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Abstract  
 
Background: Thrombosis is a major cause of myocardial infarction and ischemic stroke. The 
sodium/potassium ATPase (NKA), comprising α and β subunits, is crucial in maintaining intracellular 
sodium and potassium gradients. However, the role of NKA in platelet function and thrombosis remains 
unclear. 
 
Methods: We utilized wild-type (WT, α1+/+) and NKA α1 heterozygous (α1+/-) mice, aged 8 to 16 weeks, 
of both sexes. An intravital microscopy-based, FeCl3-induced carotid artery injury thrombosis model was 
employed for in vivo thrombosis assessment. Platelet transfusion assays were used to evaluate platelet 
NKA α1 function on thrombosis. Human platelets isolated from healthy donors and heart failure patients 
treated with/without digoxin were used for platelet function and signaling assay. Complementary 
molecular approaches were used for mechanistic studies. 
 
Results: NKA α1 haplodeficiency significantly reduced its expression on platelets without affecting 
sodium homeostasis. It significantly inhibited 7.5% FeCl3-induced thrombosis in male but not female 
mice without disturbing hemostasis. Transfusion of α1+/-, but not α1+/+, platelets to thrombocytopenic WT 
mice substantially prolonged thrombosis. Treating WT mice with low-dose ouabain or marinobufagenin, 
both binding NKA α1 and inhibiting its ion-transporting function, markedly inhibited thrombosis in vivo. 
NKA α1 formed complexes with leucine-glycine-leucine (LGL)-containing platelet receptors, including 
P2Y12, PAR4, and thromboxane A2 receptor. This binding was significantly attenuated by LGL>SFT 
mutation or LGL peptide. Haplodeficiency of NKA α1 in mice or ouabain treatment of human platelets 
notably inhibited ADP-induced platelet aggregation. While not affecting 10% FeCl3-induced thrombosis, 
NKA α1 haplodeficiency significantly prolonged thrombosis time in mice treated with an ineffective dose 
of clopidogrel. 
 
Conclusion: NKA α1 plays an essential role in enhancing platelet activation through binding to LGL-
containing platelet GPCRs. NKA α1 haplodeficiency or inhibition with low-dose ouabain and 
marinobufagenin significantly inhibited thrombosis and sensitized clopidogrel’s anti-thrombotic effect. 
Targeting NKA α1 emerges as a promising antiplatelet and antithrombotic therapeutic strategy. 
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Abbreviations 
 
NKA  Sodium-Potassium ATPase 
HF  Heart failure 
ADP  Adenosine diphosphate 
TXA2  Thromboxane A2 
GPCR  G protein-coupled receptors 
TP  TXA2 receptor 
CTS  Cardiotonic steroids 
WT  Wild-type 
CRP  Collagen-related peptide 
PVDF  Polyvinylidene difluoride 
DTT  Dithiothreitol  
FeCl3  Ferric chloride  
PRP  Platelet-rich plasma   
PPP  Platelet-poor plasma 
CPM  Counts per minute 
RIPA   Radioimmunoprecipitation assay 
BM   Bone marrow 
DMEM  Dulbecco's Modified Eagle Medium 
FCS  Fetal Calf Serum 
IP  Immunoprecipitation  
IB  Immunoblotting 
DDM   Dodecyl-β-d-maltoside 
MBG  Marinobufagenin 
DAB   3, 3'-diaminobenzidine 
LGL  Leucine-glycine-leucine 
SFK  Src-family kinase 
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Introduction  

Thrombotic events represent a substantial global health concern, contributing significantly to morbidity 
and mortality worldwide1,2. Platelet activation and hyper-aggregation at vascular injury sites constitute the 
primary pathogenic processes underlying thrombosis, leading to vessel occlusion, myocardial infarction, 
and stroke. Platelet surface glycoproteins (GP), such as GPIb-IX-V complex, GPIIb/IIIa (integrin αIIbβ3), 
and GPVI, play crucial roles in mediating both platelet adhesion and activation in response to exposed 
agonists at the site of vascular injury3-7. Activated platelets release soluble agonists, including adenosine 
diphosphate (ADP), thrombin, and thromboxane A2 (TXA2)8,9, which locally activate additional platelets 
via G protein-coupled receptors (GPCRs), such as the ADP receptor P2Y12 and thrombin receptor 
protease-activated receptor-1 (PAR1)6,10. Current clinical strategies for preventing platelet-mediated 
thrombotic events involve antiplatelet drugs, such as aspirin [Cyclooxygenase inhibitor, reduces TXA2 
expression and thus reduces TXA2 receptor (TP) mediated platelet activation], clopidogrel (P2Y12 
inhibitor), and vorapaxar (PAR1 inhibitor)11-14. However, these drugs often come with major side effects, 
such as systemic or gastrointestinal hemorrhage2,11-15. Some patients also remain unresponsive to these 
regimens, experiencing a high incidence of vascular thrombosis2. Certain medical conditions, such as 
heart failure (HF), elevate the risk of thrombosis, yet the underlying mechanisms remain unclear. 
Therefore, there exists a critical need to explore novel molecular mechanisms of platelet activation. This 
exploration will inspire the development of innovative antiplatelet therapies, aiming to reduce and prevent 
thrombosis with minimal risk of systemic side effects.  
 

Platelets contain numerous proteins, and many of their functions, particularly in the context of 
thrombosis, remain unknown. The sodium/potassium ATPase (NKA), also known as sodium pump, is a 
transmembrane protein composed of α and β subunits16. Currently, four α and three β isoforms have been 
identified, forming various NKA isoenzymes in a tissue- and cell-specific manner17-19. Based on three 
platelet-proteomic studies20-22 and previous pioneering work, the platelet NKA is presumed to be α1β3. 
NKA plays a pivotal role in maintaining intracellular Na+ and K+ concentrations, transmembrane 
electrical gradient, and cell volume. The NKA α1 subunit, encoded by Atp1a1, also serves as a signal 
transducer, influencing cell growth and differentiation17,23-25. The role of NKA in platelet function and 
thrombosis remains nebulous, with published data presenting conflicting findings26. A systematic study of 
NKA's role in platelet biology and thrombosis is lacking. 

 
NKA is highly sensitive to inhibition by cardiotonic steroids (CTS), most notably the digitalis 

class, which has been used widely in the treatment of HF and arrhythmias23,27. Scattered studies have 
suggested that inhibiting NKA pump function with ouabain enhances platelet aggregation in vitro28-30, 
mediated by the increase of intracellular Ca2+-evoked exposure of phosphatidylserine47. Several studies 
have also suggested that digoxin usage increases the risk of thrombotic events31,32. Patients with HF 
exhibit adverse platelet characteristics, including reduced survival time, increased mean platelet volume, 
and heightened activation and reactivity, impacting their morbidity and mortality33,34. However, the 
underlying mechanism for both HF- and CTS-associated high-risk of thrombosis is unclear. Ligands of 
platelet GPCRs, such as thrombin, ADP, and TXA2, have been reported to inhibit the NKA pump 
function35,36, suggesting a potential crosstalk between NKA and certain platelet GPCRs. However, the 
underlying molecular mechanisms and the pathophysiological significance of these phenomena are also 
not known. In this study, we aimed to explore a novel function of NKA α1, elucidating how CTS regulate 
platelet activation and thrombosis.   
 
Methods  
 
Animals 
The α1+/- mouse strain was generated by Dr. Jerry Lingrel at the University of Cincinnati College of 
Medicine and has been backcrossed with the C57BL6/J wild-type (WT) mice more than 10 times37. The 
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mouse strain was kept in heterozygous inbreeding and WT littermates (α1+/+) were used as controls. All 
procedures and manipulations of animals have been approved by the Institutional Animal Care and Use 
Committee of Marshall University (#: 1033528, PI: WL). 
 
