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Abstract: Adrenaline has recently been found to trigger phosphatidylserine (PS) exposure on blood
platelets, resulting in amplification of the coagulation process, but the mechanism is only fragmen-
tarily established. Using a panel of platelet receptors” antagonists and modulators of signaling
pathways, we evaluated the importance of these in adrenaline-evoked PS exposure by flow cytometry.
Calcium and sodium ion influx into platelet cytosol, after adrenaline treatment, was examined by
fluorimetric measurements. We found a strong reduction in PS exposure after blocking of sodium and
calcium ion influx via Na* /H* exchanger (NHE) and Na*/Ca®* exchanger (NCX), respectively. ADP
receptor antagonists produced a moderate inhibitory effect. Substantial limitation of PS exposure was
observed in the presence of GPIIb/Illa antagonist, phosphoinositide-3 kinase (PI3-K) inhibitors, or
prostaglandin Ej, a cyclic adenosine monophosphate (CAMP)-elevating agent. We demonstrated that
adrenaline may develop a procoagulant response in human platelets with the substantial role of ion
exchangers (NHE and NCX), secreted ADP, GPIIb/Illa-dependent outside-in signaling, and PI3-K.
Inhibition of the above mechanisms and increasing cytosolic cCAMP seem to be the most efficient
procedures to control adrenaline-evoked PS exposure in human platelets.

Keywords: adrenaline; ion exchangers; molecular mechanism; outside-in signaling; phosphatidylserine
exposure; platelet; procoagulant response

1. Introduction

Numerous clinical observations indicate a positive correlation between stress and risk
of thrombosis [1]. The stress reaction is connected with release of catecholamine hormone—
adrenaline—into the bloodstream [2,3]. Adrenaline may modulate hemostatic response by
changing the local hemodynamic conditions (through its vasoconstrictory properties) and
by acting on platelets via G-protein-coupled ays-adrenergic receptors (AR) [4,5]. Whilst
many efforts have been taken to evaluate the potential of adrenaline to trigger platelet
aggregation and thrombus formation [6-10], much less is known about engagement of
the hormone in the development of the platelet procoagulant response and hence in the
amplification of thrombin generation and fibrin deposition.

It is well documented that, within a thrombus, thrombin and fibrin are generated in a
positive feedback loop, attributed to tenase (made of coagulation factors FVIIla and FIXa)
and prothrombinase (composed of factors FVa and FXa) complex formation within the phos-
phatidylserine (PS)-rich domains on the plasma membrane of activated platelets [11-13].
It is also well established that fibrin clots formed under high thrombin concentration are
denser and more lysis-resistant compared to structures emerging in the presence of lower
thrombin concentration, which may result in excessive fibrin deposition due to impaired fib-
rinolysis [14]. Recently, we reported that clinically relevant (low nanomolar) concentrations
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of adrenaline are capable of inducing PS exposure on the platelet plasma membrane and
of notably enhancing platelet PS exposure evoked by subthreshold collagen, translating
into amplified coagulation measured under static and flow conditions [15]. Increased
platelet reactivity and upregulated thrombin generation are broadly recognized as major
risk factors of thrombosis [16,17]. On the other hand, adrenaline has been proposed as
a remedy for decreased platelet aggregability in patients receiving ticagrelor (antagonist
of ADP receptor) [18,19]. Therefore, identification and characterization of procoagulant
features of adrenaline are of vital cognitive and clinical value.

The activation of human platelets by adrenaline is mediated by x5 adrenergic re-
ceptors, which are coupled with G, protein, a subtype of G; protein [20-22]. Canonically,
adrenaline binding to op—AR results in the inhibition of adenylate cyclase (AC) and there-
fore in a drop of cytosolic cyclic AMP (cAMP) level, which promotes activation of platelets
by decreasing the activity of cAMP-dependent protein kinase (PKA), a major negative
regulator of platelet reactiveness [5,23]. Other research also indicates the engagement of
phosphoinositide-3 kinase (PI3-K), de novo synthesized TxA;, and Na*/H* exchanger in
adrenaline-induced platelet activation [7,24,25]. Thus, PS exposure in adrenaline-treated
platelets is assumed to be more complex than limited to the “classical”, AC-related mechanism.

Consequently, the aim of this study was to investigate the molecular mechanism of
the adrenaline-evoked procoagulant response in human platelets, exploring the confirmed
and assumed signaling pathways related to adrenaline action.

2. Results
2.1. Inhibition of Only Adenylate Cyclase Is Not Sufficient to Produce Elevation of the
PS-Exposing Platelets Number in the Presence of Subthreshold Collagen

As we have shown previously [15], adrenaline efficiently enhances PS exposure on
human platelets exposed to subthreshold collagen. The most widely recognized effect of
stimulation of the G,-coupled «-2-adrenergic receptor on human platelets is the inhibition
of adenylate cyclase (AC) and therefore a decrease in cytosolic cyclic AMP (cAMP) level.
Therefore, the first step in our investigation of such synergism between collagen GPVI and
a-2-adrenergic receptors was to check whether substitution of adrenaline with a potent,
selective, non-competitive AC inhibitor (5Q 22536, shown to be highly effective in the
inhibition of platelet AC [26,27], Figure 1C) will produce a synergistic enhancement in
PS exposure.

As shown in Figure 1—in contrast to the effect of adrenaline co-stimulation—selective
inhibition of platelet AC by SQ 22536 was insufficient to induce a rise in the number of
PS-positive platelets simultaneously exposed to subthreshold collagen. This suggests that
synergistic elevation of PS exposure after simultaneous GPVI and x-2-adrenergic receptor
stimulation is rather not associated with Gz-mediated inhibition of platelet AC but involves
additional effector(s).

2.2. Adrenaline Produces Population of Procoagulant Human Platelets in a Concentration- and
Time-Dependent Fashion

As shown in Figure 2, exposure to adrenaline (as a single agonist) results in the
formation of P-selectin- and PS-exposing human platelets. Concomitant expression of these
epitopes is commonly accepted as a characteristic feature of procoagulant platelets, in
contrast to apoptotic platelets, which expose PS without P-selectin appearance (i.e., without
platelet activation) [28].

To choose an effective adrenaline concentration producing strong PS exposure, we
conducted experiments comprising the concentration and time-dependency. As shown in
Figure 3A, exposure of platelets to adrenaline (0.001-10 uM, 45 min of exposure) resulted in
a gradual increase in PS exposure, up to a concentration of 10 uM (producing 45 £ 11% of
PS-exposing platelet in analyzed samples). Incubation of platelets with higher adrenaline
did not elevate the number of PS-positive platelets, compared to 10 uM adrenaline (not
shown). This effect was time-dependent, reaching its peak within 45 min (Figure 3B).
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Figure 1. Lack of involvement of adenylate cyclase inhibition in synergistic PS exposure after stimu-
lation of platelet GPVI and «-2-adrenergic receptors. Samples of PRP were incubated with collagen
(Coll 250 ng/mL), adrenaline (Adr 10 nM), or with a combination of these agonists (Coll + Adr)
(panel (A)). Combinations of collagen and SQ 22536 (adenylate cyclase [AC] inhibitor, 50 uM, 10 min
of preincubation), adrenaline + 5Q 22536, or SQ 22536 alone are presented in panel (B). After 15 min
of incubation (at room temperature, RT), samples were supplemented with appropriate fluorescent
probes, and PS exposure was measured by flow cytometry. SQ 22536 was used at selected con-
centration (50 pM) that fully recovers aggregability (collagen-induced, 2 ug/mL) of PGE; (potent
AC activator, 100 nM)-inhibited platelets. One representative experiment (out of five) is presented
(panel (C)). Presented are median values with interquartile (1st-3rd) ranges from 5 independent ex-
periments, each in duplicate. Arrows correspond with the moment of indicated compound addition.
*p<0.05 **p<0.01vs. ctrl.
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Figure 2. Appearing of procoagulant platelets upon exposure of platelet-rich plasma to adrenaline
or collagen. PRP samples were incubated without any additions (control), with adrenaline, or with
collagen, added at indicated concentrations. After incubation (at room temperature), samples were
supplemented with appropriate fluorescent probes and after final dilution analyzed toward P-selectin
appearance and PS exposure by flow cytometry (n = 5). Platelets were identified by light scattering
properties (forward scatter) and CD41a-related fluorescence (platelet-specific marker). Representative
density plots and mean values (=SEM) of the percentage of P-sel+/PS+platelets are presented.

Consequently, to study the complex effect of adrenaline in the context of platelet PS
exposure, in further experiments we decided to use a 10 uM adrenaline concentration (and
45 min incubation time), which is able per se to evoke high PS exposure, comparable to
the effect exerted by a high concentration of a strong agonist (i.e., collagen, please compare
Figures 1-3) or by nanomolar adrenaline in combination with subthreshold collagen (please
see [15,29]).

2.3. Effect of Selected Receptor Blockages on Adrenaline-Induced Platelet PS Exposure

To determine which platelet receptors are engaged in adrenaline-evoked PS exposure,
we tested the effect of the antagonists of the following: «-2-adrenergic receptor (rauwolscine,
phentolamine, BRL 44408), glycoprotein (GP)IIb/Illa (tirofiban), P2Y; receptor (MRS 2500),
and P2Y1; receptor (PSB 0739). As shown in Figure 4, the most effective reduction in PS
exposure was observed in the presence of rauwolscine and tirofiban, while the blockage of
purinergic receptors produced a moderate inhibitory effect.
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Figure 3. Concentration and time dependence of adrenaline-evoked platelet PS exposure. Samples
of PRP were incubated with adrenaline in the following concentrations: 0.001 uM, 0.01 uM, 0.1 uM,
1 1M, 10 uM, or without agonist (Ctrl). After 45 min of incubation (RT), samples were supplemented
with appropriate fluorescence probes, and PS exposure was analyzed using flow cytometry (panel
(A)). The percentage of PS-positive platelets in PRP samples was evaluated by flow cytometry after
5, 15, 30, 45, and 60 min of incubation (RT) without (Ctrl) or with adrenaline at 1 uM (panel (B))
or 10 uM (panel (C)) final concentration. In both panels, the presented values are medians with
interquartile (1st-3rd) ranges from 4 independent experiments, each in three repetitions. * p < 0.05,
**p <0.01, *** p <0.001 vs. control.

