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Abstract

Background: The effects of the docosahexaenoic acid (DHA) on cardiovascular disease are
controversial and a mechanistic understanding of how this w-3 polyunsaturated fatty (-3 PUFA)
regulates platelet reactivity and the subsequent risk of a thrombotic event is warranted. In platelets,
DHA is oxidized by 12-lipoxygenase (12-LOX) producing the oxidized lipids (oxylipins) 11-
HDHA and 14-HDHA. We hypothesized that 12-LOX DHA-oxylipins may be involved in the
beneficial effects observed in dietary supplemental treatment with w-3 PUFAs or DHA itself.

Objectives: To determine the effects of DHA, 11-HDHA and 14-HDHA on platelet function and
thrombus formation, and to elucidate the mechanism by which these w-3 PUFAs regulate platelet
activation.

Methods and results: DHA, 11-HDHA and 14-HDHA attenuated collagen-induced human
platelet aggregation, but only the oxylipins inhibited allbB3 activation and decreased a-granule
secretion. Furthermore, treatment of whole blood with DHA and its oxylipins impaired platelet
adhesion and accumulation to a collagen-coated surface. Interestingly, thrombus formation was
only diminished in mice treated with 11-HDHA or 14-HDHA, and mouse platelet activation was
inhibited following acute treatment with these oxylipins or chronic treatment with DHA,
suggesting that under physiologic conditions, the effects of DHA are mediated through its
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oxylipins. Finally, the protective mechanism of DHA oxylipins was shown to be mediated via
activation of protein kinase A.

Conclusions: This study provides the first mechanistic evidence of how DHA and its 12-LOX
oxylipins inhibit platelet activity and thrombus formation. These findings support the beneficial
effects of DHA as therapeutic intervention in atherothrombotic diseases.

Keywords
DHA,; 12-lipoxygenase; platelet; thrombosis; w-3 PUFAS

Introduction

Long-chain polyunsaturated omega-3 fatty acids (w-3 PUFAS) have been widely
recommended based on evidence that supplementation with w-3 PUFAS enhances cardio
protection in patients at cardiovascular risk [1-4]. Since 2002, the American Heart
Association (AHA) has recommended an increase in dietary w-3 intake plus dietary
supplements for triglyceride-lowering treatment [5], and more recently, the AHA has
extended the recommendation of w-3 PUFA supplementation to patients with prevalent
coronary heart disease [6]. w-3 PUFA supplements include fish oil, the primary source of
nonprescription w-3 supplements, and pharmaceutical preparations such as w-3 ethyl esters
[6, 7]. All these supplements provide high levels of eicosapentaenoic (EPA) and
docosahexaenoic (DHA) fatty acids [8], long-chain forms of w-3 PUFAs. Putative
mechanisms proposed for the cardio protection include regulation of lipid levels, mainly a
triacylglycerol-lowering effect [8, 9], reduction of blood pressure [10, 11], reduction of
procoagulant activity in the blood [12, 13], prevention of endothelial dysfunction [14, 15],
inhibition of platelet aggregation [16] and adhesion [17, 18], reduction of thromboxane Ay
(TxA2) formation [19] and attenuation of thrombus formation [19-21].

Several studies have attributed the beneficial effects to EPA [22-27] and recently, the
REDUCE-IT trial demonstrated that supplementation with synthetic EPA (icosapent ethyl)
decreases the number of cardiovascular events and deaths in individuals at increased risk
[28-30]. Regarding DHA, to date, no clinical trials investigating the effects of this fatty acid
on individuals at risk of a cardiovascular event have been reported. Furthermore, although
clinical studies have suggested that DHA may attenuate systemic inflammation by reducing
inflammatory mediators [31], reducing blood pressure in hypertensive individuals [10], and
decreasing triglyceride levels in the blood [9, 31], the overall findings are controversial with
some reports suggesting beneficial properties of DHA while others report either no effect or
detrimental pathological effects with administration of DHA [32-34]. A mechanistic
understanding of how DHA regulates platelet function is therefore warranted.

In platelets, oxygenases can produce bioactive metabolites through the metabolism of
PUFAs [35]. DHA is a known substrate for the two major oxygenases in platelets,
cyclooxygenase-1 (COX-1) [36] and 12-lipoxygenase (12-LOX) [37]. Although DHA has
been reported to be a poor substrate for COX-1 [36, 38], 12-LOX readily oxygenates DHA,
producing the bioactive oxylipins, 11-HpDHA (11S-hydroperoxydocosahexaenoic acid) and
14-HpDHA (14S-hydroperoxydocosahexaenoic acid), which are immediately reduced to 11-
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HDHA (11S-hydroxydocosahexaenoic acid) and 14-HDHA (14S-hydroxydocosahexaenoic
acid) by glutathione peroxidases [35, 39-41]. In this study, we used purified DHA, 11-
HDHA and 14-HDHA to investigate their effects on platelet function and thrombus
formation and to elucidate the mechanism by which these w-3 fatty acids regulate platelet
reactivity. We demonstrate that DHA and its 12-LOX-derived oxylipins exert their
antiplatelet effects through the attenuation of platelet aggregation, adhesion and
accumulation. Interestingly, using an /in vivo thrombosis model, we show that only treatment
with DHA oxylipins, 11-HDHA and 14-HDHA, significantly attenuated thrombus
formation. In support, we demonstrate that acute treatment with DHA oxylipins or chronic
treatment with DHA inhibit platelet activation ex vivo, suggesting that under physiologic
conditions, the antithrombotic effects of DHA are mediated through its bioactive
metabolites. Finally, for the first time, we demonstrate that the activation of protein kinase A
(PKA) is one of the mechanisms underlying the antiplatelet and antithrombotic effects of the
DHA oxylipins, 11-HDHA and 14-HDHA.