Materials 

Platelet agonists including ADP (P/N 384), collagen (P/N 385), and thrombin (P/N 386) were purchased 
from Chrono-log (Havertown, PA). Collagen-related peptide (CRP) was a gift from Dr. Peter Newman 
(Blood Research Institute, WI)38. Antibodies to phosphorylated AKT (4060S), pan-AKT (2920S), 
Phospho-Src Family (Tyr416) (E6G4R, Rabbit mAb), Src (36D10, Rabbit mAb), and HRP-conjugated 
Pan-actin (12748S), HRP Conjugated anti-Rabbit IgG Light-Chain Specific secondary antibody (D4W3E, 
#93702), and HRP Conjugated anti-mouse IgG Light-Chain Specific secondary antibody (D2V2A, 
#58802) were purchased from Cell Signaling Technology (Danvers, MA). Antibodies to P2Y12 (AGP-
098) and A2BR (AAR-003) were purchased from Alomone Lab. Antibodies to NKAα1 subunit (ab2872, 
ab7671, and ab76020) and P2Y12 (ab184411, ab183066) were purchased from abcam (Waltham, MA). 
Antibody to NKAα1 subunit (clone C464.6, Cat# 05-369) and mouse anti-Flag antibody (F1804) was 
purchased from Millipore-Sigma. Antibodies to TP (27159-1-AP), P2Y1 (67654-1-AP), and PAR4 
(25306-1-AP) were purchased from Proteintech Group, Inc (Rosemont, IL). Ouabain and 
marinobufagenin (MBG) were purchased from Cayman Chemical (Ann Arbor, MI). The Polyvinylidene 
difluoride (PVDF) membrane was purchased from Bio-Rad. The Novex 3-12% NativePAGE Bis-Tris gel, 
NativePAGE sample prep kit, NativeMark unstained protein standard, NativePAGE running buffer, 
NativePAGE cathode buffer additive, and dithiothreitol (DTT) were purchased from ThermoFisher 
Scientific Invitrogen (Calsbad, CA). All other chemical reagents were purchased from Millipore Sigma 
(Burlington, MA) except where specifically indicated. 
 
Murine FeCl3-injury-induced carotid artery thrombosis model and tail bleeding assay. 

The ferric chloride (FeCl3)-injury-induced carotid artery thrombosis model has been described 
previously39,40. In brief, mice in both sexes, 8 to 16 weeks old, were anesthetized by a mixture of 
ketamine/xylazine (100/10 mg/kg) via intraperitoneal injection. The right jugular vein was exposed and 
injected with 100 μl of rhodamine 6G solution (Sigma 252433-1G, 0.5 mg/ml in saline, 0.2 μm filtered) to 
label platelets. The carotid artery injury was induced by topically applying a piece of filter paper (1 x 2 
mm) saturated with 7.5% or 10% FeCl3 solution for 1 minute. Thrombi formation was observed in real-
time using intravital microscopy with a Leica DM6 FS fluorescent microscope (Deerfield, IL, USA) 
attached to a Gibraltar Platform. Video imaging was conducted using a QImaging Retiga R1: 1.4 
Megapixel Color CCD camera system with mono color mode (Teledyne Photometrics, Tucson, AZ, USA) 
and StreamPix version 7.1 software (Norpix, Montreal, Canada). The endpoints were set as 1) blood flow 
has ceased for > 30 seconds, or 2) occlusion is not seen after 30 minutes of FeCl3 injury. In the second 
case, 30 minutes were assigned to the mouse for statistical analysis.  
 
Tail bleeding assay 

The tail bleeding assay was conducted on the mice following the thrombosis study by truncating the 
mouse tail 1 cm from the tip. The truncated tail was immediately immersed in 37°C warm saline, and the 
time from tail truncation to the cessation of blood flow was recorded38,41,42.  
 
Murine platelet isolation  

Mice were anesthetized with ketamine/xylazine (100/10 mg/kg), and 0.9 – 1 mLwhole blood was 
collected through inferior vena cava puncture using 0.109 M sodium citrate as an anticoagulant42,43. 
Modified Tyrode’s buffer (concentration of components in mM: 137 NaCl, 2.7 KCl, 12 NaHCO3, 0.4 
NaH2PO4, 5 HEPES, 0.1% glucose, and 0.35% BSA, pH 7.2) was added to the collected whole blood at 
0.7 volumes, mixed, and then platelet-rich plasma (PRP) was isolated by centrifugation at 100 g for 10 
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min. The sedation containing red blood cells and leukocytes was further centrifuged at 13,000 rpm for 1 
min to isolate platelet-poor plasma (PPP).  

For the preparation of washed platelets, a final concentration of 0.5 µM PGE1 was added to the 
PRP, followed by centrifugation at 650 g for 6 min to pellet platelets. Platelets were re-suspended in PBS 
containing 0.109 M sodium citrate (at a ratio of 9:1) and 0.5 µM PGE1, and then re-pelleted (650 g, 6 
min). Finally, platelets were resuspended in PBS, counted with a hemocytometer, and used immediately. 
 
Platelet aggregation assay    

The platelet concentration in PRP was counted with a hemocytometer and adjusted to 2.5E+08/ml with 
PPP, and 0.4 ml of this platelet suspension was used for the platelet aggregation assay using Chrono-log 
700 with an agitation speed of 1,200 rpm. CaCl2/MgCl2 was repleted at a final concentration of 1 mM 
immediately before adding a platelet agonist38,42,43. 
 
Cellix flow chamber-based platelet adhesion and aggregation assay  

Cellix flow chambers were coated overnight with 10 µL 100 μg/mL collagen in PBS, as previously 
mentioned42,44,45. Whole blood was drawn from the α1+/- and α1+/+ male mice via the inferior vena cava. 
The whole blood was labeled with Rhodamine 6G (at a final concentration of 50 µg/ml), repleted with 
CaCl2/MgCl2 to a final concentration of 1 mM, and then perfused through the flow chamber at a shear rate 
of 65 dyne/cm2 for 3 minutes. The chamber was rinsed with PBS at the same flow rate for 3 minutes, and 
images were captured at the 6 marker positions as specified by the manufacturer. The fluorescent intensity 
of each image was analyzed with Image J software. Data were presented as the mean value of each image 
minus the mean value of the background (without cells) in the same image.  
 
Platelet sodium-potassium ATPase pumping function assay.  

Platelets in PRP isolated from the α1+/- and α1+/+ male mice were loaded with the 22Na+ at a concentration 
of 1 µCi/ml medium for 1 hour at 37°C. After 4 rapid washes with PBS, 500 uL of 1N NaOH was applied 
to the platelet pellet and incubated at room temperature for 30 minutes to extract platelet-associated 22Na+. 
Radioactivity in the extraction solution was assessed using a scintillator, and the data were presented as 
counts per minute (CPM). The platelets were then lysed with 1N 0.1N NaOH/0.2% SDS at room 
temperature for 30 min and protein concentration was measured. The NKA activity was calculated as 
22Na+ CPM count corrected by total protein mass in micrograms46. 
 
Evaluation of P2Y12-mediated platelet signaling activation 

Platelets in PRP (2.5E+08/ml) were stimulated with 2.5 μM ADP for 0, 1, 3, and 5 min38. Platelet 
activation was stopped by adding 1 mM EDTA and 0.5 µM PGE1 to the reaction mixture. The platelets 
were then pelleted by centrifugation at 13,000 RPM for 15 seconds, lysed in radioimmunoprecipitation 
assay (RIPA) buffer containing Halt™ Protease and Phosphatase Inhibitor Single-Use Cocktail, EDTA-
Free (100 X) (ThermoFisher, Cat# 78443). Protein concentration was determined using a Bio-Rad Protein 
assay. AKT activation was assessed by immunoblotting assays of AKT phosphorylation.    
 
Western blot assay of platelet α1 expression 

Washed platelets isolated from α1+/- and α1+/+ male mice were lysed in RIPA buffer containing the 
proteinase and phosphatase cocktail. Thirty micrograms of total protein were used for the western blot 
assay of α1 expression. Actin was re-blotted in the same membrane as a loading control. All samples 
involving western blot assay of α1 were mixed with 2 X Laemmli sample buffer containing 2-
mercaptoethanol (except non-reduced condition) in 1:1 volume ratio and then incubated at 37 °C for 30 
min before loading to the gel.  
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Platelet transfusion studies 

α1+/+ mice were exposed to 11 Gy of irradiation to induce thrombocytopenia, with platelet counts falling 
below 5% of normal levels after 5 days47. Donor platelets were isolated from male α1+/- and α1+/+ mice 
and stained with Rhodamine 6G (final concentration 50µg/ml) for 5 min at room temperature. Platelets 
isolated from one donor mouse (about 1 mL whole blood) in 150 µL saline were injected into one 
thrombocytopenic recipient mouse through the jugular vein, and then the thrombosis study was initiated 
10 minutes later38.   
 
Sodium/Potassium ATPase inhibition on human platelet aggregation 

Whole blood was collected from healthy human volunteers under the approval of the Marshall University 
Institutional Review Board (IRB#1185274 and IRB#1347920, PI: Wei Li). PRP was isolated by 
centrifugation in a swing bucket centrifuge at 170 g for 15 minutes. The top 2/3 of the PRP was 
transferred into a new tube, and the remaining portion was further centrifuged at 2,000 g for 20 minutes to 
isolate PPP. The platelet concentration was adjusted to 2.5E+08/ml with PPP, and 0.4 ml of this 
suspension was used for platelet aggregation assay with an agitation speed of 1,200 rpm. To test the role 
of NKA inhibition on platelet aggregation, ouabain was added into the reaction solution to a final 
concentration of 0, 25, 50, and 100 nM. The solution was then incubated for 5 min in the cuvettes, after 
which aggregation was initiated by repleting CaCl2/MgCl2 to a final concentration at 1 mM and ADP to a 
final concentration of 2.5 µM.  
 