2.4. Impact of a Modulation of Different Signaling Pathways on Adrenaline-Induced PS Exposure

To study the significance of specific signaling pathways (related with platelet acti-
vation) in adrenaline-evoked PS exposure in platelets, we used a panel of inhibitors and
modulators. As is shown in Figure 5, the most effective reduction (~90%) in PS exposure
was observed in the presence of PGE; (elevator of cytosolic cAMP level)—panel A. Strong
inhibition of PS exposure (~60-80%) was recorded in the presence of calcium ion chelator
(BAPTA-AM), an inhibitor of calcium efflux from a dense tubular system (2-APB)—panel
B; inhibitor of Na*/H* antiporter (EIPA), a blocker of the reverse mode of Na*/Ca?*
antiporter (KB-R7943)—panel B; inhibitors of PI3-K (wortmannin, LY 294002)—panel C.
Low (~10-20%) to moderate (~30—40%) reduction in PS exposure was detected in the pres-
ence of RO 31-8220 (pan PKC inhibitor)—panel C. Inhibitors of thromboxane A, synthesis
(acetylsalicylic acid (ASA), indomethacin, panel D) or inhibitor of HCO3~ /Cl~ exchanger
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(DIDS, panel B) did not decrease the number of PS-exposing platelets, after adrenaline
treatment, significantly.

Receptors' antagonists

o, adr GPlib/llla  P2Y,, P2Y,

PS exposure
[% of adrenaline-evoked response]
N
<

Figure 4. Effect of the antagonists of selected platelet receptors on adrenaline-triggered PS expo-
sure. Appropriate PRP samples after preincubation (10 min) with the following receptors’ antag-
onists: xp-adrenergic (rauwolscine, 10 uM; phentolamine, 10 uM; BRL 44408, 10 uM), GPIIb/Illa
(tirofiban, 500 nM), P2Y1, (PSB 0739, 500 uM), and P2Y; (MRS 2500, 1.25 uM) were supplemented
with adrenaline (10 pM). In parallel, samples with adrenaline alone (10 uM) and a control sample
(without any addition) were prepared. After 45 min of incubation (RT), samples were supplemented
with appropriate fluorescence probes, and PS exposure was analyzed by flow cytometry. The values
of PS exposure evoked by adrenaline were in the range of 32-55% of PS-exposed platelets out of
10,000 analyzed platelets in each sample. PS exposure evoked by adrenaline (10 uM) was taken as a
100% response for comparative reasons. Presented values are medians with interquartile (1st-3rd)
ranges from 10 independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. adrenaline.
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Figure 5. Effect of modulators of selected signaling events on adrenaline-triggered platelet PS
exposure. Appropriate PRP samples after preincubation (10 min, except for BAPTA-AM—30 min)
with the following modulators of selected signaling events: PGE; (1 uM), (panel (A)), BAPTA-
AM (62.5 uM), 2-APB (100 uM), EIPA (100 uM), KB-R7943 (50 uM), DIDS (100 uM), (panel (B)),
wortmannin (200 nM), LY 294002 (100 uM) (panel (C)), ASA (200 uM), and indometacine (50 pM)
(panel (D)) were supplemented with adrenaline (10 uM). Parallel samples with adrenaline alone
(10 uM) and a control sample (without any addition) were prepared. After 45 min of incubation (RT),
samples were supplemented with appropriate fluorescence probes, and PS exposure was analyzed
by flow cytometry. The values of PS exposure evoked by adrenaline were in the range of 32-55%
of PS-exposed platelets out of 10,000 analyzed platelets in each sample. PS exposure evoked by
adrenaline (10 uM) was taken as a 100% response for comparative reasons. Presented values are
medians with interquartile (1st-3rd) ranges from 4-6 independent experiments. * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. adrenaline.

2.5. Strong Dependence of Adrenaline-Evoked PS Exposure on the Presence of Extracellular
Calcium and Sodium Ions

Platelets suspended in Tyrode-Hepes buffer showed distinctly lower PS exposure
following adrenaline treatment compared to the effect recorded in platelet-rich plasma
(please compare Figure 3 with Figure 6A). In such an artificial environment, PS exposure
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upon adrenaline treatment was nearly completely abrogated by the absence of sodium or
calcium ions (distinctly more deeply compared to collagen-stimulated platelets, Figure 6B)
highlighting the importance of the influx of extracellular ions into platelet cytosol in this
particular platelet response to adrenaline.
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Figure 6. Significance of extracellular Ca>* and Na* for adrenaline- and collagen-evoked platelet
PS exposure. Washed platelets were suspended in Tyrode buffer with sodium ions, in Na*-free
medium, buffer with calcium ions, and Ca%*-free medium. Next, the samples were supplemented
with adrenaline (10 uM, panel (A)) or collagen (10 pug/mL, panel (B)). After 45 min of incubation
(RT) (15 min for collagen), samples were supplemented with appropriate fluorescence probes, and PS
exposure was analyzed by using flow cytometry. The presented values are medians with interquartile
(1st-3rd) ranges from 4 independent experiments, each in three repetitions. * p < 0.05 vs. control.
**p < 0.01 vs control; # p < 0.05 and ## p < 0.01 vs conditions with Na* or C1~ presence.

Indeed, the exposure of washed platelets to adrenaline produced a rise in cytosolic
sodium ion concentration (measured indirectly as an alkalization of platelet cytosol due
to NHE-attributed H* removal), a phenomenon which was significantly reduced by the
presence of a-2-adrenergic receptor inhibitor (rauwolscine) and likewise by the inhibition
of NHE (by EIPA) and by using a GPIIb/Illa receptor antagonist (tirofiban) (Figure 7A,B).
Additionally, the exposure of washed platelets to adrenaline resulted in the increase in
platelet volume (MPV), which was attenuated by the NHE inhibitor, EIPA (Supplementary
Figure S1). Similarly to sodium influx, the exposure of platelets to adrenaline resulted in a
calcium ion influx into platelet cytosol, which was strongly reduced by rauwolscine, EIPA,
inhibition of the reverse mode of NCX (by KB-R7943), and by tirofiban (Figure 7C,D).
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Figure 7. Effect of adrenaline on cytosolic pH value and intraplatelet Ca?* concentration. Samples of
BCECF-AM (fluorescent probe sensitive to changes in cytosolic pH)-loaded washed platelets were
supplemented with rauwolscine (10 uM), EIPA (50 uM), or tirofiban (500 nM) (preincubation time,
2-4 min) before addition of adrenaline (10 pM). Measurements were conducted in suspension of
stirred (800 rpm) and thermostated (to 37 °C) washed platelets. Changes in fluorescence associated
with the alterations of platelet cytosolic pH were recorded for up to 10 min (panel (A)). Presented
values are means + S.D. from 4 independent experiments. * p < 0.05 vs. adrenaline (panel (B)).
Samples of Fura-2-AM (fluorescent probe sensitive to changes in Ca?* concentration)-loaded washed
platelets were supplemented with rauwolscine (10 pM), EIPA (50 uM), KB-R7943 (100 uM), or
tirofiban (500 nM) (preincubation time, 2-4 min). Next, measures were initiated by the addition of
adrenaline (10 uM). Measurements were conducted in suspension of stirred and thermostated (to
37 °C) washed platelets. Rises in fluorescence associated with Ca?* influx into platelet cytosol were
registered for up to 12 min (panel (C)). Arrows indicate moment of adrenaline addition into sample.”
after the following sentence: Rises in fluorescence associated with Ca?* influx into platelet cytosol
were registered for up to 12 min (panel (C)). Presented values are medians with interquartile (1st-3rd)
ranges from 4 independent experiments. * p < 0.05 vs. adrenaline (panel (D)).

3. Discussion
3.1. Role of AC and cAMP in Adrenaline-Evoked PS Exposure

Here, we present the results of our investigation into the mechanism of the adrenaline-
evoked procoagulant response of human platelets and propose a model of this mecha-
nism. We started with the question of whether a targeted inhibition of adenylate cyclase
(AC)—the most widely recognized downstream effect of adrenaline «-2-adrenergic receptor
stimulation—may result in significant enhancement of PS exposure on platelets exposed to
collagen, in a similar fashion to adrenaline and collagen co-stimulation, which we reported
previously [15]. To test such a possibility, we used SQ 22536, a cell-permeable AC inhibitor
reported to efficiently decrease the cAMP level in resting human platelets [26], as well as
in platelets exposed to PGE; [30], or forskolin [30,31] (AC activators). However, we did



Int. J. Mol. Sci. 2024, 25, 2997

10 of 21

not observe synergistic enhancement of PS exposure in the co-presence of SQ 22536 and
collagen (Figure 1B). This leads to conclusion that adrenaline-induced enhancement of
the platelet procoagulant response is not restricted to its canonical mechanism comprising
inhibition of AC and involves additional effectors. On the other hand, pharmacological
elevation of AC activity by PGE; (mimicking physiological, prostacyclin-evoked, AC acti-
vation) resulted in a strong inhibition of adrenaline-evoked PS exposure (Figure 5A). This
suggests that low AC activity (hence, low cAMP level) is a prerequisite, yet not the only
element in the mechanism of adrenaline-triggered platelet PS exposure.

3.2. Receptors’ Engagement in Adrenaline-Triggered PS Exposure

After conducting a series of experiments including time and dose dependency between
adrenaline presence and platelet PS exposure, we chose 45 min of incubation time and
10 pM adrenaline as optimal conditions to study the mechanism of adrenaline-induced PS
exposure in human platelets (Figure 3). Such a high (supraphysiological) concentration of
adrenaline was able to evoke strong PS exposure, virtually comparable to the effect exerted
by collagen (at a relatively high concentration, i.e., 10 ug/mL), the most procoagulant one
between physiological platelet agonists (please compare Figures 1-3 from this paper and
Figure 5A from another publication under the reference [32]). One important observation
is that the mechanism of the adrenaline-evoked platelet procoagulant response relies on
the activation of some platelet receptors, which seem to show supremacy over the others;
blockage of the -2 adrenergic receptor (AR) and GPIIb/IIla (fibrinogen receptor) showed
the strongest inhibitory effect on adrenaline-triggered PS exposure, while the antagonists
of purinergic receptors (P2Y; and P2Yj,) exerted moderate inhibition of PS exposure
(Figure 4). This emphasizes the central role of the direct interaction between adrenaline
and platelet adrenergic receptors but also shows the non-redundant role of secreted ADP
and the essential engagement of outside-in signaling, i.e., activation of additional signaling
pathways (e.g., phosphoinositide-3 kinase (PI3-K)-dependent pathway), upon binding of
fibrinogen to the activated GPIIb/IIla receptors, which amplifies the initial stimulation. It
has been reported that adrenaline-induced platelet aggregation and calcium signaling are
amplified by ADP [24,33-35], but (to our best knowledge) such cooperation has never been
studied in the context of procoagulant response.