Preparation of washed human platelets

All studies involving human subjects have been reviewed and approved by the University of
Michigan Institutional Review Board. A written informed consent was obtained from self-
reported healthy donors prior to the blood draws. Whole blood was collected via
venipuncture into vacutainers containing sodium citrate (3.2%; Greiner Bio-One, Monroe,
NC). Platelets were isolated via serial centrifugation. Whole blood was centrifuged at 200g
for 10 minutes to isolate platelet-rich plasma (PRP). PRP was treated with acid citrate
dextrose (2.5% sodium citrate tribasic, 1.5% citric acid, and 2.0% D-glucose) and apyrase
(0.02 U/ml) and then centrifuged for 10 minutes at 2000g to pellet the platelets [42].
Platelets were resuspended in Tyrode’s buffer (10 mM N-2-hydroxyethylpiperazine-N9-2-
ethanesulfonic acid, 12 mM sodium bicarbonate, 127 mM sodium chloride, 5mM potassium
chloride, 0.5 mM monosodium phosphate, 1 mM magnesium chloride, and 5mM glucose) at
3x108 platelets/ml as determined by a complete blood cell counter (Hemavet 950FS; Drew
Scientific, Miami Lakes, FL).

Experimental animals

All experimental procedures were approved by the Institutional Animal Care and Use
Committee at the University of Michigan. The C57BL/6 wild-type (WT) control mice were
purchased from Jackson Laboratories (Bar Harbor, ME, USA) and housed in the research
facility at the University of Michigan. Male and female mice in this study ranged in age
between 8-12 weeks old. From mice treated with acute administration of DHA and
oxylipins, whole blood was collected from the inferior vena cava while mice were
anesthetized. Citrated whole blood was centrifuged at 200 g for 5 minutes to isolate PRP.
PRP was adjusted to 3 x 108 platelets/ml with the use of autologous platelet poor plasma
(PPP) to be used in flow cytometer study. From mice used for the aggregation study with
DHA treatment /n vitro (see Supplemental Data) or oral gavage mice, whole blood was
collected and centrifuged, as described above, to isolate PRP. PRP was treated with acid
citrate dextrose (2.5% sodium citrate tribasic, 1.5% citric acid, and 2.0% D-glucose) and

J Thromb Haemost. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

‘Yamaguchi et al. Page 4

apyrase (0.1 U/ml), and then centrifuged for 8 minutes at 2000g to pellet the platelets.
Washed platelets were resuspended in Tyrode’s buffer at 3 x 108 platelets/ml to be used in
flow cytometer and aggregation studies. Platelets were recalcified to a final concentration of
1mM with CaCl, 3 minutes before stimulation in aggregation studies.

Synthesis and Purification of Oxylipins

14-HpDHA and 11-HpDHA were synthesized in 200 mL of 25 mM HEPES buffer (pH 8.0),
using h12-LOX. The absorbance increase at 234 nm was monitored until it reached
completion and quenched with 0.4% (v/v) glacial acetic acid. For the reduction of 14-
HpDHA and 11-HpDHA to 14-HDHA and 11-HDHA, trimethylphosphite was added in
molar excess before extracting. The solution was extracted 3 times with 100 mL
dichloromethane and evaporated to dryness. The docosanoid products were purified with a
normal phase Phenomonex silica column (5 um, 250 mm x 10 mm) and an isocratic mixture
of 99% hexane, 1% isopropanol and 0.1% trifluoroacetic acid. The purity was checked by
LC-MS/MS to be greater than 95%.

Dietary supplementation in mice

At 8 weeks, C57BL/6 wild-type mice (male and female) were given an oral gavage daily
with vehicle control (polyethylene glycol 300) or DHA (50 mg/kg) (Nu-Chek Prep, Inc) for
4 weeks prior to blood collection and platelet preparation.

DHA and oxylipins acute administration in mice

At 10-12 weeks, C57BL/6 wild-type mice (male and female) received an intravenous
injection with DHA, 11-HDHA or 14-HDHA (15 mg/kg respectively) or the equivalent
volume of dimethyl sulfoxide (DMSO) (Fisher Scientific, Fair Lawn, NJ) (Control)
dissolved in a formulation of 5% DMSO in sterile 0.9% sodium chloride (Baxter, Deerfield,
IL) 10 minutes prior to the induction of thrombosis (male) or blood draw (male and female).