Immunoprecipitation (IP) and Immunoblotting (IB) assays 

One thousand micrograms of human and mouse platelet lysates prepared as mentioned above, as well as 
COS-7 cell lysates (prepared as mentioned below), were used for standard IP-IB assays using specific 
antibodies as indicated in the Results section. Briefly, samples in 1 mL RIPA or IP lysis buffer were pre-
cleaned by incubating with 450 µg Dynabeads™ Protein G (Cat# 10004D, ThermoFisher Scientific) with 
gentle rotation for two hours at 4 °C. Subsequently, 2 µg of the specific antibody was added into the 
reaction solution and incubated overnight with gentle rotation. The immune complex was pulled down by 
adding 1.5 mg Dynabeads™ Protein G and incubated at 4 °C with gentle rotation for two hours. The 
beads were washed three 15 minutes with RIPA or IP lysis buffer and then eluted with 50 µL 2 x 
Laemmli buffer. Twenty-five micrograms of input samples were run in the same gel as controls for 
identifying positive signals. 
 
Identifying the NKAα1 associated platelet GPCR.   

To investigate how α1 affects platelet GPCR signaling function and its interaction with certain platelet 
GPCRs, we transfected COS-7 cells (ATCC, CRL-1651) with plasmids encoding P2Y12 (item#66471, 
Addgene), F2RL3 (PAR4) (item #66279), TP (item #66517), or A2BR (item#37202) using 
Lipofectamine™ 3000 Transfection Reagent (L3000015, ThermoFisher Scientific). After 36 hours, cells 
were lysed and the lysates were used for co-IP assay to assess the interaction between NKAα1 
(endogenous) and these GPCRs.  
 

The binding of PAR4 and P2Y12 in human platelets is mediated by a peptide containing three 
amino acids, leucine-glycine-leucine (LGL)48. Both human PAR4 and P2Y12 contain the LGL motif. 
This LGL motif is conserved in mouse P2Y12 (amino acid 121-123). Human α1 also contains an LGL 
motif (884-886), and the corresponding sequence in the mouse is leucine-glycine-isoleucine (LGI). To 
determine if this LGL(LGI) motif mediates the α1 and P2Y12 binding, we constructed LGL(LGI)> 
serine-phenylalanine-threonine (SFT) mutant murine NKAα1 and P2Y12. To this end, α1 (encoded by 
Atp1a1) gene was amplified from pLV[Exp]-EGFP:T2A:Puro-CMV>mAtp1a1[NM_144900.2] 
(VectorBuilder, Chicago, IL) using Invitrogen Platinum SuperFi II PCR Master Mix (2X) with primers as 
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shown in the Table 1. The PCR product was purified and cloned into a pCDNA6B vector using HindIII 
and EcoRV cloning sites.  

 
Mouse brain cDNA was used as a template to amplify mouse P2Y12 using primers listed in Table 

1, and subsequently cloned into pCDNA6B using HindIII and EcoRI cloning sites. This cloning generated 
a His-tagged mouse P2Y12. The plasmid pCDNA6B/mP2Y12-His and pCDNA6B/mAtp1a1 were used as 
a template and the LGL motif in the mouse P2Y12 and the LGI motif in the mouse NKAα1 was mutated 
to SFT using PCR-directed point mutation. The whole plasmid was sequenced and the mutations were 
confirmed using the service provided by the “plasmidsaurus”. These plasmids were co-transfected into 
COS-7 cells using the composition as indicated in the Results. Cells were harvested 36 hours post-
transfection and used for IP-IB assays to determine how LGL>SFT mutation in P2Y12 or LGI>SFT 
mutation in mouse NKAα1 affects the interaction of α1 and P2Y12. 
 
Blue native polyacrylamide gel electrophoresis assay for identifying the interaction between 
ATP1A1 and P2Y12. 

The sample preparation and analysis for Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE) 
followed the previous publication43,49. Briefly, platelets isolated from the α1+/- and α1+/+ male mice were 
lysed with 1X BN-PAGE sample buffer (with 2% DDM, n-dodecyl-β-D-maltoside and Halt Protease and 
Phosphatase Inhibitor Cocktail) and cleared by centrifugation at 20,000 x g for 30 min at 4°C and stored 
in -80°C until use. Immediately before sample loading, the NativePAGE 5% G-250 sample additive was 
added to samples (at 1/4th of detergent DDM concentration) and mixed. Electrophoresis was conducted 
according to the manufacturer’s instructions. Proteins dissolved in the gel were transferred onto the PVDF 
membrane and followed standard immunoblotting procedures using antibodies against α1 and P2Y12. 
 
Effect of cardiotonic steroids on thrombosis. 

To determine if CTS treatment mimics the α1 deficiency in mice, we treated WT C57BL/6J mice with 
ouabain (100 µg/Kg) and MBG (100 µg/Kg)50 and then subjected these mice to the thrombosis study 
around 18 hours after drug administration using the 7.5% FeCl3-injury-induced thrombosis model. 
 
To determine if NKAα1 deficiency or inhibition could reduce the effective doses of the current 
antiplatelet drugs and thus attenuate side effects.  

To determine if α1 deficiency mediated anti-thrombotic effect could benefit the dual antiplatelet therapy, 
we treated α1+/- and α1+/+ male mice with 0.5 and 1 mg/kg Clopidogrel, which has been demonstrated to 
have no anti-thrombotic effect on WT mice42, by gavage feeding for one week and then subjected to the 
thrombosis study using 10% FeCl3-injury-induced thrombosis model. 
 
Statistics 
Data are expressed as mean ± SEM. Results were analyzed by 2-tailed Student’s t test, Mann Whitney test, 
or 1-way ANOVA with Bonferroni post-hoc test for multiple comparisons using GraphPad Prism (version 
10.2.2). In some cases, data were analyzed by Log-rank test using the Kaplan-Meier survival curve. P < 
0.05 was considered statistically significant. 
 
 
Results  
 
Alpha 1 gene haplodeficiency results in a significant anti-thrombotic effect in male mice without 
affecting bleeding. 

The α1+/- mouse strain was generated by Dr. Jerry Lingrel at the University of Cincinnati College of 
Medicine and has been backcrossed with the C57BL6/J wild-type (WT) mice more than 10 times37. To 
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determine if NKA α1 affects thrombosis, we conducted an in vivo thrombosis study in α1+/- mice using 
the 7.5% FeCl3-injury-induced carotid artery thrombosis model. As shown in Fig. 1A and 1B as well as 
online video 1, thrombus formation in the male α1+/+ mice was the same as seen in the C57BL6/J WT 
male mice with an average thrombosis time of around 11 min51,52. Alpha 1 haplodeficiency in male mice 
did not significantly affect initial platelet adhesion and aggregation at the site of the injured vessel wall 
(Fig. 1A, 1 min after injury); however, the second phase of platelet activation, which is mainly mediated 
by platelet GPCRs and the activation of the coagulation system53,54, was dramatically attenuated, resulting 
in a significantly prolonged time to form occlusive thrombosis in male α1+/- mice (Fig. 1A, 1B and online 
video 2). In most of the α1+/- mice, a large thrombus was formed at the end of the 30-minute observation, 
but without blood flow cessation. Histological examination of the carotid artery with thrombi collected 
from the middle of the injured vessel confirmed the presence of holes in the thrombi harvested from the 
α1+/- mice, but not from the α1+/+ mice (Supplemental Figure 1). However, α1 haplodeficiency did not 
affect thrombosis in female mice (p = 0.39, Fig. 1B). Consequently, in the following studies, we only 
used male mice to clarify the role of NKA α1 in platelet activation and thrombosis.  

Despite the significantly prolonged thrombosis time, tail bleeding time was the same between the 
male α1+/+ and α1+/- mice (Fig. 1C). Furthermore, under a more severe injury induced by 10% FeCl3, the 
time to carotid artery occlusion in male mice became similar between the two strains (Fig. 1D). These 
findings suggest that NKA α1 plays a mechanistic role during platelet activation and thrombosis, while 
sex hormones may also contribute to this context.  
 
Platelet NKA α1 expression accounts for the anti-thrombotic phenotype in male α1+/- mice. 

