.
B) αIIbβ3 activation was measured under the same conditions (N=3–11). On the left are
representative histograms and on the right is the composite data for each agonist. N.S., not
significant; *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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