Platelet aggregation

Human washed platelets were incubated with DHA, 11-HDHA, 14-HDHA (0.5-10 uM
respectively) or the equivalent volume of DMSO (Control) for 10 minutes. Following
incubation, human platelets were stimulated with collagen (0.625-2 pg/ml) or thrombin
(0.1-1 nM). For animal studies, washed platelets from oral gavage mice were stimulated with
collagen (1 ug/ml) while washed platelets from mice used for aggregation study with DHA
treatment /n vitro (see Supplemental Data) were incubated with DHA or DMSO (Control)
for 10 minutes prior stimulation with collagen (1 pug/ml). Aggregation was measured in a
lumi-aggregometer (Model 700D; Chrono-log). Light transmission was monitored in real
time for 10 minutes at 37°C under stirring conditions (1100 rpm).

Flow cytometry

Washed human platelets were treated with DHA, 11-HDHA, 14-HDHA (5-10 uM
respectively) or the equivalent volume of DMSO (Control) and were incubated with a FITC-
conjugated antibody specific for the active conformation of allbp3, PAC-1 (BioLegend, San
Diego, CA), and with a PE-conjugated CD62P antibody specific for P-selectin (BD
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Pharmingen, Franklin Lakes, NJ) expressed on the platelet surface. PRP from mice treated
with acute administration of DHA and oxylipins or washed platelets from oral gavage mice
were incubated with a FITC-labeled rat anti-mouse P-selectin (CD62P) monoclonal
antibody (Emfret Analytics, Eibelstadt, Germany), and with a PE-labeled rat anti-mouse
integrin allbp3 (GPIIbllla, CD41/61) monoclonal antibody (Emfret Analytics, Eibelstadt,
Germany). Platelets were stimulated by the addition of various concentrations of convulxin
(12.5-100 ng/ml for human platelets and 25 ng/ml for mouse platelets) (purchased from
Kenneth Clemetson, Theodor Kocher Institute, University of Berne, Bern, Switzerland).
Samples were incubated at room temperature in the dark for 10 minutes, fixed with 2%
paraformaldehyde and fluorescence intensity was measured via flow cytometry (Accuri C6,
BD Biosciences).

Vasodilator-stimulated phospho-protein (VASP) phosphorylation

Washed human platelets were treated with DHA and its oxylipins (10 pM), iloprost (1 nM)
(Cayman Chemicals, Ann Arbor, MI), 12S-hydoxyeicosatetraenoic (12(S)-HETYE) (25

uUM) , prostacyclin (PGl») (1 nM) (Sigma-Aldrich, St. Louis, MO) or DMSO (Control) for 1
and 10 minutes at 37°C. Following incubation, reactions were stopped by the addition of 5X
Laemmli sample buffer (Tris 1.5 M, pH 6.8; 10% sodium dodecyl sulfate, 50% glycerol,
25% B-mercaptoethanol, 0.6% bromophenol blue). The platelet lysate was boiled for 10
minutes and samples were run on a 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. Western blots were performed with phosphorylated serine 157 and total
VASP antibodies (Enzolife Sciences, Farmingdale, NY).

Ex vivo microfluidic perfusion flow chamber

Microfluidic perfusion chamber slides (u-slide V1 91, ibidi, Martinsried, Germany) were
coated with 100 pg/ml collagen type | (Chrono-log, Havertown, PA) overnight at 4°C.
Freshly drawn citrated whole blood was incubated with 5-10 uM of DHA, 11-HDHA, or 14-
HDHA, or DMSO (Control) and fluorescently labeled by incubating with 2uM of 3,3’-
dihexyloxacarbocyanine iodide (DiOCg) (Thermo Fischer Scientific, Waltham, MA) for 10
minutes at 37°C. Stained whole blood was recalcified with 5 mM CaCl, and immediately
perfused at arterial shear (1800 seconds™1) through a coated microfluidic slide heated to
37°C using a syringe pump (Harvard Apparatus, Holliston, MA). Platelet adhesion and
accumulation were recorded in real time for 4 minutes under an inverted fluorescent
microscope (Zeiss Axio Observer Z1 Marianas; 40X objective). Platelet accumulation was
quantified by mean fluorescence intensity using Slidebook 6.0 (Intelligent Imaging
Innovations).

Laser-induced cremaster arteriole thrombosis model

At 10-12 weeks, C57BL/6 wild-type mice (male) were anesthetized by intraperitoneal
injection of ketamine/xylazine (100 mg/kg) and a tracheal tube was inserted under a
dissecting microscope to facilitate breathing as described previously [43, 44]. Fluorescent
labeling of circulating platelets and detection of fibrin /n vivo were achieved by intravenous
injection of anti-platelet (DyLight 488 GP1bp antibody 0.1 pg/g; EMFRET Analytics) and
anti-fibrin (Alexa Fluor 647 0.3 ug/g; a gift from Rodney Camire at Children’s Hospital of
Philadelphia) via a jugular vein catheter. The cremaster muscle was surgically prepared and

J Thromb Haemost. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yamaguchi et al.