To clarify how NKA α1 affects thrombosis, we first examined α1 expression in platelets. As shown in Fig. 
2A, α1 gene haplodeficiency dramatically reduced α1 protein expression in platelets harvested from the 
male mice. However, α1 haplodeficiency did not affect intracellular sodium levels (Fig. 2B). Therefore, 
the observed antithrombotic effect in α1+/- male mice is unlikely to be attributable to the increase of Ca2+-
evoked exposure of phosphatidylserine47. 
 

We hypothesized that the anti-thrombotic phenotype found in the male α1+/- mice was due to the 
decreased α1 expression in platelets, but not due to the reduction of α1 in the vessel wall cells or other 
circulating cells. To test this hypothesis, we conducted a platelet transfusion assay as reported in previous 
studies38. As shown in Fig. 2C, compared to thrombocytopenic WT recipients that received α1+/+ platelets, 
thrombocytopenic WT mice that received α1+/- platelets had a dramatically prolonged time to form 
occlusive thrombosis. These data suggest that platelet α1 is responsible for the antithrombotic phenomena 
found in the α1+/- mouse strain. 
 
Alpha1 haplodeficiency significantly reduces ADP-induced platelet aggregation.  

To understand how α1 affects platelet activation and thus thrombosis, we conducted a Cellix flow 
chamber assay and examined how α1+/- and α1+/+ platelets adhere to collagen-coated surfaces. As shown 
in Fig. 3A, α1 deficiency did not affect platelet adhesion to the collagen-coated surface, suggesting that 
NKA α1 does not affect collagen receptor-mediated platelet adhesion and activation. We then conducted a 
platelet aggregation assay and tested how α1+/- platelets in platelet-rich plasma (PRP) respond to the 
conventional platelet agonists. As shown in Fig. 3B, in line with the finding of Cellix Flow Chamber 
assay, collagen (1 µg/ml) induced platelet aggregation was the same between the α1+/- and α1+/+ platelets. 
Alpha1 deficiency also did not affect collagen-related peptide (CRP), a specific platelet GPVI agonist, 
induced platelet activation (Fig. 3B). However, ADP-induced aggregation was significantly reduced in 
the α1+/- platelet (Fig. 3C), suggesting that α1 may have a crosstalk with ADP receptor, P2Y12 or P2Y1. 
Alpha1 deficiency did not affect thrombin-induced washed platelet activation (data not shown).  
 
Alpha1 haplodeficiency reduces ADP-stimulated AKT activation and α1 complexes with P2Y12.  
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Both P2Y12 and α1 mediated signaling activates PI3K/AKT42,55. We thus treated α1+/- and α1+/+ platelets 
with ADP for different durations and examined the phosphorylation of AKT as a marker of P2Y12 
signaling activation. As shown in Fig. 4A, although ADP activates AKT in both cells, the rate of AKT 
phosphorylation was dramatically reduced in α1+/- platelets. These data further demonstrate that NKA α1 
affects platelet function, which is probably mediated by the regulation of P2Y12 signaling activation.  

To understand how α1 cross talks with ADP receptors, we examined whether α1 complexes with 
P2Y12 in mouse platelets. As shown in Fig. 4B, we found that IP of α1 pulled down P2Y12, but not 
P2Y1 (data not shown). These findings suggest that α1 may influence platelet function through its direct 
binding with P2Y12. To further validate this finding, we conducted a Blue-Native PAGE assay using 
platelets isolated from the α1+/- or α1+/+ mice. These data also indicated that α1 forms a complex with 
P2Y12 (Fig. 4C). To determine if α1 binding to P2Y12 is a universal feature of these two proteins, we 
transfected plasmid vector encoding human P2Y12 or adenosine A2B receptor (A2BR) into COS-7 cells, 
a green monkey kidney fibroblast-like cell line, and used the cell lysates to repeat the IP-IB assay. The 
green monkey’s α1 (XP_007975629.1) is completely conserved to the human α1 (NP_000692.2) (Data 
not shown). Both P2Y12 and A2BR are purinergic GPCRs56. Under this condition (37 °C, 30 minutes 
incubation of samples with sample buffer), we found that P2Y12 presents in multiple forms, including 
monomer, dimer, and multimer. Alpha 1 binds to the P2Y12 dimer the most, and to the monomer the least 
(Fig. 4D). Alpha 1 does not bind to A2BR (data not shown). Taken together, these data suggest that the 
binding of α1 to P2Y12 could be either P2Y12 specific or depending on the specific structure of these two 
proteins.  

 
NKA α1 binds to leucine-glycine-leucine (LGL)-containing platelet GPCRs.  

The binding of PAR4 and P2Y12 in human platelets is mediated by the peptide leucine-glycine-leucine 
(LGL)48. This LGL motif is conserved in mouse P2Y12 (amino acid 121-123). Using a site-directed 
mutagenic approach, we designed a mutant variant of mouse P2Y12 and switched the LGL motif to 
serine-phenylalanine-threonine (SFT)48. As shown in Fig. 5A, the mutation of LGL to SFT in mouse 
P2Y12 significantly reduced its affinity to α1.  

 Consequently, we analyzed the amino acid sequence of certain conventional human platelet 
GPCRs, including PAR1, PAR4, P2Y1, P2Y12, TP, PTGER3, PI2R (IP), ADRA2A, and 5HT-2A. We 
found that in addition to P2Y12 (115-117), PAR4 (194-196), PTGER3 (237-239), TP (76-78 and 163-
165), and PI2R (IP) (82-84 and 156-158) also contain LGL motif(s). We thus further examined whether 
α1 also binds to PAR4 and TP, both mediate platelet activation. To this end, human platelet lysates were 
used for the co-IP assays. As shown in Fig. 5B and 5C, pulling down α1 also pulled down PAR4 and TP. 
Again, P2Y1 was not pulled down by α1 (Data not shown). These data further demonstrate that α1 binds 
to LGL-containing platelet GPCRs, independent of species, and thus may affect these GPCRs-mediated 
platelet activation. 

 We next examined if LGL peptide could serve as a decoy and block the complex formation 
between α1 and LGL-containing platelet GPCRs. COS-7 cells were transfected with human P2Y12 for 24 
hours, then treated with LGL in the complete cell culture media in a final concentration of 0, 10, and 100 
µg/mL, and cultured for 16 hours. The cells were harvested and lysates were used for co-IP assay. As 
shown in Fig. 5D, LGL treatment significantly attenuated the binding of α1 to P2Y12. LGL treatment did 
not cause cell toxicity (Supplemental Figure 2A) and also did not affect the expression of α1 
(Supplemental Figure 2B). 

 Since human α1 also contains an LGL motif, which is conserved in mouse α1 as LGI, we mutated 
mouse LGI to SFT, and then examined its affinity to mouse P2Y12. As shown in Fig. 5E, LGI>SFT 
mutation in mouse α1 also attenuated the association of P2Y12 and α1 (lane 3 vs lane 1). Co-transfection 
of the LGI(LGL)>SFT mutant α1 and P2Y12 further diminished their binding (lane 4 vs lane 1 to 3). 
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Treating the cells co-transfected with mouse α1 and P2Y12 with ouabain (lane 5) or digoxin (lane 6) also 
reduced the association of α1 and P2Y12.  
 
A therapeutic dose of digoxin enhanced α1 and P2Y12 dimer and oligomer formation. 

To clarify how CTS affects platelet function and thrombosis, we collected blood from HF patients on 
digoxin and compared their platelet activity with healthy donors. As shown in Fig. 6A, we found that 
digoxin treatment did not enhance 10 µM ADP-stimulated platelet aggregation. Rather, it tended to 
reduce platelet aggregation.  
 

We thus examined α1 and P2Y12 expressions in these platelets and used platelets harvested from 
HF patients without digoxin treatment as controls. As shown in Fig. 6B, under a reduced condition, we 
found that both α1 and dimeric P2Y12 were decreased in HF platelets. Interestingly, P2Y12 dimer and 
oligomer were dramatically increased in platelets of HF patients receiving digoxin under both reduced 
and non-reduced conditions (Fig. 6B & 6C). One band above 250 kDa was found in the non-reduced 
condition for α1 blot, which could be either tetrameric α1 or α1β3 diprotomer57 or other α1-associated 
protein-protein complex, was increased in HF platelets, and markedly increased in platelets of HF patients 
on digoxin.  

To further understand the platelet activity under these conditions, we measured the activity of 
Src-family kinases (SFKs), as SFKs are known to play important roles in platelet activation58. As shown 
in Fig. 6D, the activated (phosphorylated) SFKs were significantly increased in platelets harvested from 
the HF patients, but not in control platelets. Digoxin treatment dramatically reduced the active SFKs. 
 