Interestingly, in washed platelet samples, adrenaline—in contrast to collagen—produced
distinctly lower PS exposure compared to the PRP condition (compare Figures 2 and 6). One
potential explanation is an insufficient amount of fibrinogen molecules in the washed
platelets system (adrenaline is unable to trigger washed platelets aggregation [36] due to a
lack of native or secreted fibrinogen), thus excluding outside-in signaling. Additional fac-
tors may include a partial platelet desensitization to the adrenaline action due to mechanical
stress connected with centrifugation and washed platelets preparation.

3.3. Role of Ca?* in the Development of the Procoagulant Response of Platelets Exposed
to Adrenaline

Activation of platelets is coupled with the influx of ions into platelet cytosol [37—40].
Platelet activation requires a rise in intracellular Ca?* concentrations, which results in mor-
phological changes, secretion of the platelet granule’s contents, aggregation, and procoagu-
lant response (PS exposure) [41]. The mechanism of physiological PS exposure in platelets
is associated with the activity of scramblase (anoctamin-6, a product of the TMEM16F gene),
a calcium-dependent transmembrane protein responsible for translocation of negatively
charged PS from the inner to outer leaflet of the platelet plasma membrane [42-46]. Two
separate sources of platelet-available calcium ions include intracellular storage (dense
tubular system) and extracellular milieu (plasma). The first source is associated with Gg-
protein-mediated activation of phospholipase C (PLC) and generation of the secondary
messenger inositol triphosphate (IP3), which activates the IP3 receptor in membranes of the
dense tubular system, resulting in liberation of Ca?* into cytosol. Extracellular milieu, in



Int. J. Mol. Sci. 2024, 25, 2997

11 of 21

turn, may serve as a source of ions due to the action of ion exchangers, with the particular
role of Na*/H* (NHE) and Na* /Ca?* (NCX) exchangers.

The observation that suspending washed platelets in Ca?*-free medium or incubation
of PRP with 2-APB (inhibitor of IP; receptor in dense tubular system) strongly decreased
adrenaline-triggered PS exposure suggests a vital role of calcium ions from both (extra-
and intracellular) sources in the evoked platelet procoagulant response (Figures 5B and 6A).
Correspondingly, incubation of PRP with cell-permeable Ca?* chelator, BAPTA-AM, strongly
inhibited PS exposure (Figure 5). Adrenaline may activate platelet PLC indirectly by se-
creted ADP (which mildly activates PLCg via the Gg-coupled P2Y; receptor [47]) or by de
novo synthesized thromboxane A; (TxA,, released after platelet activation and stimulating
PLCg via Gg-coupled TP receptor [48]).

However, it seems that the TxA;-related pathway is unlikely in the presented model
of platelet activation, since two inhibitors of TxA; synthesis—ASA and indomethacin—did
not decrease PS exposure in the adrenaline-treated platelets (Figure 5D). Conversely, the
blockage of P2Y; and P2Y; receptors moderately decreased PS exposure (Figure 4). Since
activation of P2Y;, has been linked with the prolongation of calcium signaling in thrombin-
activated platelets (via PI3-K signaling [49]), the engagement of both purinergic receptors
in adrenaline-induced PS exposure may be proposed. Another potential explanation could
be that ADP activates additional pathways, next to PLC activation, including inhibition of
AC and activation of PI3-K (both covered by adrenaline and ADP via appropriate Ga(i)-
and Gpy-associated events [50]), which might be necessary for a potent PS exposure upon
adrenaline treatment. This is consistent with the observations of Storey et al. that the antag-
onists of purinergic receptors produce a significant decrease in adrenaline-triggered platelet
aggregation [51]. Also, in our previous report, we showed that blockage of platelet secre-
tion (by HAuCly) eliminated the second wave of adrenaline-induced platelet aggregation,
indicating the important role of secreted ADP in this response [52].

Collectively, this suggests that adrenaline-evoked PS exposure may depend upon
secretion of a secondary agonist—ADP but not TxA2—that further stimulates PLC via
Gg-coupled receptors (P2Y7) and inhibits AC via Gi-coupled receptors (P2Y17).

3.4. Significance of Na* and Platelet Swelling in Adrenaline-Produced PS Exposure

The engagement of extracellular calcium ions in adrenaline-evoked PS exposure was
measured in relation to sodium ions since activation of platelets by principal agonists is
associated with sodium ion influx into platelet cytosol [53,54]. According to Sweatt et al., ex-
posure of platelets to adrenaline results in activation of type 1 Na+/H+ exchanger (NHE1),
leading to sodium accumulation and alkalization of platelet cytosol due to concomitant
H* removal [55]. Literature data suggest that NHE activation and influx of sodium ions
are correlated with platelet PS exposure [56,57]. One may therefore suppose that NHE also
plays a vital role in the case of adrenaline-evoked platelet PS exposure. Indeed, incubation
of platelets with EIPA (NHE inhibitor) resulted in a strong inhibition of adrenaline-induced
PS exposure (Figure 5B). Correspondingly, in contrast to collagen, we recorded a lack of
adrenaline-triggered PS exposure in washed platelets suspended in a sodium-free medium,
i.e., in a condition where NHE activity was arrested (Figure 6A,B). Overloading of platelet
cytosol with sodium ions is a prerequisite to activation of the reverse mode of the Na*/Ca**
exchanger (NCX). In the reverse mode, NCX removes sodium ions from the cytosol, ex-
changing them for extracellular calcium ions in the following manner: 3Na* — Ca®* [58].
Both ions (sodium and calcium) have been recognized as crucial factors during platelet
swelling, ballooning (forming of a balloon-shaped morphology of particularly strongly
procoagulant platelets), and PS exposure in platelets adhered to collagen [42]. NHE plays a
pivotal role in controlling platelet swelling—a phenomenon correlating with platelet bal-
looning and PS exposure [29,42,56,57,59,60]—by generation of an osmotic gradient, driving
water molecules into platelet cytosol via aquaporins (AQPs). Previously, we reported en-
hanced ballooning of platelets adhered to collagen after preincubation with adrenaline [15].
Here, we demonstrate that adrenaline per se is able to evoke gradual platelet swelling
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(measured as a time-dependent increase in mean platelet volume), which was inhibited
by EIPA (Supplementary Figure S1). This indicates that platelet swelling, and the plasma
membrane extension associated with it, facilitates PS exposure not only in (previously
reported) the collagen- and hyperglycemia-induced platelet procoagulant response [29,42]
but also in the presence of adrenaline.

Since startup of the reverse mode of NCX is a secondary event to sodium influx
(via NHE), inhibition of NHE should attenuate not only sodium but also calcium in-
flux into platelet cytosol (assuming that the reverse mode of NCX is vital in adrenaline-
induced calcium entry) and, as a result, PS exposure. Measurements of PS exposure
but also sodium and calcium entry into the cytosol of adrenaline-treated platelets—in
the presence of NHE or NCX inhibitors—confirmed such a possibility (please compare
Figures 4B and 7A-D). Additionally, the inhibition of sodium and calcium influx into
adrenaline-exposed platelets—and the abolition of PS exposure corresponding with it—was
observed not only as a result of adrenergic receptors blockage or NHE/NCX inhibition
but also in the presence of the GPIIb/Illa antagonist (Figures 4 and 7A-D). These results
indicate that adrenaline-evoked activation (leading to PS exposure) is more strongly con-
nected with the ionic composition of extracellular milieu and with ion influx into platelet
cytosol than in the case of collagen-triggered PS exposure. In comparison to adrenaline,
collagen-evoked PS exposure was moderately reduced by the absence of extracellular
sodium ions, which is in line with results obtained by Roberts et al., where the authors
examined the requirements for extracellular ions in the context of collagen-induced platelet
aggregation [39].

3.5. Role of GPIIb/Illa-Mediated Outside-in Signaling in Adrenaline-Triggered PS Exposure

A connection between GPIIb/IIla and NHE /NCX has been proposed by Banga et al. in
the context of the initial events during platelet activation by adrenaline, i.e., phospholipase
A, activation, thromboxane synthesis, and secondary (via TxA; receptor) phospholipase
C activation [48]. NCX, in turn, was investigated in the context of GPIIb/Illa activation,
a prerequisite for platelet aggregation and outside-in signaling. Studies by Shiraga et al.
revealed that inhibition of the reverse mode of NCX distinctly reduced GPIIb/Illa activation
and thus platelet aggregation [61,62]. The results presented here also suggest the possibility
of the existence of an inverse relationship, i.e., blockage of GPIIb/Illa by tirofiban might
strongly reduce adrenaline-evoked sodium and calcium influx into platelet cytosol via NHE
and NCX (in the reverse mode), respectively. Hence, we propose a scenario where binding
adrenaline to x-AR evokes rapid activation of a relatively moderate number of GPIIb/Illa
(covering the first phase in the characteristic biphasic aggregation of adrenaline-exposed
platelets [6]), which induces signaling pathways associated with outside-in signaling,
resulting in the stimulation of NHE activity and further resulting in the startup of a reverse
mode of NCX. As a result of the above events, sodium and calcium ions emerge into platelet
cytosol, triggering additional pathways manifesting into full activation of GPIIb/Illa and
the second (irreversible) phase of aggregation or the procoagulant response (PS exposure).