Statistics.

Results
DHA and its

Page 6

cremaster arteriole (30-50 um diameter) blood flow was visualized under a 63X water
immersion objective with a Zeiss Axio Examiner Z1 multi-channel fluorescent microscope
with constant perfusion of preheated bicarbonate-buffered saline [45, 46]. Mice were
intravenously treated with DHA, 11-HDHA, 14-HDHA (15 mg/kg, respectively) or with the
equivalent volume of DMSO (Control) dissolved in a formulation of 5% DMSO in sterile
0.9% sodium chloride 10 minutes prior to the induction of thrombosis. Vascular injury was
induced by a laser ablation system (Ablate! photoablation system; Intelligent Imaging
Innovations, Denver, CO, USA) and images of thrombus formation were acquired in real-
time using a high-speed SCMOS camera. Multiple independent thrombi were induced in the
cremaster arterioles in each mouse and platelet accumulation and fibrin formation were
analyzed for the change in fluorescent intensity over the course of thrombus formation using
the Slidebook 6.0 (Intelligent Imaging Innovations) program.

Paired and unpaired two-tailed student #tests, one- and two-way analysis of variance
(ANQOVA) and two factor mixed-effects model were performed with Prism 8 (GraphPad
Software) to analyze the data. Multiple statistical analyses were used in this study, and the
statistical test used in each assay is reported in the figure legends. Data represent mean
values = SEM or values + SD as described in the figure legends.

12-L OX-derived oxylipins regulate collagen-induced platelet aggregation.

DHA and its oxylipins, 11-HDHA and 14-HDHA, were directly assessed for their ability to
regulate agonist-induced human platelet aggregation (Fig 1A, B). To determine if DHA and
its oxylipins directly regulate platelet activity, washed human platelets were stimulated with
either collagen (0.625 pg/ml) or thrombin (1 nM) in the presence of increasing
concentrations of DHA and its oxylipins (0-10 uM). DHA and its oxylipins were observed to
attenuate human platelet aggregation in response to ECgg concentration of collagen in a
dose-dependent manner (Fig 1A). In contrast, DHA, 11-HDHA and 14-HDHA were
observed to be less sensitive to thrombin stimulation of platelets at even the highest
concentration of DHA or oxylipins tested (Fig 1B). In order to determine whether the
observed inhibitory effect of DHA oxylipins on platelet aggregation is specifically a
collagen-mediated response, washed human platelets were stimulated with increasing
concentrations of collagen (0.625-2 ug/ml) or decreasing concentrations of thrombin (0.1-1
nM) in the presence of 10 uM DHA and its 12-L OX-derived oxylipins. Interestingly, 11-
HDHA and 14-HDHA significantly attenuated human platelet aggregation in response to
higher concentrations of collagen (Fig 1C) and low concentrations of thrombin 0.25nM (11-
HDHA and 14-HDHA) and 0.5nM (14-HDHA) (Fig 1D).

11-HDHA and 14-HDHA attenuate platelet aggregation through inhibition of integrin allbp3
and a-granule secretion.

Since DHA, 11-HDHA and 14-HDHA were found to significantly attenuate platelet
aggregation following stimulation with collagen (Fig 1A), the ability of these oxylipins to
affect integrin activation was assessed. Activation of integrin allbf3, an essential integrin

J Thromb Haemost. Author manuscript; available in PMC 2022 March 01.
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that becomes active in platelet activation, was measured in response to activation of the
collagen receptor GPVI in the presence or absence of DHA or 11-HDHA or 14-HDHA.
Human platelets were treated with DHA or 11-HDHA or 14-HDHA at levels previously
found to be achievable following w-3 fatty acid supplementation (5 and 10 uM) [47, 48] for
10 minutes prior to stimulation of GPVI by increasing concentrations of convulxin, a direct
activator of GPVI. Active allbp3 was measured by flow cytometry following GPVI
stimulation and, in contrast to aggregation experiments, DHA treatment had no observable
inhibitory effect on allbp3 activation. However, treatment with either 12-LOX oxylipin of
DHA, 11-HDHA or 14-HDHA, significantly attenuated allbp3 activation at both low and
high concentrations of convulxin (Fig 2A). To determine whether a-granule secretion was
also inhibited by treatment with DHA or its 12-LOX oxylipins, the surface expression of P-
selectin, a marker for a-granule secretion, was assessed following stimulation with
increasing concentrations of convulxin (Fig 2B). Similar to observations in Figure 2A, DHA
treatment had no observable inhibitory effect at low or high concentrations of convulxin,
while both 11-HDHA and 14-HDHA (5 and 10 pM) decreased a.-granule secretion
following stimulation with convulxin.

DHA 12-LOX-derived oxylipin signals through PKA.