Alpha1 haplodeficiency significantly lowered the effective dose of clopidogrel in inhibiting 
thrombosis and low-dose CTS inhibited thrombosis in mice and dose-dependently attenuated ADP-
induced human platelet aggregation.  

We previously demonstrated that treating WT mice with 1 mg/kg of clopidogrel has uncertain effects on 
inhibiting thrombosis in vivo42. We thus treated α1+/+ and α1+/- mice with 0.5 or 1 mg/kg of clopidogrel by 
gavage feeding for one week and subsequently evaluated thrombosis in these mice using the 10% FeCl3-
induced carotid artery injury thrombosis model, as under this condition, α1 haplodeficiency did not 
achieve an antithrombotic effect. Treating α1+/- mice with 0.5 mg/kg clopidogrel did not significantly 
prolong the time to form occlusive thrombi (Fig. 7A). However, treating mice with 1 mg/kg clopidogrel 
for 1 week significantly prolonged the time to thrombosis in the α1+/- mice. 

To determine if CTS treatment mimics α1+/- mice, we treated WT mice with ouabain (100 µg/Kg 
body weight) via intraperitoneal injection, and a thrombosis study was conducted 18 h later. As shown in 
Fig. 7B, one dose of ouabain treatment significantly inhibited thrombosis in mice (p = 0.005 vs cont.), 
which is in line with our findings in α1+/- mice.   

The CTS MBG, a member of the bufadienolide family, also inhibits NKA function. MBG shares 
a conserved structural core with the cardenolides ouabain and digoxin59, and the binding site of ouabain 
interacts with MBG60. Intraperitoneal injection of 560 µg/kg of MBG significantly attenuated zymosan-
induced inflammation50. We treated WT mice with a low dose of MBG (100 µg/kg) overnight and then 
examined its impact on thrombosis. As shown with the blue line in Fig. 7B, low-dose MBG also 
significantly inhibited thrombosis in mice (p = 0.003 vs cont.). 

Since rodent α1 has ~100-1000-fold less responsiveness to ouabain than the α1 in humans and 
other mammals18, we examined whether the different observations between our study and the published 
data are due to the difference of species. We pre-treated human platelet-rich plasma prepared from 
healthy donors with different concentrations of ouabain for 5 min and then initiated the aggregation with 
2.5 µM ADP. As shown in Fig. 7C, in certain platelet donors, ouabain dose-dependently inhibited ADP-

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


induced platelet aggregation. Of note, only two of the six healthy donors (33.3%) examined showed this 
type of response. We did not find ouabain to potentiate or inhibit ADP-induced platelet activation in the 
other four cases tested (66.7%), suggesting that different individuals may have different sensitivity to 
ouabain. Taken together, these data further suggest that α1 plays a role in platelet activation, and a link 
between α1 and the observation that low-dose CTS inhibits platelet activation and thrombosis. 
 
Discussion  
 
This study represents, to the best of our knowledge, the first systemic study on the role of NKA in 
thrombosis using genetically modified mice and several CTS using both in vivo and in vitro approaches. 
We have uncovered novel mechanisms that mediate the regulation of platelet activation and thrombosis. 
The major findings include 1) α1 haplodeficiency results in a significant anti-thrombotic effect in male 
mice without disturbing hemostasis; 2) α1 forms complexes with P2Y12, PAR4, and TP, all of which are 
GPCRs containing at least one LGL motif. Haplodeficiency of α1 reduces ADP-stimulated AKT 
activation in platelets and attenuates ADP-induced platelet aggregation; 3) haplodeficiency of α1 
significantly enhances the efficacy of clopidogrel in inhibiting thrombosis in vivo; 4) Low-dose CTS 
inhibit thrombosis in mice and attenuate ADP-induced platelet aggregation in certain human platelets.  
 

A proteomics study has revealed that human platelets harbor approximately 2,000 copies of NKA 
α1, 500 copies of α4, and 2,500 copies of β3 subunits20. Notably, the α4 subunit is exclusive to sperm, 
sharing 78% identity with α161, and it was not identified in a previous human platelet study21 and a mouse 
platelet proteomics study22. Consequently, the platelet NKA is presumed to be comprised of α1 and β3 
subunits. The ouabain-sensitive α2 and α3 isoforms were also not identified in platelets20-22. Of note, the 
Cre-Loxp strategy was unable to produce PF4-Cre+/α1f/f mice (data not shown), suggesting that complete 
α1 deficiency in platelets results in embryonic lethality in mice. These findings support our hypothesis 
that α1 is the sole NKA α isoform in platelets.  

 
As mentioned in the Introduction, the role of CTS on human platelet activation is under debate26. 

Scattered studies suggested that inhibiting NKA pump function with ouabain enhances human platelet 
aggregation in vitro28-30, mediated by the increase in intracellular Ca2+-evoked exposure of 
phosphatidylserine47. Notably, these studies employed very high concentrations of ouabain (10-200 
μM)28,29. Given that the IC50 of ouabain is less than three-digit nanomolar for two human cancer cell 
lines62, the impact of ouabain on platelet function at high doses needs to be further studied and compared 
with the effect of ouabain at low doses. We found that treating WT mice with 100 ug/kg ouabain via 
intraperitoneal injection overnight significantly inhibited thrombosis in vivo. This observation highlights 
the need for a comprehensive understanding of the dose-dependent effects of ouabain and other CTS on 
platelet function and thrombosis. 
 

Accumulated studies suggest that GPCRs can form homo- or hetero-dimers and even higher-order 
oligomers, with dimerization/oligomerization being necessary for signaling initiation63,64. As mentioned 
above, the binding between PAR4 and P2Y12 in human platelets is mediated by LGL48. In this study, we 
have made a novel discovery: the LGL motif also facilitates the binding between NKA α1 and several 
platelet GPCRs, including P2Y12, PAR4, and TP. These bindings may be through a two-domain 
interaction, as the LGL motif is present in both binding partners. These findings were solidified by 
introducing mutations LGL(I)>SFT in both α1 and P2Y12, as well as using a custom-generated LGL 
peptide as a decoy. Interestingly, the LGL motif has been reported as a foodborne peptide found in Parma 
Dry-Cured Ham. This peptide has been shown to have a strong inhibitory effect on angiotensin I 
converting enzyme (ACE)65, which contains three LGL motifs (based on NP_000780.1). Additionally, 
Spanish dry-cured ham, processed similarly to the parma dry-cured ham, has been reported to attenuate 
platelet and monocyte activation66, although LGL was not mentioned in that study. Furthermore, treating 
COS-7 cells with LGL peptide did not show any cell toxicity effect, even when a concentration of 100 
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µg/mL dose was used. Taken together, these findings suggest that targeting α1 and platelet GPCRs with 
the LGL peptide could represent a novel mechanism-based antithrombotic strategy.  

 
Ouabain and digoxin have been clinically used in the setting of HF as well as atrial fibrillation. 

Clinically use of digoxin has been associated with increased platelet and endothelial cell activation in 
patients with nonvalvular atrial fibrillation31, a condition often seen in patients with HF. In our study, we 
found that therapeutic doses of digoxin enhanced the formation of dimer and oligomer involving α1 and 
P2Y12 (maybe PAR4 and TP too). In HF platelets, a 75-80 kDa band was detected by the anti-α1 
antibody. However, it is absent in platelets from normal blood donors and HF patients receiving digoxin. 
A recent study indicated that the binding of ouabain to α1 enhances α1 trypsinolysis67. The increase in 
endogenous digitalis-like compounds has been reported in HF patients, with circulating levels ranging 
from 1-9 nM68,69. However, some groups have challenged this concept, stating that “No endogenous 
ouabain is detectable in human plasma”70. Nevertheless, the presence of endogenous ouabain or other 
factors could partially explain our findings, as low-dose ouabain can activate c-Src49, and digoxin-ouabain 
antagonism can diminish c-Src activation71. Whether the 75-80 kDa peptide found in HF platelets is due 
to trypsinolysis of α1 and whether it affects platelet function will be an interesting aspect to pursue in 
future studies. Taken together, these findings shed light on exploring a novel mechanism regarding 
digoxin-associated thrombosis in HF. Additional studies using precisely manipulated doses of digoxin 
and other CTS and testing their effect on platelet activation as well as in thrombosis are needed to clarify 
the clinical significance of these dimerizations.   