The strikingly effective inhibition of adrenaline-evoked PS exposure by the GPIIb/Illa
antagonist deserves a comment. The classical context of GPIIb/Illa antagonism is platelet
aggregation, and the aspect of platelet procoagulant response modulation by a GPIIb/Illa-
dependent signaling is less commonly recognized. During platelet activation in a prothrom-
botic environment (e.g., collagen-rich surface), two populations of activated platelets—
proaggregatory and procoagulant—are formed [12]. Procoagulant (PS-exposed) platelets
are characterized by initial activation of GPIIb/Illa, which subsequently become inacti-
vated [63-65]. The initial activation of GPIIb/Illa seems therefore to be an indispensable
event in developing both proaggregatory and procoagulant phenotypes. Experimental
evidence supporting the idea that GPIIb/Illa-related outside-in signaling might be a vital
element in the procoagulant response has gained prominence. According to Topalov et al.,
two subtypes of procoagulant platelets (with high or low sustained calcium level) are
formed upon physiological activation, which are controlled by GPIIb/Illa [66]. It is
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noteworthy that, referring to Ilveskero et al., platelets adhered to fibrin(ogen) clots exert
strong procoagulant activity—indicating the procoagulant nature of platelet-fibrin(ogen)
interactions—which could be controlled by GPIIb/Illa blockage [67,68]. More accurately,
GPIIb/Illa antagonists, i.e., tirofiban, eptifibatide, and abciximab, were shown to distinctly
impair not only platelet aggregation (primary effect of these drugs) but also the procoagu-
lant response (PS exposure and platelet-related thrombin generation) in well-established
experimental models [69-72]. Based on the body of literature and the results presented here,
we therefore postulate that GPIIb/Illa-mediated signaling is crucial to the development of
platelet PS exposure triggered by, at least some, physiological stimuli, including adrenaline.

Interestingly, inhibition of the HCO; ™~ /Cl~ exchanger by DIDS, which was reported as an
inhibitor of the second phase of adrenaline-evoked platelet aggregation by Spalding et al. [73],
did not modulate adrenaline-evoked PS exposure (Figure 5B). This is similar to the (lack
of) effect of TxA; synthesis blockage. One may speculate that the initial activation of a
part of GPIIb/Illa receptors upon adrenaline treatment (correlating with the first phase of
aggregation and providing outside-in signaling) meets the condition where PS exposure
can occur.

3.6. Non-Redundant Role of PI3-K in Adrenaline-Evoked PS Exposure

PS exposure in adrenaline-treated platelets was strongly inhibited by two struc-
turally unrelated phosphoinositide-3 kinase (PI3-K) inhibitors—wortmannin and LY 294002
(Figure 5C). PI3-K is a group of lipid kinases, which phosphorylate the 3’ position of
the hydroxyl group in the inositol group of the phosphatidylinositol (PI), resulting in
3-phosphoinositides, a group of secondary messengers critical to various aspects of platelet
biology as a part of the PI3-K/Akt signaling pathway [74]. Human platelets express at
least seven [74-76] isoforms of PI3-K belonging to classes I, 1I, and III, among which the
class I PI3-K « and p isoforms play a key role in thrombus formation on collagen-coated
surfaces under flow and in PS exposure [77], while 3 and y isoforms have been shown
to play pivotal roles in the P2Y1,-dependent activation of GPIIb/Illa and thus in stable
platelet aggregation [78,79]. Adrenaline has been reported to enhance PI3-K activity in
platelets stimulated by thrombin or by the thrombin receptor activating peptides [24].
Keeping in mind that activation of PI3-K is a common pathway attributed to «;-AR and
P2Y1; receptors [80-82] but also for GPIIb/Illa-dependent outside-in signaling [83-89], the
hypothesis might be proposed that a strong reduction of adrenaline-evoked PS exposure
by tirofiban is, at least partially, associated with a decrease in total PI3-K activity.

It is noteworthy that numerous efforts to define the role of PI3-K isoforms in thrombus
formation have been made and potential benefits of specific PI3-K inhibitors are being
discussed [76,90]. Our results support the hypothesis that PI3-K might be considered
as a promising target for future antiplatelet drugs, exerting both antiaggregatory and
antiprocoagulatory effects.

3.7. How Does This Study Adhere to Clinical Reality?

The micromolar concentration of adrenaline used in this study does not realistically
appear in the bloodstream in vivo. However, when used in a supraphysiological concentra-
tion, adrenaline is able to trigger strong platelet activation, including procoagulant (not
apoptotic) PS exposure. We claim that this legitimizes using such high concentrations of
adrenaline as an examination tool to study Gi(,)-related and unrelated signaling pathways.
Considering the prolonged time (up to 45 min) required to develop a full response upon
adrenaline exposure (observe at 10 uM, as well as at 1 pM adrenaline), it seems to be
possible that the time of platelet sensitization is also prolonged. This, in turn, might be vital
while facing a subthreshold concentration of a physiological agonist, even some time after
direct interaction with adrenaline. The potential impact of monoamine oxidase inhibitors
(which are likely to increase adrenaline concentration in the blood) might be an important
direction of future studies.
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Previously, we reported that the incubation of platelets with clinically relevant adrenaline
(1-10 nM) and a subthreshold concentration of collagen resulted in strong, synergistic PS
exposure, which can be counteracted by agents representing the most commonly used
antiplatelet strategies, i.e., cyclooxygenase inhibitor, GPIIb/IIla blocker, and P2Y;, antago-
nist [15]. Hereby, the presented results indicate that a supraphysiological concentration
of adrenaline may evoke strong platelet PS exposure unable to be efficiently controlled
by TxA; synthesis blockers and the P2Y1, antagonist, i.e., agents used in single-drug and
in dual antiplatelet pharmacotherapy. Is such a situation possible in vivo? It has been
proposed that adrenaline supplementation may be useful for reversing the antiaggrega-
tory effect of ticagrelor (P2Y1, antagonist) by triggering signaling pathways which are
analogous to the unavailable P2Y1,, i.e., inhibition of AC and activation of PI3-K. Efficient
concentrations of adrenaline, restoring platelet aggregability in response to ADP, were
estimated to be ~770 nM in vitro and ~20 nM in a model of controlled adrenaline infusion
into volunteers’ bloodstreams for ex vivo examinations [18,19,50]. However, we would like
to accentuate that a lack of clinical procedures to evaluate patient-specific sensitivity to
adrenaline, in the context of platelet PS exposure and prothrombotic conditions associated
with it, makes this consideration limited. Therefore, it might be a dilemma to evaluate
what concentration of adrenaline is still beneficial and distant from the “supraphysiolog-
ical” effect, where procoagulant conditions might appear. Based on the presented here
results, such threat could be-potentially—only partially controllable by TxA, synthesis
inhibitors or P2Y1; antagonists. An alternative candidate to restoring platelet aggregability
in ticagrelor-receiving patients could be bentracimab (a phase 3 clinical trial monoclonal
antibody specific to ticagrelor); however, its usage is likely to be limited due to availability
and resource-related issues [91].

4. Materials and Methods
4.1. Chemicals

Hepes, apyrase, adrenaline [(—)-epinephrine (+)-bitartrate salt)], acetylsalicylic acid
(ASA), bovine serum albumin (BSA), human fibrinogen, PGE1, LY 294002, wortmannin,
digitonin, nigericin, EIPA, BCECF-AM, acetazolamide, indometacine, phentolamine, TRIS
(tristhydroxymethyl)aminomethane), DIDS, Ponceau Red, and TBST buffer—Millipore,
Tirofiban (Aggrastat) were acquired from Sigma (Merck KGAA, Darmstadt, Germany).
Type I collagen was acquired from Chrono-log. Phycoerythrin (PE)-antihuman CD41a
antibody, FITC-antihuman CD62P (P-selectin), and FITC-annexin V were acquired from
Becton Dickinson (Franklin Lakes, NJ, United States). Rauwolscine hydrochloride, PSB 0739,
KB-R7943 mesylate, 2-APB, MRS 2500, SQ 22536, and BRL 44408 maleate were acquired
from Tocris. BAPTA-AM was acquired from Abcam (Cambridge, UK). Fura-2-AM and
AlexaFluor(AF)647-annexin V were acquired from Thermo Fisher Scientific (Waltham, MA,
United States). Bovine thrombin was acquired from was acquired from Synthaverse S.A.,
Lublin, Poland. Other chemicals were acquired from Sigma (Merck).

4.2. Blood Collection and Preparation

Venous blood was collected from healthy volunteers with minimum trauma and
stasis via a 21-gauge needle (0.8 x 40 mm) into 10 mL polypropylene tubes containing
1 mL of 130 mM trisodium citrate. All procedures were conducted in accordance with the
principles of the Declaration of Helsinki, and this study was approved by the local ethics
committee on human research (R-I-002/430/2019). Platelet-rich plasma (PRP) was obtained
by centrifugation of whole blood at 200x g for 20 min. Preparation of washed platelets
was performed as described in [28]. Sodium-free Tyrode-HEPES buffer was prepared by
substituting Na* with equimolar N-methyl-D-glucamine to maintain osmolality.

4.3. PS and P-Selectin Exposure Quantification by Flow Cytometry

In platelet phosphatidylserine (PS) exposure determination experiments, we used PRP
due to the fact that development of a procoagulant platelet population in vivo takes place at
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close proximity to vessel wall, i.e., in a platelet-rich and erythrocyte-free zone [92]. PRP sam-
ples were incubated without any additions (control), with adrenaline (10 uM or 0.001-10 pM
range, in dose-dependency experiments), or with a range of inhibitors/antagonists followed
by the addition of adrenaline (10 uM fixed conc.). After 30 min of incubation (5-60 min in
time-dependent experiments) at room temperature, PS exposure was assessed by flow
cytometry, as described in detail previously [28]. In some experiments, for comparative
reasons, collagen was used as an agonist at a concentration of 250 ng/mL (“low collagen”)
or 10 pg/mL (“high collagen”). In additional experiments, washed platelet samples were
preincubated with adrenaline (10 uM for 45 min) or with collagen (10 pg/mL for 15 min) in
an environment (Tyrode buffer) without Na* or Ca?* ions before cytometric determination
of PS exposure. Concomitant detection of PS exposure and P-selectin was performed
in PRP.