12(S)-HETTrE, a 12-LOX-derived oxylipin of the w-6 fatty acid dihomo-gamma-linolenic
acid (DGLA), has been previously shown to inhibit platelet activation and thrombosis
through activation of PKA [43, 49]. To determine if the antiplatelet effect of DHA oxylipins
signal at least in part through a similar mechanism, VASP (S157) phosphorylation, the major
substrate of PKA, was measured in human platelets treated with DMSO (Control), DHA,
11-HDHA, or 14-HDHA (10 pM, respectively), iloprost (1 nM), 12(S)-HETYE (25 pM) or
PGI5 (1 nM) prior to lysis. In order to assess VASP phosphorylation, platelets were treated
for 1 minute (Fig 3A) or 10 minutes (Fig 3B). As expected, treatment with iloprost, a
synthetic prostacyclin analog used as a positive control, robustly induced phosphorylation of
VASP. Furthermore, 12(S)-HETrE and PGl,, an endogenous prostaglandin of the
prostacyclin receptor, increased VASP phosphorylation. Interestingly, while treatment with
DHA had no effect, VASP phosphorylation was significantly enhanced following treatment
with either 11-HDHA or 14-HDHA for both 1 and 10 minutes.

Platelet adhesion and accumulation under arterial shear is attenuated with DHA and its 12-
LOX-derived oxylipins.

While Figures 1-3 support a role of DHA oxylipins in regulation of purified platelet activity
through inhibition of collagen signaling, the role of DHA or its 12-LOX oxylipins in
regulating initial platelet activation through collagen in whole blood under flow has yet to be
determined. To identify if the observed inhibitory effects remain under physiological
conditions, the ability of human platelets to bind to collagen was assessed ex vivo using a
collagen-coated microfluidic chamber. Human whole blood was perfused under arterial flow
conditions. Sodium-citrated and recalcified whole blood was treated with DMSO (Control)
or varying concentrations of DHA, 11-HDHA, or 14-HDHA (5, 10 and 20 uM, respectively)
10 minutes prior to perfusion (Fig 4A-C). Whole blood treated with increasing
concentrations of DHA (10 and 20uM) (Fig 4A), 11-HDHA (20uM) (Fig 4B) and 14-HDHA

J Thromb Haemost. Author manuscript; available in PMC 2022 March 01.
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(10 and 20uM) (Fig 4C) was observed to have significantly attenuated platelet adherence
and accumulation.

Acute administration of 11-HDHA and 14-HDHA attenuated thrombus formation in vivo
through inhibition of integrin allbp3 activation and a-granule secretion.

To determine if the effects of DHA and its 12-LOX-derived oxylipins on thrombus
formation and growth persist under /n7 vivo conditions, platelet accumulation and fibrin
formation in growing thrombi were measured in the mouse following laser-induced
cremaster arteriole thrombosis. Dynamics of platelet accumulation and fibrin formation
within the thrombus at the site of injury significantly differed in animals treated with 11-
HDHA and 14-HDHA. While acute administration of DHA in mice had no effect on
thrombus formation, thrombus growth was significantly attenuated in mice treated with 11-
HDHA and 14-HDHA (Fig 5B; supplemental Videos 3 and 4), as decreased platelet
accumulation led to smaller thrombi in response to vascular injury when compared to
control. In addition, onset of clot formation was delayed in mice treated with 14-HDHA.
Dynamics of fibrin formation showed no difference following treatment with either DHA or
its 12-LOX oxylipins (Fig 5C). The anti-thrombotic effect observed in the in vivo
thrombosis model was further confirmed by assessment of integrin allbf3 activation and P-
selectin surface expression on platelets isolated from mice intravenously treated with DHA,
11-HDHA or 14-HDHA (15mg/kg respectively). We have demonstrated that both 11-HDHA
and 14-HDHA significantly attenuated allbp3 activation (Fig 5D) and a-granule secretion
(Fig 5E) following stimulation with convulxin. Additionally, DHA was observed to have a
small but significant attenuation of a.llbB3 activation and a.-granule secretion.

DHA dietary supplementation attenuates collagen-induced platelet aggregation through
inhibition of integrin allbp3 activation and a-granule secretion.

To determine whether DHA dietary supplementation regulates platelet function, washed
platelets from mice supplemented orally daily with 50 mg/kg of DHA were stimulated with
collagen (1 pg/ml) and platelet aggregation was assessed. Aggregation was significantly
attenuated in platelets from mice that received DHA (Fig 6A). Accordingly, platelets from
treated mice showed significant attenuation of integrin allbp3 activation (Fig 6B) and
decrease in a-granule secretion (Fig 6C) following stimulation with convulxin.