 
Current antiplatelet and antithrombotic medications typically require chronic dosing to achieve 

effectiveness, and they are associated with bleeding side effects. Since α1 deficiency does not affect tail-
bleeding time, and a single dose of ouabain or MBG administration significantly inhibits thrombosis in 
vivo, this study suggests that α1 could be a target for dual antiplatelet therapy. This is supported by the 
observation that an uncertain dose of clopidogrel treatment significantly inhibited thrombosis in the α1+/- 
mice but not in the α1+/+ mice. Studies have shown that a cell only needs 20-30% of its maximal NKA 
pump expression to maintain normal intracellular Na+/K+ gradients72,73. Therefore, inhibition of platelet 
NKA α1 can be a safe mechanism of antithrombotic therapy, either administered alone or in combination 
with other medications. 
 

In summary, this study is the first to systemically investigate the role of NKA α1 in platelet 
activation and thrombosis. We found that α1 binds to LGL motif-containing platelet GPCRs, including 
P2Y12, PAR, TP, and potentially others. NKA α1 plays an essential role in fine-turning platelet activation. 
Targeting NKA α1 could be a novel strategy for antiplatelet and antithrombotic therapy. 
   

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


Acknowledgments 
 
The authors thank Mrs. Melissa Marcum for consending heart failure patients and helping prepare the 
IRB protocols. The authors thank Dr. Jerry Lingrel for providing the α1+/- mice.  
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


Sources of Funding 

This work is supported by the Marshall University Institute Fund (to WL), the National Institutes of 
Health R15HL145573 (to WL), R15HL164682-01 (to JL), 1R15HL145666-01A1 and R01DK129937 (to 
SP), the West Virginia Clinical and Translational Science Institute-Pop-Up COVID-19 Fund (to WL) 
supported by the National Institute of General Medical Sciences (U54GM104942), the West Virginia 
IDeA Network of Biomedical Research Excellence WV-INBRE (P20GM103434). The content is solely 
the responsibility of the authors and does not necessarily represent the official views of the National 
Institutes of Health. 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


Authorship Contributions 
 
Study design and drafting manuscript:: OL, HY, SP, and WL.  
Data Collection: RR, YH, AD, RR, RA, OO, FB, JL, DK, and WL.  
Critical Revisions: OF, DK, ET. 
Final approval for publication: SP and WL. 
  
 
 
 
 
  
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


References 
 
1. Day ISCfWT. Thrombosis: a major contributor to the global disease burden. J Thromb Haemost. 

2014;12:1580-1590. doi: 10.1111/jth.12698 
2. Jackson SP. Arterial thrombosis--insidious, unpredictable and deadly. Nat Med. 2011;17:1423-

1436. doi: 10.1038/nm.2515 
3. Quach ME, Li R. Structure-function of platelet glycoprotein Ib-IX. J Thromb Haemost. 

2020;18:3131-3141. doi: 10.1111/jth.15035 
4. Lefkovits J, Plow EF, Topol EJ. Platelet glycoprotein IIb/IIIa receptors in cardiovascular 

medicine. N Engl J Med. 1995;332:1553-1559. doi: 10.1056/nejm199506083322306 
5. Ezumi Y, Shindoh K, Tsuji M, Takayama H. Physical and functional association of the Src 

family kinases Fyn and Lyn with the collagen receptor glycoprotein VI-Fc receptor gamma chain 
complex on human platelets. J Exp Med. 1998;188:267-276. doi: 10.1084/jem.188.2.267 

6. Furie BC, Furie B. Tissue factor pathway vs. collagen pathway for in vivo platelet activation. 
Blood Cells Mol Dis. 2006;36:135-138. doi: 10.1016/j.bcmd.2005.12.010 

7. Stegner D, Nieswandt B. Platelet receptor signaling in thrombus formation. J Mol Med (Berl). 
2011;89:109-121. doi: 10.1007/s00109-010-0691-5 

8. Joshi S, Whiteheart SW. The nuts and bolts of the platelet release reaction. Platelets. 
2017;28:129-137. doi: 10.1080/09537104.2016.1240768 

9. Estevez B, Du X. New Concepts and Mechanisms of Platelet Activation Signaling. Physiology 
(Bethesda). 2017;32:162-177. doi: 10.1152/physiol.00020.2016 

10. Smyth SS, Woulfe DS, Weitz JI, Gachet C, Conley PB, Goodman SG, Roe MT, Kuliopulos A, 
Moliterno DJ, French PA, et al. G-protein-coupled receptors as signaling targets for antiplatelet 
therapy. Atertio Thromb Vasc Biol. 2009;29:449-457. doi: 10.1161/ATVBAHA.108.176388 

11. Depta JP, Bhatt DL. New approaches to inhibiting platelets and coagulation. Annu Rev 
Pharmacol Toxicol. 2015;55:373-397. doi: 10.1146/annurev-pharmtox-010814-124438 

12. Franchi F, Angiolillo DJ. Novel antiplatelet agents in acute coronary syndrome. Nat Rev Cardiol. 
2015;12:30-47. doi: 10.1038/nrcardio.2014.156 

13. Desai NR, Bhatt DL. The state of periprocedural antiplatelet therapy after recent trials. JACC 
Cardiovasc Interv. 2010;3:571-583. doi: 10.1016/j.jcin.2010.04.008 

14. de Souza Brito F, Tricoci P. Novel anti-platelet agents: focus on thrombin receptor antagonists. J 
Cardiovasc Transl Res. 2013;6:415-424. doi: 10.1007/s12265-013-9454-3 

15. Huang ES, Strate LL, Ho WW, Lee SS, Chan AT. Long-term use of aspirin and the risk of 
gastrointestinal bleeding. Am J Med. 2011;124:426-433. doi: 10.1016/j.amjmed.2010.12.022 

16. Bhatia T, Cornelius F, Ipsen JH. Exploring the raft-hypothesis by probing planar bilayer patches 
of free-standing giant vesicles at nanoscale resolution, with and without Na,K-ATPase. 
Biochimica et biophysica acta. 2016;1858:3041-3049. doi: 10.1016/j.bbamem.2016.09.001 

17. Pavlovic D. The role of cardiotonic steroids in the pathogenesis of cardiomyopathy in chronic 
kidney disease. Nephron Clinical practice. 2014;128:11-21. doi: 10.1159/000363301 

18. Akimova OA, Tverskoi AM, Smolyaninova LV, Mongin AA, Lopina OD, La J, Dulin NO, Orlov 
SN. Critical role of the alpha1-Na(+), K(+)-ATPase subunit in insensitivity of rodent cells to 
cytotoxic action of ouabain. Apoptosis. 2015;20:1200-1210. doi: 10.1007/s10495-015-1144-y 

19. Tokhtaeva E, Clifford RJ, Kaplan JH, Sachs G, Vagin O. Subunit isoform selectivity in assembly 
of Na,K-ATPase α-β heterodimers. The Journal of biological chemistry. 2012;287:26115-26125. 
doi: 10.1074/jbc.M112.370734 

20. Burkhart JM, Vaudel M, Gambaryan S, Radau S, Walter U, Martens L, Geiger J, Sickmann A, 
Zahedi RP. The first comprehensive and quantitative analysis of human platelet protein 
composition allows the comparative analysis of structural and functional pathways. Blood. 
2012;120:e73-82. doi: 10.1182/blood-2012-04-416594 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


21. Wijten P, Holten Tv, Woo LL, Bleijerveld OB, Roest M, Heck AJR, Scholten A. High Precision 
Platelet Releasate Definition by Quantitative Reversed Protein Profiling—Brief Report. Atertio 
Thromb Vasc Biol. 2013;33:1635-1638. doi: doi:10.1161/ATVBAHA.113.301147 

22. Martínez-Botía P, Meinders M, De Cuyper IM, Eble JA, Semple JW, Gutiérrez L. Dissecting 
platelet proteomics to understand the pathophysiology of immune thrombocytopenia: studies in 
mouse models. Blood Advances. 2022;6:3529-3534. doi: 10.1182/bloodadvances.2021006438 

23. Lingrel JB. The physiological significance of the cardiotonic steroid/ouabain-binding site of the 
Na,K-ATPase. Annu Rev Physiol. 2010;72:395-412. doi: 10.1146/annurev-physiol-021909-
135725 

24. Pierre SV, Xie Z. The Na,K-ATPase receptor complex: its organization and membership. Cell 
Biochem Biophys. 2006;46:303-316.  

25. Yuan Z, Cai T, Tian J, Ivanov AV, Giovannucci DR, Xie Z. Na/K-ATPase tethers phospholipase 
C and IP3 receptor into a calcium-regulatory complex. Mol Biol Cell. 2005;16:4034-4045. doi: 
10.1091/mbc.e05-04-0295 

26. Finotti P. Differential involvement of membrane (Na-K)ATPase in thrombin- and trypsin-
mediated platelet activation. Thrombosis research. 1992;66:669-678.  