4.4. Fluorimetric Determination of Na*/H* Exchange and Calcium Rise in Platelets Exposed
to Adrenaline

For evaluation of N*/H" exchanger (NHE) activity, we monitored changes in the cy-
tosolic pH of BCECF-loaded platelets exposed to adrenaline [93]. The platelets were loaded
with BCECF acetoxymethyl ester (10 uM final conc.) mixed with Pluronic 137 (0.005% final
conc.) for 30 min at 37 °C. Then, 1 uM prostaglandin E; was added, and washed platelets
were separated from PRP as described above. Monochromators were set at 495 nm for the
excitation wavelength and at 530 nm for the emission wavelength. Washed platelets were
stimulated in a thermostated (37 °C) fluorimeter cuvette with stirring (800 rpm) using a
Hitachi F-7000 spectrofluorometer (Hitachi Corp., Tokyo, Japan). Stimulators were added
directly to the stirred platelet suspension through a port in a fluorimeter cover by using
a microsyringe. To measure calcium ion influx into platelet cytosol, PRP was incubated
with 2 uM (final conc.) Fura-2/AM and Pluronic-137 (0.005% final conc.) for 45 min at
room temperature in the dark with gentle agitation. After that time, washed platelets
were prepared. Measurement of Fura-2 fluorescence in stirred platelet suspension (in the
presence of 1 mM Ca?* in reaction buffer) was performed at 37 °C using the following
monochromator settings: 339 nm for excitation and 500 nm for emission. The Fura-2
responses were calibrated to obtain [Ca?*]cyt as described by Siffert et al. [93].

4.5. Measurement of Platelet Aggregation

Platelet aggregation in PRP was measured optically as an increase in light transmit-
tance associated with aggregation progress [94] using Elvi Logos 840 (Elvi S.p.a., Milano,
Italy) aggregometer connected to a personal computer via e-corder 401 (eDAQ Pty Ltd.,
Denistone East, Australia). Aggregation was monitored using eDAQ Chart software (Deni-
stone East, Australia)—version 5.2.12 (released on 28 August 2006).

4.6. Electronic Measurements of Platelet Volume

Aliquots of standardized washed platelet suspension (2 x 10 cells/mL) supplemented
with adrenaline (1 uM), adrenaline + EIPA (100 uM), or without any addition (control)
were incubated up to 40 min at 37 °C. At selected time points, platelets were fixed with
paraformaldehyde (2% final conc.), and their mean volume (MPV) was measured by using
a hematologic analyzer (Coulter Electronic GmbH, Krefeld, Germany).

4.7. Data Analyses

Data were evaluated using GraphPad Prism 5 (GraphPad Software, version 5.03).
Differences between the two groups were assessed by Mann-Whitney U test. The data
are shown as the median (1st-3rd quartile) of the number of determinations (n) or as a
percentage compared to the control. In all experiments, a p value of <0.05 was considered
to be significant.
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procoagulant response

5. Conclusions

Collectively, the presented results hereby suggest the existence of a mechanistic as-
sociation between the binding of adrenaline to platelet x,-AR, activation of GPIIb/Illa
(resulting in outside-in signaling, including PI3-K activation), chronological activation of
NHE and the reverse mode of NCX, and, ultimately, PS exposure. In this model, secreted
ADP enhances the initial signal by further AC inhibition and PI3-K activation, which
altogether produce strong PS exposure in human platelets treated with (supraphysiologi-
cal) adrenaline. Inhibition of the above elements and increasing cytosolic cAMP are the
most efficient strategies to reduce adrenaline-evoked platelet procoagulant (summarized in
Figure 8).
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Figure 8. Proposed functional model of platelet activation by adrenaline: effect of antagonists of
selected platelet receptors and modulators of selected signaling events on adrenaline-triggered
platelet PS exposure. The colored areas indicate the strength of procoagulant response reduc-
tion by modulators of signal pathways/platelet receptors” antagonists. «;-adr—ay-adrenergic
receptor; AA—arachidonic acid; AC—adenylyl cyclase; ADP—adenosine diphosphate; ATP—
adenosine triphosphate; AMP—adenosine monophosphate; cAMP—cyclic adenosine monophos-
phate; CIE—C1~ /HCO;3;~ exchanger; COX—cyclooxygenase; DAG—diacylglycerol; DTS—dense
tubular system; FII/Flla—prothrombin /thrombin; IP3—inositol 1,4,5-trisphosphate; IP3R—inositol
1,4,5-trisphosphate receptor; NCX—Na*/ CaZ* exchanger; NHE—Na™ /H* exchanger; P2Y;—ADP
receptor; P2Y1,—ADP receptor; PAR1—protease-activated receptor-1; PAR4—protease-activated
receptor-4; PI3-K—phosphoinositide 3-kinase; PIP,—phosphatidylinositol 4,5-bisphosphate; PKC—
protein kinase C; PLA,—phospholipase A;; PLCg—phospholipase Cg; PMP—platelet microparti-
cles; PS—phosphatidylserine; ST—thromboxane synthase; TP—thromboxane A; receptor; TxA,—
thromboxane A;. Blunt arrows (L) indicate inhibition while sharp arrows (—) indicate stimulation.



Int. J. Mol. Sci. 2024, 25, 2997 17 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25052997/s1.

Author Contributions: Conceptualization, A.G. and T.M.; methodology, A.G., TM., AK. and TR;
formal analysis, A.G. and T.M.; investigation, A.G. and T.M.; resources, A.G.; data curation, A.G.,
TM. and A K.; writing—original draft preparation, A.G. and T.M.; writing—review and editing, A.G.,
TM. and T.R,; visualization, A.G.; supervision, T.R.; project administration, A.G.; funding acquisition,
A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Medical University of Bialystok, grant number
SUB/1/DN/19/002/2201.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Medical University of Bialystok (protocol
code R-1-002/430/2019); date of approval: 26 September 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Bentur, O.S,; Sarig, G.; Brenner, B.; Jacob, G. Effects of Acute Stress on Thrombosis. Semin. Thromb. Hemost. 2018, 44, 662—-668.
[CrossRef]

2. Goldstein, D.S. Catecholamines 101. Clin. Auton. Res. 2010, 20, 331-352. [CrossRef]

3. Dimsdale, J.E.; Moss, J. Plasma catecholamines in stress and exercise. JAMA 1980, 243, 340-342. [CrossRef]

4. von Kénel, R. Acute mental stress and hemostasis: When physiology becomes vascular harm. Thromb. Res. 2015, 135, S52-S55.
[CrossRef]

5. Stalker, T.J.; Newman, D.K,; Ma, P.; Wannemacher, K.M.; Brass, L.F. Platelet signaling. Handb. Exp. Pharmacol. 2012, 210, 59-85.
[CrossRef]

6. Mills, D.C.; Roberts, G.C. Effects of adrenaline on human blood platelets. J. Physiol. 1967, 193, 443-453. [CrossRef]

7. Cameron, H.A; Ardlie, N.G. The facilitating effects of adrenaline on platelet aggregation. Prostaglandins Leukot. Med. 1982, 9,
117-128. [CrossRef]

8. Wagner, C.T.; Kroll, M.H.; Chow, T.W,; Hellums, ].D.; Schafer, A.I. Epinephrine and shear stress synergistically induce platelet
aggregation via a mechanism that partially bypasses VWE-GP IB interactions. Biorheology 1996, 33, 209-229. [CrossRef]

9. Pozgajovd, M.; Sachs, U ].; Hein, L.; Nieswandt, B. Reduced thrombus stability in mice lacking the alpha2 A-adrenergic receptor.
Blood 2006, 108, 510-514. [CrossRef]

10.  Shen, J.; Sampietro, S.; Wu, J.; Tang, J.; Gupta, S.; Matzko, C.N.; Tang, C.; Yu, Y.; Brass, L.F.; Zhu, L.; et al. Coordination of platelet
agonist signaling during the hemostatic response in vivo. Blood Adv. 2017, 1, 2767-2775. [CrossRef]

11. Swieringa, F; Kuijpers, M.].; Lamers, M.M.; van der Meijden, P.E.; Heemskerk, ].W. Rate-limiting roles of the tenase complex of
factors VIII and IX in platelet procoagulant activity and formation of platelet-fibrin thrombi under flow. Haematologica 2015, 100,
748-756. [CrossRef]

12.  Heemskerk, ].W.; Mattheij, N.J.; Cosemans, ].M. Platelet-based coagulation: Different populations, different functions. J. Thromb.
Haemost. 2013, 11, 2-16. [CrossRef]

13.  Mazepa, M.; Hoffman, M.; Monroe, D. Superactivated platelets: Thrombus regulators, thrombin generators, and potential clinical
targets. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 1747-1752. [CrossRef]

14.  Weisel, ].W,; Litvinov, R.I. Fibrin Formation, Structure and Properties. Subcell. Biochem. 2017, 82, 405-456. [CrossRef]

15. Golaszewska, A.; Misztal, T.; Marcinczyk, N.; Chabielska, E.; Rusak, T. Adrenaline May Contribute to Prothrombotic Condition
via Augmentation of Platelet Procoagulant Response, Enhancement of Fibrin Formation, and Attenuation of Fibrinolysis. Front.
Physiol. 2021, 12, 657881. [CrossRef]

16. Pastori, D.; Cormaci, V.M.; Marucci, S.; Franchino, G.; Del Sole, E; Capozza, A.; Fallarino, A.; Corso, C.; Valeriani, E.; Menichelli,
D.; et al. A Comprehensive Review of Risk Factors for Venous Thromboembolism: From Epidemiology to Pathophysiology. Int. J.
Mol. Sci. 2023, 24, 3169. [CrossRef]

17.  Carcaillon, L.; Alhenc-Gelas, M.; Bejot, Y.; Spaft, C.; Ducimetiere, P; Ritchie, K.; Dartigues, J.E; Scarabin, P.Y. Increased thrombin
generation is associated with acute ischemic stroke but not with coronary heart disease in the elderly: The Three-City cohort
study. Arterioscler. Thromb. Vasc. Biol. 2011, 31, 1445-1451. [CrossRef]

18. Singh, S.; Damén, T.; Nygren, A.; Shams Hakimi, C.; Ramstrom, S.; Dellborg, M.; Lindahl, T.L.; Hesse, C.; Jeppsson, A. Adrenaline
Improves Platelet Reactivity in Ticagrelor-Treated Healthy Volunteers. Thromb. Haemost. 2019, 119, 735-743. [CrossRef]