Discussion

DHA is a naturally occurring w-3 PUFA and its effects on cardiovascular disease have been
extensively studied starting with the observation that a cardioprotective benefit may exist for
people taking fish oil [3, 6]. Although studies have suggested beneficial effects of DHA in
individuals at risk for an ischemic event [9, 31], the mechanism by which this fatty acid
regulates platelet function and subsequent risk for a thrombotic event remains unclear. Based
on the fact that DHA is considered a poor substrate for COX-1 [36, 38], we reasoned that
DHA 12-LOX-derived oxylipins may be involved in the beneficial effects observed in the
treatment with fish oil or DHA itself. In this study, we demonstrate that DHA and its
bioactive oxylipins, 11-HDHA and 14-HDHA, play a role in the regulation of platelet
function and thrombosis. 11-HDHA and 14-HDHA are shown here to attenuate agonist-
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induced human platelet activation, adhesion and thrombus formation through a pathway that
involves activation of PKA-dependent signaling (Fig. 3), a critical mechanism of action for
the inhibition of platelet activation [50, 51].

Using two endogenous agonists, collagen and thrombin, that are known to directly activate
platelet granule secretion and TxA, production, leading to platelet aggregation [52], human
platelets treated with DHA and its 12-LOX-derived oxylipins were shown to be less
sensitive to thrombin-induced aggregation (Fig 1B, D), whereas these w-3 fatty acids were
shown to primarily regulate collagen-mediated platelet activation (Fig 1A, C). This finding
is consistent with a previous study that observed no effects on blood coagulation following
DHA supplementation [53]. Accordingly, in the /n vivo thrombosis model, a difference in
fibrin clot formation was not observed following treatment with DHA or its 12-LOX-derived
oxylipins, 11-HDHA and 14-HDHA (Fig 5C). In contrast to the subtle effect of oxylipin on
thrombin-mediated activation, DHA and both 12-LOX oxylipins were observed to
significantly inhibit collagen-induced platelet activation. Several studies have reported
conflicting results regarding the anti-aggregatory effects of DHA on platelets. While some
studies have indicated that DHA has no effect on platelet activation [33, 53], others [54, 55]
have demonstrated that DHA regulates collagen-mediated platelet aggregation which is
similar to the findings presented here. Interestingly, using mouse platelets, we demonstrated
that treatment with DHA (10 uM) in vitro attenuated platelet aggregation (Fig S1). £x vivo,
platelet integrin allbp3 activation was attenuated (Fig 5D) and a-granule secretion was
decreased (Fig 5E) following acute administration of DHA (15 mg/kg). However, in human
platelets, although lower concentrations (5uM) of both 11-HDHA and 14-HDHA
significantly attenuated platelet aggregation, higher concentrations of DHA (10uM) were
required to achieve a similar effect (Fig 1A), suggesting that, in humans, the anti-
aggregatory effect of the 12-LOX DHA-oxylipins is more potent compared to its fatty acid
precursor. Additionally, we demonstrated that the oxylipins from DHA, but not DHA itself,
attenuated biochemical endpoints of human platelet activation including integrin allbp3
activation and a-granule secretion (Fig 2). Consistent with the data presented here, a
previous study has indicated that 14-HDHA had a more potent anti-aggregatory effect on
platelet activation in response to U-46619 (TxA, receptor agonist) compared to other
hydroxylated fatty acids [56]. However, when the antiplatelet effect of 14-HDHA (the
hydroxy form) is compared to 14-HpDHA (the hydroperoxy form), our study suggests that
14-HDHA is less potent than 14-HpDHA. Of particular interest, while 14-HpDHA fully
inhibits collagen-mediated platelet aggregation at lower concentrations (1-5 pM) [40], we
observed that only treatment with an increased concentration of 14-HDHA (10 pH) fully
inhibited platelet activation (Fig 1A). The higher potency of the hydroperoxide was also
observed in a previous study from our group using 12(S)-HPETYE and 12(S)-HETTE,
oxylipin with anti-aggregatory effect signaling through activation of PKA [42].

Platelet adhesion is the first step in platelet activation and platelet clot formation following
initial contact with the injured vessel wall [57, 58]. As previous studies have demonstrated
inhibition of platelet adhesiveness following supplementation with fish oil [17, 18, 59],
collagen-coated perfusion chambers were used here to determine the effects of DHA and its
bioactive oxylipins in whole blood as they flow over collagen at arterial shear rates [44, 60].
In line with the observed /n vitro inhibition of platelet activation, DHA, 11-HDHA and 14-
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HDHA were shown to impair platelet-surface and platelet-platelet interactions under arterial
flow conditions (Fig 4). Although the /n vitroand ex vivo data in this study support a direct
regulation of platelet reactivity mediated by DHA itself as well as its 12-L OX oxylipins, the
in vivo thrombosis data demonstrated that only the acute administration of 11-HDHA or 14-
HDHA attenuated overall clot formation, with 14-HDHA also delaying the onset of the clot
(Fig 5). Additionally, ex vivo platelet activation was significantly attenuated in mice acutely
treated with DHA oxylipins (Fig 5D, E) and in mice that received chronic supplementation
with DHA (Fig 6). This suggests that under physiologic conditions, it is primarily the 11-
HDHA and 14-HDHA oxylipins that play a role in the regulation of thrombus formation.
Furthermore, while the current study clearly shows direct effects of 12-LOX-derived
oxylipins in regulation of platelet function, we must acknowledge the possibility that the /n
vivo regulation of clot formation and resolution is due in part to complex metabolism of
DHA to pro-resolving mediators as has recently been demonstrated by others [61, 62].
Additionally, synthesis of pro-resolvins from DHA has been implicated in regulation of
platelet activation [38, 63] and thrombus resolution in deep vein thrombosis /n vivo [64].
Hence, it is possible based on the work with pro-resolving mediators that some of the
observations presented here may represent not only 11-HDHA and 14-HDHA regulation of
the platelet, but additionally complex metabolism of these oxylipins through a transcellular
mechanism which may help to synergistically regulate the antithrombotic effects observed
following treatment with DHA oxylipins.