27. Blaustein MP, Gottlieb SS, Hamlyn JM, Leenen FHH. Whither digitalis? What we can still learn 
from cardiotonic steroids about heart failure and hypertension. Am J Physiol Heart Circ Physiol. 
2022;323:H1281-h1295. doi: 10.1152/ajpheart.00362.2022 

28. Prodouz KN, Poindexter BJ, Fratantoni JC. Ouabain affects platelet reactivity as measured in 
vitro. Thrombosis research. 1987;46:337-346.  

29. Tomasiak M, Stelmach H, Rusak T, Ciborowski M, Radziwon P. The involvement of Na+/K(+)-
ATPase in the development of platelet procoagulant response. Acta biochimica Polonica. 
2007;54:625-639.  

30. Marx G, Blankenfeld A, Panet R, Gorodetsky R. Model for the regulation of platelet volume and 
responsiveness by the trans-membrane Na+/K(+)-pump. J Cell Physiol. 1992;151:249-254. doi: 
10.1002/jcp.1041510205 

31. Chirinos JA, Castrellon A, Zambrano JP, Jimenez JJ, Jy W, Horstman LL, Willens HJ, 
Castellanos A, Myerburg RJ, Ahn YS. Digoxin use is associated with increased platelet and 
endothelial cell activation in patients with nonvalvular atrial fibrillation. Heart Rhythm. 
2005;2:525-529. doi: 10.1016/j.hrthm.2005.01.016 

32. Pastori D, Carnevale R, Nocella C, Bartimoccia S, Novo M, Cammisotto V, Piconese S, Santulli 
M, Vasaturo F, Violi F, et al. Digoxin and Platelet Activation in Patients With Atrial Fibrillation: 
In Vivo and In Vitro Study. J Am Heart Assoc. 2018;7:e009509. doi: 10.1161/jaha.118.009509 

33. Serebruany V, McKenzie M, Meister A, Fuzaylov S, Gurbel P, Atar D, Gattis W, O'Connor C. 
Whole blood impedance aggregometry for the assessment of platelet function in patients with 
congestive heart failure (EPCOT Trial). Eur J Heart Fail. 2002;4:461-467.  

34. Chu SG, Becker RC, Berger PB, Bhatt DL, Eikelboom JW, Konkle B, Mohler ER, Reilly MP, 
Berger JS. Mean platelet volume as a predictor of cardiovascular risk: a systematic review and 
meta-analysis. J Thromb Haemost. 2010;8:148-156. doi: 10.1111/j.1538-7836.2009.03584.x 

35. Moake JL, Ahmed K, Bachur NR, Gutfreund DE. Mg2+-dependent, (Na+ + K+)-stimulated 
ATPase of human platelets: Properties and inhibition by ADP. Biochim Biophys Acta. 
1970;211:337-344. doi: https://doi.org/10.1016/0005-2736(70)90106-9 

36. Borin M, Siffert W. Further characterization of the mechanisms mediating the rise in cytosolic 
free Na+ in thrombin-stimulated platelets. Evidence for inhibition of the Na+,K(+)-ATPase and 
for Na+ entry via a Ca2+ influx pathway. The Journal of biological chemistry. 1991;266:13153-
13160.  

37. James PF, Grupp IL, Grupp G, Woo AL, Askew GR, Croyle ML, Walsh RA, Lingrel JB. 
Identification of a specific role for the Na,K-ATPase alpha 2 isoform as a regulator of calcium in 
the heart. Mol Cell. 1999;3:555-563. doi: 10.1016/s1097-2765(00)80349-4 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


38. Li W, Gigante A, Perez-Perez MJ, Yue H, Hirano M, McIntyre TM, Silverstein RL. Thymidine 
phosphorylase participates in platelet signaling and promotes thrombosis. Circulation research. 
2014;115:997-1006. doi: 10.1161/CIRCRESAHA.115.304591 

39. Li W, Nieman, M., Sen Gupta, A. Ferric Chloride-induced Murine Thrombosis Models. J Vis Exp. 
2016;115:e54479. doi: doi:10.3791/54479 (2016). 

40. Li W, McIntyre T, Silverstein R. Ferric chloride-induced murine carotid arterial injury: a model 
of redox pathology. Redox Biology. 2013;1:50-55. doi:        
http://dx.doi.org/10.1016/j.redox.2012.11.001 

41. Robertson JO, Li W, Silverstein RL, Topol EJ, Smith JD. Deficiency of LRP8 in mice is 
associated with altered platelet function and prolonged time for in vivo thrombosis. Thromb Res. 
2009;123:644-652. doi: 10.1016/j.thromres.2008.07.003 

42. Belcher A, Zulfiker AHM, Li OQ, Yue H, Gupta AS, Li W. Targeting Thymidine Phosphorylase 
With Tipiracil Hydrochloride Attenuates Thrombosis Without Increasing Risk of Bleeding in 
Mice. Arteriosclerosis, thrombosis, and vascular biology. 2021;41:668-682. doi: 
10.1161/atvbaha.120.315109 

43. Roytenberg R, Yue H, DeHart A, Kim E, Bai F, Kim Y, Denning K, Kwei A, Zhang Q, Liu J, et 
al. Thymidine Phosphorylase Mediates SARS-CoV-2 Spike Protein Enhanced Thrombosis in 
K18-hACE2TG Mice. bioRxiv. 2024:2024.2002.2023.581661. doi: 10.1101/2024.02.23.581661 

44. Srikanthan S, Li W, Silverstein RL, McIntyre TM. Exosome poly-ubiquitin inhibits platelet 
activation, downregulates CD36 and inhibits pro-atherothombotic cellular functions. J Thromb 
Haemost. 2014;12:1906-1917. doi: 10.1111/jth.12712 

45. Gupta N, Li W, McIntyre TM. Deubiquitinases Modulate Platelet Proteome Ubiquitination, 
Aggregation, and Thrombosis. Arteriosclerosis, thrombosis, and vascular biology. 2015;35:2657-
2666. doi: 10.1161/ATVBAHA.115.306054 

46. Oweis S, Wu L, Kiela PR, Zhao H, Malhotra D, Ghishan FK, Xie Z, Shapiro JI, Liu J. Cardiac 
glycoside downregulates NHE3 activity and expression in LLC-PK1 cells. American Journal of 
Physiology-Renal Physiology. 2006;290:F997-F1008. doi: 10.1152/ajprenal.00322.2005 

47. Chen K, Febbraio M, Li W, Silverstein RL. A specific CD36-dependent signaling pathway is 
required for platelet activation by oxidized low-density lipoprotein. Circulation research. 
2008;102:1512-1519. doi: 10.1161/CIRCRESAHA.108.172064 

48. Khan A, Li D, Ibrahim S, Smyth E, Woulfe DS. The physical association of the P2Y12 receptor 
with PAR4 regulates arrestin-mediated Akt activation. Molecular pharmacology. 2014;86:1-11. 
doi: 10.1124/mol.114.091595 

49. Nie Y, Bai F, Chaudhry MA, Pratt R, Shapiro JI, Liu J. The Na/K-ATPase α1 and c-Src form 
signaling complex under native condition: A crosslinking approach. Sci Rep. 2020;10:6006. doi: 
10.1038/s41598-020-61920-4 

50. Carvalho DCM, Cavalcante-Silva LHA, Lima É A, Galvão J, Alves AKA, Feijó PRO, Quintas 
LEM, Rodrigues-Mascarenhas S. Marinobufagenin Inhibits Neutrophil Migration and 
Proinflammatory Cytokines. J Immunol Res. 2019;2019:1094520. doi: 10.1155/2019/1094520 

51. Li W, McIntyre TM, Silverstein RL. Ferric chloride-induced murine carotid arterial injury: A 
model of redox pathology. Redox Biol. 2013;1:50-55. doi: 10.1016/j.redox.2012.11.001 

52. Li W, Nieman M, Sen Gupta A. Ferric Chloride-induced Murine Thrombosis Models. J Vis Exp. 
2016. doi: 10.3791/54479 

53. Sang Y, Roest M, de Laat B, de Groot PG, Huskens D. Interplay between platelets and 
coagulation. Blood Rev. 2021;46:100733. doi: 10.1016/j.blre.2020.100733 

54. Mackman N, Tilley RE, Key NS. Role of the extrinsic pathway of blood coagulation in 
hemostasis and thrombosis. Arteriosclerosis, thrombosis, and vascular biology. 2007;27:1687-
1693. doi: 10.1161/atvbaha.107.141911 

55. Dai H, Song D, Xu J, Li B, Hertz L, Peng L. Ammonia-induced Na, K-ATPase/ouabain-mediated 
EGF receptor transactivation, MAPK/ERK and PI3K/AKT signaling and ROS formation cause 
astrocyte swelling. Neurochem Int. 2013;63:610-625.  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


56. Salmaso V, Jain S, Jacobson KA. Purinergic GPCR transmembrane residues involved in ligand 
recognition and dimerization. Methods Cell Biol. 2021;166:133-159. doi: 
10.1016/bs.mcb.2021.06.001 

57. Hah J, Goldinger JM, Jung CY. In situ assembly states of (Na+,K+)-pump ATPase in human 
erythrocytes. Radiation target size analyses. The Journal of biological chemistry. 
1985;260:14016-14019.  