19. Singh, S.; Malm, C.J.; Ramstrom, S.; Hesse, C.; Jeppsson, A. Adrenaline enhances in vitro platelet activation and aggregation in

blood samples from ticagrelor-treated patients. Res. Pract. Thromb. Haemost. 2018, 2, 718-725. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25052997/s1
https://www.mdpi.com/article/10.3390/ijms25052997/s1
https://doi.org/10.1055/s-0038-1660853
https://doi.org/10.1007/s10286-010-0065-7
https://doi.org/10.1001/jama.1980.03300300018017
https://doi.org/10.1016/S0049-3848(15)50444-1
https://doi.org/10.1007/978-3-642-29423-5_3
https://doi.org/10.1113/jphysiol.1967.sp008369
https://doi.org/10.1016/0262-1746(82)90077-4
https://doi.org/10.3233/BIR-1996-33302
https://doi.org/10.1182/blood-2005-12-4835
https://doi.org/10.1182/bloodadvances.2017009498
https://doi.org/10.3324/haematol.2014.116863
https://doi.org/10.1111/jth.12045
https://doi.org/10.1161/ATVBAHA.113.301790
https://doi.org/10.1007/978-3-319-49674-0_13
https://doi.org/10.3389/fphys.2021.657881
https://doi.org/10.3390/ijms24043169
https://doi.org/10.1161/ATVBAHA.111.223453
https://doi.org/10.1055/s-0039-1683461
https://doi.org/10.1002/rth2.12149

Int. J. Mol. Sci. 2024, 25, 2997 18 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Mukherjee, A. Characterization of alpha 2-adrenergic receptors in human platelets by binding of a radioactive ligand
[3H]yohimbine. Biochim. Biophys. Acta 1981, 676, 148-154. [CrossRef]

Woulfe, D.; Jiang, H.; Mortensen, R.; Yang, J.; Brass, L.F. Activation of Rap1B by G(i) family members in platelets. J. Biol. Chem.
2002, 277, 23382-23390. [CrossRef]

Zwaginga, J.].; Nash, G.; King, M.R.; Heemskerk, ] W.; Frojmovic, M.; Hoylaerts, M.F,; Sakariassen, K.S. Biorheology Subcommittee
of the SSC of the ISTH. Flow-based assays for global assessment of hemostasis. Part 1: Biorheologic considerations. |. Thromb.
Haemost. 2006, 4, 2486-2487. [CrossRef]

Rao, A K.; Willis, J.; Kowalska, M.A.; Wachtfogel, Y.T.; Colman, R.W. Differential requirements for platelet aggregation and
inhibition of adenylate cyclase by epinephrine. Studies of a familial platelet alpha 2-adrenergic receptor defect. Blood 1988, 71,
494-501. [CrossRef]

Selheim, F,; Froyset, A.K,; Strand, I.; Vassbotn, F.S.; Holmsen, H. Adrenaline potentiates PI 3-kinase in platelets stimulated with
thrombin and SFRLLN: Role of secreted ADP. FEBS Lett. 2000, 485, 62—66. [CrossRef]

Steen, V.M.; Cook, C.A.; Tysnes, O.B.; Holmsen, H. Potentiation by adrenaline of thrombin-induced elevation of pHi is not
essential for synergistic activation of human platelets. FEBS Lett. 1989, 250, 211-214. [CrossRef]

Katsel, P.L.; Tagliente, T.M.; Schwarz, T.E.; Craddock-Royal, B.D.; Patel, N.D.; Maayani, S. Molecular and biochemical evidence
for the presence of type IIl adenylyl cyclase in human platelets. Platelets 2003, 14, 21-33. [CrossRef]

Guan, B.; Gao, J; Tan, Y;; Ma, X,; Shi, D. Antiplatelet Activity of Tetramethylpyrazine via Regulation of the P2Y12 Receptor
Downstream Signaling Pathway. Evid. Based Complement. Altern. Med. 2022, 2022, 7941039. [CrossRef]

Josefsson, E.C.; Ramstrom, S.; Thaler, J.; Lordkipanidzé, M.; COAGAPO Study Group. Consensus report on markers to distinguish
procoagulant platelets from apoptotic platelets: Communication from the Scientific and Standardization Committee of the ISTH.
J. Thromb. Haemost. 2023, 21, 2291-2299. [CrossRef]

Misztal, T.; Rusak, T.; Brariska-Januszewska, J.; Ostrowska, H.; Tomasiak, M. Peroxynitrite may affect fibrinolysis via the reduction
of platelet-related fibrinolysis resistance and alteration of clot structure. Free Radic. Biol. Med. 2015, 89, 533-547. [CrossRef]
Harris, D.N.; Asaad, M.M.; Phillips, M.B.; Goldenberg, H.]J.; Antonaccio, M.]. Inhibition of adenylate cyclase in human blood
platelets by 9-substituted adenine derivatives. J. Cyclic Nucleotide Res. 1979, 5, 125-134.

Graber, S.E.; Hawiger, J. Evidence that changes in platelet cyclic AMP levels regulate the fibrinogen receptor on human platelets.
J. Biol. Chem. 1982, 257, 14606-14609. [CrossRef]

Misztal, T.; Golaszewska, A.; Branska-Januszewska, J.; Marcinczyk, N.; Chabielska, E.; Tomasiak, M.; Rusak, T. HAuCly, Putative
General Aquaporins Blocker, Reduces Platelet Spreading, Filopodia Formation, Procoagulant Response, and Thrombus Formation
under Flow. Front. Physiol. 2020, 11, 1025. [CrossRef]

Olbrich, C.; Aepfelbacher, M.; Siess, W. Epinephrine potentiates calcium mobilization and activation of protein kinases in platelets
stimulated by ADP through a mechanism unrelated to phospholipase C. Cell. Signal. 1989, 1, 483-492. [CrossRef]

Figures, W.R.; Scearce, L.M.; Wachtfogel, Y.; Chen, J.; Colman, R.F; Colman, R.W. Platelet ADP receptor and alpha 2-
adrenoreceptor interaction. Evidence for an ADP requirement for epinephrine-induced platelet activation and an influence of
epinephrine on ADP binding. |. Biol. Chem. 1986, 261, 5981-5986. [CrossRef]

Plow, E.E; Marguerie, G.A. Induction of the fibrinogen receptor on human platelets by epinephrine and the combination of
epinephrine and ADP. J. Biol. Chem. 1980, 255, 10971-10977. [CrossRef]

Lanza, F; Cazenave, ].P; Beretz, A.; Sutter-Bay, A.; Kretz, ].G.; Kieny, R. Potentiation by adrenaline of human platelet activation
and the inhibition by the alpha-adrenergic antagonist nicergoline of platelet adhesion, secretion and aggregation. Agents Actions
1986, 18, 586-595. [CrossRef]

Roberts, D.E.; Matsuda, T.; Bose, R. Molecular and functional characterization of the human platelet Na(+)/Ca(2+) exchangers.
Br. J. Pharmacol. 2012, 165, 922-936. [CrossRef]

Taylor, K.A.; Mahaut-Smith, M.P. Ion channels and ion homeostasis in the platelet and megakaryocyte. Platelets 2021, 32, 853—-854.
[CrossRef]

Roberts, D.E.; McNicol, A.; Bose, R. Mechanism of collagen activation in human platelets. J. Biol. Chem. 2004, 279, 19421-19430.
[CrossRef]

Nesbitt, W.S.; Giuliano, S.; Kulkarni, S.; Dopheide, S.M.; Harper, L.S.; Jackson, S.P. Intercellular calcium communication regulates
platelet aggregation and thrombus growth. J. Cell Biol. 2003, 160, 1151-1161. [CrossRef]

Varga-Szabo, D.; Braun, A.; Nieswandt, B. Calcium signaling in platelets. J. Thromb. Haemost. 2009, 7, 1057-1066. [CrossRef]
Agbani, E.O.; van den Bosch, M.T.; Brown, E.; Williams, C.M.; Mattheij, N.J.; Cosemans, ].M.; Collins, PW.; Heemskerk, ].W,;
Hers, I; Poole, A.W. Coordinated Membrane Ballooning and Procoagulant Spreading in Human Platelets. Circulation 2015, 132,
1414-1424. [CrossRef]

Fujii, T.; Sakata, A.; Nishimura, S.; Eto, K.; Nagata, S. TMEMI6F is required for phosphatidylserine exposure and microparticle
release in activated mouse platelets. Proc. Natl. Acad. Sci. USA 2015, 112, 12800-12805. [CrossRef]

Yang, H.; Kim, A; David, T.; Palmer, D,; Jin, T.; Tien, J.; Huang, F; Cheng, T.; Coughlin, S.R;; Jan, Y.N.; et al. TMEM16F forms
a Ca’*-activated cation channel required for lipid scrambling in platelets during blood coagulation. Cell 2012, 151, 111-122.
[CrossRef]

Fowajuh, A.-D.N.; Mukaz, D.K;; Li, D.; Apostolidis, P.A.; Khan, A.; Caplan, J.; Vortkamp, A.; Woulfe, D.S. TMEM16F Plays a Vital
Role in Platelet Microparticle Generation and Thrombosis. Blood 2013, 122, 2294. [CrossRef]


https://doi.org/10.1016/0304-4165(81)90182-3
https://doi.org/10.1074/jbc.M202212200
https://doi.org/10.1111/j.1538-7836.2006.02177.x
https://doi.org/10.1182/blood.V71.2.494.494
https://doi.org/10.1016/S0014-5793(00)02188-8
https://doi.org/10.1016/0014-5793(89)80722-7
https://doi.org/10.1080/0953710021000062905
https://doi.org/10.1155/2022/7941039
https://doi.org/10.1016/j.jtha.2023.05.001
https://doi.org/10.1016/j.freeradbiomed.2015.09.006
https://doi.org/10.1016/S0021-9258(18)33319-2
https://doi.org/10.3389/fphys.2020.01025
https://doi.org/10.1016/0898-6568(89)90033-8
https://doi.org/10.1016/S0021-9258(17)38481-8
https://doi.org/10.1016/S0021-9258(19)70402-5
https://doi.org/10.1007/BF01964968
https://doi.org/10.1111/j.1476-5381.2011.01600.x
https://doi.org/10.1080/09537104.2021.1964866
https://doi.org/10.1074/jbc.M308864200
https://doi.org/10.1083/jcb.200207119
https://doi.org/10.1111/j.1538-7836.2009.03455.x
https://doi.org/10.1161/CIRCULATIONAHA.114.015036
https://doi.org/10.1073/pnas.1516594112
https://doi.org/10.1016/j.cell.2012.07.036
https://doi.org/10.1182/blood.V122.21.2294.2294

Int. J. Mol. Sci. 2024, 25, 2997 19 of 21

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Mattheij, N.J.; Braun, A.; van Kruchten, R.; Castoldi, E.; Pircher, J.; Baaten, C.C.; Wiilling, M.; Kuijpers, M.].; Kéhler, R.; Poole,
A.W.; et al. Survival protein anoctamin-6 controls multiple platelet responses including phospholipid scrambling, swelling, and
protein cleavage. FASEB . 2016, 30, 727-737. [CrossRef]

Steen, V.M.; Holmsen, H.; Aarbakke, G. The platelet-stimulating effect of adrenaline through alpha 2-adrenergic receptors requires
simultaneous activation by a true stimulatory platelet agonist. Evidence that adrenaline per se does not induce human platelet
activation in vitro. Thromb. Haemost. 1993, 70, 506-513.