Recently our group [65] has demonstrated that the basal level of DHA in mouse platelets is
~30 UM and in plasma is ~400 pM, whereas several studies with humans have reported that
the basal level of DHA in plasma ranges from 70 to 230 uM [66-68]. Additionally, previous
studies from our group have observed that 12-LOX-derived oxylipins can be formed from
the fatty acid precursor in UM concentrations [43, 69]. Based on these findings, it is
reasonable to suggest that the concentration of the fatty acid used in this study is in line with
the physiological levels found in humans.

This study delineates for the first time the underlying mechanism by which DHA and its
oxylipins regulate uncontrolled platelet activation and 11-HDHA and 14-HDHA attenuate
occlusive thrombus formation (Fig 7), which commonly leads to myocardial infarction or
stroke. Based on the fact that w-3 fatty acids are widely recommended in clinics to lower
triglyceride levels in the blood [8], these findings represent a granular understanding of how
the DHA contained in w-3 PUFA supplements elicits its beneficial effects as a therapeutic
intervention in atherothrombotic diseases through inhibition of platelet activity and clot
formation independent from its widely studied triglycerol-lowering effects in the blood.
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Essentials

. Platelet 12-lipoxygenase (12-LOX) oxidizes docosahexaenoic acid (DHA) to
form oxylipins.

. We investigated how DHA and its oxylipins regulate platelet function and
thrombus formation.

. DHA 12-LOX oxylipins attenuated platelet activation and clot formation.

. DHA 12-LOX oxylipins inhibited platelet reactivity in a GPVI-dependent
manner via activation of protein kinase A.
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Figure 1. DHA and its oxylipins regulate platelet aggregation:
The effects of DHA and its 12-LOX oxylipins, 11-HDHA and 14-HDHA, on platelet

aggregation were assessed by incubating human platelets with DMSO (Control) or
increasing concentrations (0.5, 5 and 10 uM) of DHA, 11-HDHA or 14-HDHA for 10
minutes prior to stimulation with A) collagen 0.625 pg/ml (n=5) and B) thrombin 1 nM
(n=6). The effects of DHA and its 12-L OX oxylipins on platelet aggregation stimulated with
increasing concentrations of collagen or decreasing concentrations of thrombin were
assessed by incubating human platelets with DMSO (Control) or 10 uM of DHA, 11-HDHA
or 14-HDHA for 10 minutes prior to stimulation with C) collagen 0.625-2 pg/ml (n=5) and
D) thrombin 0.1-1 nM (n=5). Data represents mean + SEM. A two-tailed, paired ¢test was
performed. Asterisks denote statistical differences between Control and treated groups:
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2. DHA oxylipin regulation of integrin activation and granule secretion:
11-HDHA and 14-HDHA inhibit all1bp3 activation and decrease a.-granule secretion in

human platelets upon stimulation with convulxin. Role of DHA and its oxylipins in A)
allbp3 activation (n=5) and B) a-granule secretion (n=5) were measured after treatment
with DMSO (Control) or increasing concentrations (5 and 10 uM) of DHA, 11-HDHA or
14-HDHA for 10 minutes prior to stimulation with convulxin (12.5 — 100 ng/ml) for 10
minutes. Data represent mean £ SEM. Two-way statistical ANOVA with Tukey’s multiple
comparisons test. Asterisks denote statistical differences between Control and treated
groups: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. MFI, mean fluorescence intensity.
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Figure 3. DHA oxylipin activation of cAMP and PKA:
11-HDHA and 14-HDHA activate PKA-dependent signaling pathway in platelets. Human

platelets were treated with DMSO (Control), 10 uM of DHA, 11-HDHA or 14-HDHA, 1 nM
of lloprost, 25 pM of 12(S)-HETYE or 1 nM of PGI, for A) 1 minute (n=8 in all groups, n=6
in 12(S)-HETYE and PGly) or B) 10 minutes (n=8 in DMSO, DHA, 11-HDHA and 14-
HDHA, n=5 in lloprost, n=6 in 12(S)-HETrE and PGl,), and VASP phosphorylation was
assessed by western blotting. The level of phosphorylated VASP was normalized to the level
of total VASP in each sample, and data were reported as fold change in VASP
phosphorylation relative to the Control. A two-tailed, paired #test was performed and data
represent mean = SEM. Asterisks denote statistical differences between Control and treated
groups (DHA, 11-HDHA and 14-HDHA): *P<0.05, **P<0.01, ***P<0.001. ns indicates not
significant.
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Figure 4. DHA and its oxylipins negatively regulate platelet adhesion:
DHA and its 12-LOX oxylipins, 11-HDHA and 14-HDHA, inhibit platelet adhesion and