Banga, H.S.; Simons, E.R.; Brass, L.F,; Rittenhouse, S.E. Activation of phospholipases A and C in human platelets exposed
to epinephrine: Role of glycoproteins IIb/Illa and dual role of epinephrine. Proc. Natl. Acad. Sci. USA 1986, 83, 9197-9201.
[CrossRef]

van der Meijden, P.E.; Schoenwaelder, S.M.; Feijge, M.A.; Cosemans, ].M.; Munnix, I.C.; Wetzker, R.; Heller, R.; Jackson, S.P;
Heemskerk, ].W. Dual P2Y 12 receptor signaling in thrombin-stimulated platelets—Involvement of phosphoinositide 3-kinase
beta but not gamma isoform in CaZ* mobilization and procoagulant activity. FEBS J. 2008, 275, 371-385. [CrossRef]

Martin, A.C.; Zlotnik, D.; Bonete, G.P,; Baron, E.; Decouture, B.; Belleville-Rolland, T.; Le Bonniec, B.; Poirault-Chassac, S.; Alessi,
M.C.; Gaussem, P; et al. Epinephrine restores platelet functions inhibited by ticagrelor: A mechanistic approach. Eur. J. Pharmacol.
2020, 866, 172798. [CrossRef]

Storey, R.F.; Newby, L.J.; Heptinstall, S. Effects of P2Y(1) and P2Y(12) receptor antagonists on platelet aggregation induced by
different agonists in human whole blood. Platelets 2001, 12, 443-447. [CrossRef]

Misztal, T.; Rusak, T.; Brariska-Januszewska, J.; Gasowska, M.; Szynaka, B.; Gotaszewska, A.; Bruczko, M.; Tomasiak, M.
Aquaporins in human platelets: Intracellular localization and possible role in granule and lysosome secretion. Acta Biochim. Pol.
2018, 65, 555-566. [CrossRef]

Gumina, R.J.; Newman, PJ.; Gross, G.J. Effect on ex vivo platelet aggregation and in vivo cyclic flow with Na+/H+ exchange
inhibition: Gumina, NHE-1 inhibition and platelet aggregation. J. Thromb. Thrombolysis 2011, 31, 431-435. [CrossRef]

Chang, H.B.; Gao, X.; Nepomuceno, R.; Hu, S.; Sun, D. Na(+)/H(+) exchanger in the regulation of platelet activation and
paradoxical effects of cariporide. Exp. Neurol. 2015, 272, 11-16. [CrossRef]

Sweatt, ].D.; Connolly, TM.; Cragoe, E.J.; Limbird, L.E. Evidence that Na+/H+ exchange regulates receptor-mediated phospholi-
pase A2 activation in human platelets. J. Biol. Chem. 1986, 261, 8667-8673. [CrossRef]

Bucki, R.; Pastore, ].J.; Giraud, F,; Janmey, P.A.; Sulpice, ].C. Involvement of the Na+/H+ exchanger in membrane phosphatidylser-
ine exposure during human platelet activation. Biochim. Biophys. Acta 2006, 1761, 195-204. [CrossRef]

Samson, J.; Stelmach, H.; Tomasiak, M. The importance of Na+/H+ exchanger for the generation of procoagulant activity by
porcine blood platelets. Platelets 2001, 12, 436—442. [CrossRef]

Huber, ].D.; Bentzien, J.; Boyer, S.J.; Burke, J.; De Lombaert, S.; Eickmeier, C.; Guo, X.; Haist, ].V.; Hickey, E.R.; Kaplita, P; et al.
Identification of a potent sodium hydrogen exchanger isoform 1 (NHE1) inhibitor with a suitable profile for chronic dosing and
demonstrated cardioprotective effects in a preclinical model of myocardial infarction in the rat. J. Med. Chem. 2012, 55, 7114-7140.
[CrossRef]

Tomasiak, M.M.; Stelmach, H.; Bodzenta-Eukaszyk, A.; Tomasiak, M. Involvement of Na+/H+ exchanger in desmopressin-
induced platelet procoagulant response. Acta Biochim. Pol. 2004, 51, 773-788. [CrossRef]

Tomasiak, M.; Stelmach, H.; Rusak, T.; Ciborowski, M.; Radziwon, P. Vasopressin acts on platelets to generate procoagulant
activity. Blood Coagul. Fibrinolysis 2008, 19, 615-624. [CrossRef]

Shiraga, M.; Tomiyama, Y.; Honda, S.; Suzuki, H.; Kosugi, S.; Tadokoro, S.; Kanakura, Y.; Tanoue, K.; Kurata, Y.; Matsuzawa, Y.
Involvement of Na*/Ca®* exchanger in inside-out signaling through the platelet integrin ITbbeta3. Blood 1998, 92, 3710-3720.
[CrossRef]

Shiraga, M.; Tomiyama, Y.; Honda, S.; Kashiwagi, H.; Kosugi, S.; Handa, M.; Ikeda, Y.; Kanakura, Y.; Kurata, Y.; Matsuzawa, Y.
Affinity modulation of the platelet integrin alpha ITb beta 3 by alpha-chymotrypsin: A possible role for Na*/Ca?* exchanger.
Blood 1996, 88, 2594-2602. [CrossRef]

Zou, ].; Swieringa, F.; de Laat, B.; de Groot, P.G.; Roest, M.; Heemskerk, ] WM. Reversible platelet integrin «IIb(33 activation and
thrombus instability. Int. J. Mol. Sci. 2022, 23, 12512. [CrossRef]

Mattheij, N.J.A.; Gilio, K.; van Kruchten, R.; Jobe, S.M.; Wieschhaus, A.].; Chishti, A.H.; Collins, P.; Heemskerk, ].W.; Cosemans,
J.M. Dual mechanism of integrin alIb33 closure in procoagulant platelets. J. Biol. Chem. 2013, 288, 13325036. [CrossRef]

Liu, F; Gamez, G.; Myers, D.R.; Clemmons, W.; Lam, W.A_; Jobe, S.M. Mitochondrially mediated integrin «IIbf33 protein
inactivation limits thrombus growth. J. Biol. Chem. 2013, 288, 30672-30681. [CrossRef]

Topalov, N.N.; Yakimenko, A.O.; Canault, M.; Artemenko, E.O.; Zakharova, N.V.; Abaeva, A.A.; Loosveld, M.; Ataullakhanov,
FI; Nurden, A.T.; Alessi, M.-C.; et al. Two types of procoagulant platelets are formed upon physiological activation and are
controlled by integrin o(IIb)3(3). Arter. Thromb. Vasc. Biol. 2012, 32, 2475-2483. [CrossRef]

Ilveskero, S.; Siljander, P; Lassila, R. Procoagulant activity on platelets adhered to collagen or plasma clot. Arter. Thromb. Vasc.
Biol. 2001, 21, 628-635. [CrossRef]

Ilveskero, S.; Lassila, R. Abciximab inhibits procoagulant activity but not the release reaction upon collagen- or clot-adherent
platelets. |. Thromb. Haemost. 2003, 1, 805-813. [CrossRef]


https://doi.org/10.1096/fj.15-280446
https://doi.org/10.1073/pnas.83.23.9197
https://doi.org/10.1111/j.1742-4658.2007.06207.x
https://doi.org/10.1016/j.ejphar.2019.172798
https://doi.org/10.1080/09537100120085450
https://doi.org/10.18388/abp.2018_2621
https://doi.org/10.1007/s11239-010-0530-0
https://doi.org/10.1016/j.expneurol.2014.12.023
https://doi.org/10.1016/S0021-9258(19)84432-0
https://doi.org/10.1016/j.bbalip.2005.12.008
https://doi.org/10.1080/09537100120078395
https://doi.org/10.1021/jm300601d
https://doi.org/10.18388/abp.2004_3561
https://doi.org/10.1097/MBC.0b013e328309905d
https://doi.org/10.1182/blood.V92.10.3710
https://doi.org/10.1182/blood.V88.7.2594.bloodjournal8872594
https://doi.org/10.3390/ijms232012512
https://doi.org/10.1074/jbc.M112.428359
https://doi.org/10.1074/jbc.M113.472688
https://doi.org/10.1161/ATVBAHA.112.253765
https://doi.org/10.1161/01.ATV.21.4.628
https://doi.org/10.1046/j.1538-7836.2003.00136.x

Int. J. Mol. Sci. 2024, 25, 2997 20 of 21

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

Gauer, ].S.; Duval, C.; Xu, R.-G.; Macrae, FL.; McPherson, H.R.; Tiede, C.; Tomlinson, D.; Watson, S.P.; Ariéns, R.A. Fibrin-
glycoprotein VI interaction increases platelet procoagulant activity and impacts clot structure. J. Thromb. Haemost. 2023, 21,
667-681. [CrossRef]

Berny-Lang, M.A.; Jakubowski, J.A.; Sugidachi, A.; Barnard, M.R.; Michelson, A.D.; Frelinger, A.R., 3rd. P2Y12 receptor blockade
augments glycoprotein IIb-IIla antagonist inhibition of platelet activation, aggregation, and procoagulant activity. J. Am. Heart
Assoc 2013, 2, e000026. [CrossRef]

Tanaka, K.A.; Katori, N.; Szlam, F; Sato, N.; Kelly, A.B.; Levy, ].H. Effects of tirofiban on haemostatic activation in vitro. Br. ].
Anaesth. 2004, 93, 263-269. [CrossRef]

Li, Y,; Spencer, FA.; Ball, S.; Becker, R.C. Inhibition of platelet-dependent prothrombinase activity and thrombin generation by
glycoprotein IIb/IIla receptor-directed antagonists: Potential contributing mechanism of benefit in acute coronary syndromes. J.
Thromb. Thrombolysis 2000, 10, 69-76. [CrossRef]

Spalding, A.; Vaitkevicius, H.; Dill, S.; MacKenzie, S.; Schmaier, A.; Lockette, W. Mechanism of epinephrine-induced platelet
aggregation. Hypertension 1998, 31, 603-607. [CrossRef]

Setiabakti, N.M.; Larsson, P.; Hamilton, ].R. Phosphoinositide 3-Kinases as Potential Targets for Thrombosis Prevention. Int. ].
Mol Sci. 2022, 23, 4840. [CrossRef]

Valet, C.; Chicanne, G.; Severac, C.; Chaussade, C.; Whitehead, M.A.; Cabou, C.; Gratacap, M.P,; Gaits-lacovoni, F.; Vanhaese-
broeck, B.; Payrastre, B.; et al. Essential role of class II PI3K-C2« in platelet membrane morphology. Blood 2015, 126, 1128-1137.
[CrossRef]

Ribes, A.; Oprescu, A.; Viaud, J.; Hnia, K.; Chicanne, G.; Xuereb, ].M.; Severin, S.; Gratacap, M.P.; Payrastre, B. Phosphoinositide
3-kinases in platelets, thrombosis and therapeutics. Biochem. J. 2020, 477, 4327-4342. [CrossRef]

Gilio, K.; Munnix, I.C.; Mangin, P.; Cosemans, ].M.; Feijge, M.A.; van der Meijden, P.E.; Olieslagers, S.; Chrzanowska-Wodnicka,
M.B.; Lillian, R.; Schoenwaelder, S.; et al. Non-redundant roles of phosphoinositide 3-kinase isoforms alpha and beta in
glycoprotein VI-induced platelet signaling and thrombus formation. J. Biol. Chem. 2009, 284, 33750-33762. [CrossRef]
Cosemans, ].M.; Munnix, I.C.; Wetzker, R.; Heller, R.; Jackson, S.P.; Heemskerk, ].W. Continuous signaling via PI3K isoforms
beta and gamma is required for platelet ADP receptor function in dynamic thrombus stabilization. Blood 2006, 108, 3045-3052.
[CrossRef]

Schoenwaelder, S.M.; Ono, A.; Sturgeon, S.; Chan, S.M.; Mangin, P.; Maxwell, M.].; Turnbull, S.; Mulchandani, M.; Anderson, K,;
Kauffenstein, G.; et al. Identification of a unique co-operative phosphoinositide 3-kinase signaling mechanism regulating integrin
alpha IIb beta 3 adhesive function in platelets. . Biol. Chem. 2007, 282, 28648-28658. [CrossRef]

Erb, L.; Weisman, G.A. Coupling of P2Y receptors to G proteins and other signaling pathways. Wiley Interdiscip. Rev. Membr.
Transp. Signal. 2012, 1, 789-803. [CrossRef]

Smrcka, A.V. G protein vy subunits: Central mediators of G protein-coupled receptor signaling. Cell Mol. Life Sci. 2008, 65,
2191-2214. [CrossRef]

Morello, E; Perino, A.; Hirsch, E. Phosphoinositide 3-kinase signalling in the vascular system. Cardiovasc. Res. 2009, 82, 261-271.
[CrossRef]

Zhang, J.; Banfi¢, H.; Straforini, F,; Tosi, L.; Volinia, S.; Rittenhouse, S.E. A type II phosphoinositide 3-kinase is stimulated via
activated integrin in platelets. A source of phosphatidylinositol 3-phosphate. J. Biol. Chem. 1998, 273, 14081-14084. [CrossRef]
Guidetti, G.F.; Canobbio, I.; Torti, M. PI3K/Akt in platelet integrin signaling and implications in thrombosis. Adv. Biol. Regul.
2015, 59, 36-52. [CrossRef]

Martin, V.; Guillermet-Guibert, J.; Chicanne, G.; Cabou, C.; Jandrot-Perrus, M.; Plantavid, M.; Vanhaesebroeck, B.; Payrastre, B.;
Gratacap, M.P. Deletion of the p110beta isoform of phosphoinositide 3-kinase in platelets reveals its central role in Akt activation
and thrombus formation in vitro and in vivo. Blood 2010, 115, 2008-2013. [CrossRef]

Canobbio, I.; Stefanini, L.; Cipolla, L.; Ciraolo, E.; Gruppi, C.; Balduini, C.; Hirsch, E.; Torti, M. Genetic evidence for a predominant
role of PI3Kbeta catalytic activity in ITAM- and integrin-mediated signaling in platelets. Blood 2009, 114, 2193-2196. [CrossRef]
Jackson, S.P.; Schoenwaelder, S.M.; Goncalves, I.; Nesbitt, W.S.; Yap, C.L.; Wright, C.E.; Kenche, V.; Anderson, K.E.; Dopheide,
S.M.; Yuan, Y; et al. PI 3-kinase p110beta: A new target for antithrombotic therapy. Nat. Med. 2005, 11, 507-514. [CrossRef]
Laurent, P.A.; Severin, S.; Gratacap, M.P.; Payrastre, B. Class I PI 3-kinases signaling in platelet activation and thrombosis:
PDK1/Akt/GSK3 axis and impact of PTEN and SHIP1. Adv. Biol. Regul. 2014, 54, 162-174. [CrossRef]

Laurent, P.A.; Séverin, S.; Hechler, B.; Vanhaesebroeck, B.; Payrastre, B.; Gratacap, M.P. Platelet PI3K3 and GSK3 regulate
thrombus stability at a high shear rate. Blood 2015, 125, 881-888. [CrossRef]

Durrant, T.N.; Hers, 1. PI3K inhibitors in thrombosis and cardiovascular disease. Clin. Transl. Med. 2020, 9, 8. [CrossRef]
Adamski, P.; Skonieczny, G.; Hajdukiewicz, T.; Kern, A.; Kubica, J. Reversal of Platelet Inhibition in Patients Receiving Ticagrelor.
Rev. Cardiovasc. Med. 2022, 23, 300. [CrossRef]

Sakariassen, K.S.; Orning, L.; Turitto, V.T. The impact of blood shear rate on arterial thrombus formation. Future Sci. OA 2015, 1,
FSO30. [CrossRef]


https://doi.org/10.1016/j.jtha.2022.09.004
https://doi.org/10.1161/JAHA.113.000026
https://doi.org/10.1093/bja/aeh193
https://doi.org/10.1023/A:1018754906289
https://doi.org/10.1161/01.HYP.31.2.603
https://doi.org/10.3390/ijms23094840
https://doi.org/10.1182/blood-2015-03-636670
https://doi.org/10.1042/BCJ20190402
https://doi.org/10.1074/jbc.M109.048439
https://doi.org/10.1182/blood-2006-03-006338
https://doi.org/10.1074/jbc.M704358200
https://doi.org/10.1002/wmts.62
https://doi.org/10.1007/s00018-008-8006-5
https://doi.org/10.1093/cvr/cvn325
https://doi.org/10.1074/jbc.273.23.14081
https://doi.org/10.1016/j.jbior.2015.06.001
https://doi.org/10.1182/blood-2009-04-217224
https://doi.org/10.1182/blood-2009-03-208074
https://doi.org/10.1038/nm1232
https://doi.org/10.1016/j.jbior.2013.09.006
https://doi.org/10.1182/blood-2014-07-588335
https://doi.org/10.1186/s40169-020-0261-6
https://doi.org/10.31083/j.rcm2309300
https://doi.org/10.4155/fso.15.28

Int. J. Mol. Sci. 2024, 25, 2997 21 of 21

93. Siffert, W,; Siffert, G.; Scheid, P.; Akkerman, ].W. Activation of Na+/H+ exchange and Ca?* mobilization start simultaneously in
thrombin-stimulated platelets. Evidence that platelet shape change disturbs early rises of BCECF fluorescence which causes an
underestimation of actual cytosolic alkalinization. Biochem. ]. 1989, 258, 521-527. [CrossRef]

94. Born, G.V.; Cross, M.]. The aggregation of blood platelets. ]. Physiol. 1963, 168, 178-195. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1042/bj2580521
https://doi.org/10.1113/jphysiol.1963.sp007185

	Introduction 
	Results 
	Inhibition of Only Adenylate Cyclase Is Not Sufficient to Produce Elevation of the PS-Exposing Platelets Number in the Presence of Subthreshold Collagen 
	Adrenaline Produces Population of Procoagulant Human Platelets in a Concentration- and Time-Dependent Fashion 
	Effect of Selected Receptor Blockages on Adrenaline-Induced Platelet PS Exposure 
	Impact of a Modulation of Different Signaling Pathways on Adrenaline-Induced PS Exposure 
	Strong Dependence of Adrenaline-Evoked PS Exposure on the Presence of Extracellular Calcium and Sodium Ions 

	Discussion 
	Role of AC and cAMP in Adrenaline-Evoked PS Exposure 
	Receptors’ Engagement in Adrenaline-Triggered PS Exposure 
	Role of Ca2+ in the Development of the Procoagulant Response of Platelets Exposed to Adrenaline 
	Significance of Na+ and Platelet Swelling in Adrenaline-Produced PS Exposure 
	Role of GPIIb/IIIa-Mediated Outside-in Signaling in Adrenaline-Triggered PS Exposure 
	Non-Redundant Role of PI3-K in Adrenaline-Evoked PS Exposure 
	How Does This Study Adhere to Clinical Reality? 

	Materials and Methods 
	Chemicals 
	Blood Collection and Preparation 
	PS and P-Selectin Exposure Quantification by Flow Cytometry 
	Fluorimetric Determination of Na+/H+ Exchange and Calcium Rise in Platelets Exposed to Adrenaline 
	Measurement of Platelet Aggregation 
	Electronic Measurements of Platelet Volume 
	Data Analyses 

	Conclusions 
	References