accumulation on a collagen-coated surface under arterial shear flow conditions. Sodium-
citrated whole blood was treated with DMSO (Control) or increasing concentrations (5, 10
and 20uM) of A) DHA (n=6), B) 11-HDHA (n=6) or C) 14-HDHA (n=6) for 10 minutes at
37°C prior to perfusion over a collagen-coated surface at arterial shear rate (1800/s) for 4
minutes. Data represent mean £ SEM. P value denote the statistical difference between
Control and treated groups. Two-way statistical ANOVA with Dunnett’s multiple
comparisons post-test was performed. MFI indicates mean fluorescence intensity.
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Figure 5. DHA and its oxylipins attenuate in vivo platelet activation and thrombus formation:
Acute treatment with 11-HDHA and 14-HDHA attenuates thrombus formation in

thrombosis model. Representative images (A) of platelet accumulation (green) and fibrin
(red) in growing thrombi in cremaster arterioles in mice Control treated with vehicle
(DMSO0) (n=38) and mice treated with 15mg/kg of DHA (n=27), 11-HDHA (n=36) and 14-
HDHA (n=33), respectively (3 mice per group, 8-12 thrombi per mouse). Time after
vascular injury are indicated above. Dynamics of platelet accumulation (B) and fibrin
formation (C) in thrombi were analyzed by change in fluorescent intensity. Acute treatment
with 15mg/kg of DHA, 11-HDHA or 14-HDHA inhibited integrin allbp3 activation and
decreased a-granule secretion ex vivo. PRP from treated mice was stimulated with
convulxin (25 ng/ml) and D) activation of integrin allbp3 (n=3) and E) a-granule secretion
(n=3) was assessed by flow cytometer. Data represent mean + SEM for /n vivoand mean +
SD for ex vivo. P value or asterisks denote the statistical difference between Control and
treated groups: *P<0.05, **P<0.01, ***P<0.001. Two factor mixed-effects model analysis
was performed for /n vivo and one-way ANOVA with Tukey’s multiple comparisons post-
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test was performed for ex vivo. MFI indicates mean fluorescence intensity, CVX indicates
convulxin.

J Thromb Haemost. Author manuscript; available in PMC 2022 March 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yamaguchi et al.

A Collagen 1pg/ml
%k
100- 100+
— PEG300 ctrl
— 80_ — — =
S DHA < 80 |
£ 604 c —;t—
2 S 60- 2 .
o et
o 40- —— g
g & 40
2 20- S
< 204
0_1'
1 T T T 1 0
0 1 2 3 4 5
’ ; o‘& S\
Time (min) o Q
>
<&
R
B * C Kok
1100- 260
5=
-§ §1ooo- £ £ 2401
2w 900- 8L
° g o & 220-
Q> 800+ 2
29 €8 200
52 700 T e ]
| =
600 . . 180 . ;
£ £ & = E £ & £
(5]
o o g a g a g (=)
o o o =]
(3] ™ (2] )
0 9 0 0
o A o &

Resting CVX 25ng/ml

Figure 6. Supplementation with DHA attenuates platelet function:
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The effect of chronic dietary supplementation with DHA on platelet aggregation was
assessed by stimulating washed platelets from mice that were given an oral gavage for 4

weeks with A) collagen 1 pg/ml (n=3). The effect of DHA supplementation on B) integrin
allbp3 activation (n=3) and C) a-granule secretion (n=3) was assessed by flow cytometer
using washed platelets from treated mice stimulated with convulxin (25 ng/ml). Data
represent mean = SD. Asterisks denote the statistical difference: *P<0.05, **P<0.01. A two-
tailed, unpaired ftest was performed for aggregation and one-way ANOVA with Tukey’s

multiple comparisons post-test was performed for flow cytometer. MFI indicates mean

fluorescence intensity, CVX indicates convulxin.
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Figure 7. Model of DHA and oxylipin regulation of platelet function and clot formation:
Schematic overview of the mechanism underlying the inhibitory effect of DHA bioactive

oxylipins, 11-HDHA and 14-HDHA, on platelet activation and thrombus formation. In
platelets, 12-L OX metabolizes free DHA into 11-HpDHA and 14-HpDHA, which are
immediately reduced to the bioactive oxylipins, 11-HDHA and 14-HDHA.. Both oxylipins
activate protein kinase A (PKA), which phosphorylates a number of proteins, including
vasodilator-stimulated phosphoprotein (VASP), leading to inhibition of a-granule release,

platelet activation and thrombus formation in response to collagen.
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