58. Senis YA, Mazharian A, Mori J. Src family kinases: at the forefront of platelet activation. Blood. 
2014;124:2013-2024. doi: 10.1182/blood-2014-01-453134 

59. Laursen M, Gregersen JL, Yatime L, Nissen P, Fedosova NU. Structures and characterization of 
digoxin- and bufalin-bound Na+,K+-ATPase compared with the ouabain-bound complex. 
Proceedings of the National Academy of Sciences of the United States of America. 
2015;112:1755-1760. doi: 10.1073/pnas.1422997112 

60. Wansapura AN, Lasko V, Xie Z, Fedorova OV, Bagrov AY, Lingrel JB, Lorenz JN. 
Marinobufagenin enhances cardiac contractility in mice with ouabain-sensitive alpha1 Na+-K+-
ATPase. Am J Physiol Heart Circ Physiol. 2009;296:H1833-1839. doi: 
10.1152/ajpheart.00285.2009 

61. Blanco G. Na,K-ATPase subunit heterogeneity as a mechanism for tissue-specific ion regulation. 
Semin Nephrol. 2005;25:292-303. doi: 10.1016/j.semnephrol.2005.03.004 

62. Shandell MA, Capatina AL, Lawrence SM, Brackenbury WJ, Lagos D. Inhibition of the Na+/K+-
ATPase by cardiac glycosides suppresses expression of the IDO1 immune checkpoint in cancer 
cells by reducing STAT1 activation. Journal of Biological Chemistry. 2022;298:101707. doi: 
https://doi.org/10.1016/j.jbc.2022.101707 

63. Gahbauer S, Böckmann RA. Membrane-Mediated Oligomerization of G Protein Coupled 
Receptors and Its Implications for GPCR Function. Front Physiol. 2016;7. doi: 
10.3389/fphys.2016.00494 

64. Smith TH, Li JG, Dores MR, Trejo J. Protease-activated receptor-4 and purinergic receptor 
P2Y12 dimerize, co-internalize, and activate Akt signaling via endosomal recruitment of β-
arrestin. The Journal of biological chemistry. 2017;292:13867-13878. doi: 
10.1074/jbc.M117.782359 

65. Dellafiora L, Paolella S, Dall’Asta C, Dossena A, Cozzini P, Galaverna G. Hybrid in Silico/in 
Vitro Approach for the Identification of Angiotensin I Converting Enzyme Inhibitory Peptides 
from Parma Dry-Cured Ham. J Agric Food Chem. 2015;63:6366-6375. doi: 
10.1021/acs.jafc.5b02303 

66. Martínez-Sánchez SM, Minguela A, Prieto-Merino D, Zafrilla-Rentero MP, Abellán-Alemán J, 
Montoro-García S. The Effect of Regular Intake of Dry-Cured Ham Rich in Bioactive Peptides 
on Inflammation, Platelet and Monocyte Activation Markers in Humans. Nutrients. 2017;9. doi: 
10.3390/nu9040321 

67. Dergousova EA, Poluektov YM, Klimanova EA, Petrushanko IY, Mitkevich VA, Makarov AA, 
Lopina OD. Glutathionylation of Na,K-ATPase Alpha-Subunit Alters Enzyme Conformation and 
Sensitivity to Trypsinolysis. Biochemistry Biokhimiia. 2018;83:969-981. doi: 
10.1134/S0006297918080084 

68. Bova S, Blaustein MP, Ludens JH, Harris DW, DuCharme DW, Hamlyn JM. Effects of an 
endogenous ouabainlike compound on heart and aorta. Hypertension. 1991;17:944-950. doi: 
10.1161/01.hyp.17.6.944 

69. Hamlyn JM, Blaustein MP, Bova S, DuCharme DW, Harris DW, Mandel F, Mathews WR, 
Ludens JH. Identification and characterization of a ouabain-like compound from human plasma. 
Proceedings of the National Academy of Sciences of the United States of America. 1991;88:6259-
6263. doi: 10.1073/pnas.88.14.6259 

70. Baecher S, Kroiss M, Fassnacht M, Vogeser M. No endogenous ouabain is detectable in human 
plasma by ultra-sensitive UPLC-MS/MS. Clinica chimica acta; international journal of clinical 
chemistry. 2014;431:87-92. doi: 10.1016/j.cca.2014.01.038 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


71. Song H, Karashima E, Hamlyn JM, Blaustein MP. Ouabain-digoxin antagonism in rat arteries 
and neurones. J Physiol. 2014;592:941-969. doi: 10.1113/jphysiol.2013.266866 

72. Cheval L, Doucet A. Measurement of Na-K-ATPase-mediated rubidium influx in single segments 
of rat nephron. Am J Physiol. 1990;259:F111-121. doi: 10.1152/ajprenal.1990.259.1.F111 

73. El Mernissi G, Doucet A. Quantitation of [3H]ouabain binding and turnover of Na-K-ATPase 
along the rabbit nephron. Am J Physiol. 1984;247:F158-167. doi: 
10.1152/ajprenal.1984.247.1.F158 

 
 
 
 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 15, 2024. ; https://doi.org/10.1101/2024.05.13.593923doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.13.593923
http://creativecommons.org/licenses/by-nc-nd/4.0/


Table 1. List of primers for amplifying the genes targeted. 

Targeting gene Cloning 
vector Forward primer Reverse primer 

Mouse ATP1A1 pCDNA6B 
AGTAAGCTTTCAGATCCAAGTTTGTAC 
(HindIII) 

GTAGATATCCAAGAAAGCTGGGTCTA 
(EcoRV) 

mATP1A1/LGI>
SFT_mutation 

pCDNA6B 
TTTCACCTGTCCTTCACTCGAGAGACCTGGG
ATGAC 

GTCTCTCGAGTGAAGGACAGGTGAAAGGGC
AGG AAAC 

Mouse P2Y12 
pCDNA6B/Hi

s 
TCCTTAAGCTTCAGCAGAACCAGGACCATG
GAT (HindIII) 

TAATGAATTCAGCATTGGGGTCTCTTCGCTT
G (EcoRI) 

mP2Y12-
His(LGL>SFT 

mutation) 
 

pCDNA6B/Hi
s 

ATATCGTTCTCCTTCACTATAACCATTGACC
GCTACCTG 

GGTCAATGGTTATAGTGAAGGAGAACGATA
TACTGATATACATTG 

.
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C
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-N
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Figure legends 
 
Fig. 1. Alpha1 haplodeficiency attenuates arterial thrombosis in male mice without affecting 
hemostasis. A. Representative video images: Thrombus formation in the carotid artery was induced by 
7.5% FeCl3. Platelets were labeled via direct intravenous injection of Rhodamine 6G solution in saline. B. 
Accumulated data: Time to occlusive thrombus formation after 7.5% FeCl3 injury was assessed. C. Tail 
bleeding assay was conducted by truncating the tail 1 cm from the tip. D. Thrombus formation in the 
carotid artery was induced by 10% FeCl3 treatment in male mice. The logrank (Mantel-Cox) test was used 
for the statistical analyses in panels B, C, and D. 
 
Fig. 2. Platelet  α1 is essential for normal platelet function and thrombosis. A. Platelets isolated from 
male α1+/- and α1+/+ mice were used for western blot assay of α1 expression. B. Intracellular sodium 
concentration was assessed in platelets isolated from male α1+/- and α1+/+ mice. C. Male WT mice were 
lethally irradiated with X-RAD320 at a dose of 11 Gy. Five days later, these mice were infused with 
platelets isolated from the male α1+/- and α1+/+ mice via jugular vein injection, and then thrombosis was 
initiated using 7.5% FeCl3 injury 10 min later. 
 
Fig. 3. Alpha1 haplodeficiency inhibits ADP-induced platelet aggregation in vitro. A. Whole blood 
drawn from a1+/+ and a1+/- mice was labeled with Rhodamin 6G (50 µg/mL), repleted with CaCl2/MgCl2 
at a final concentration of 1 mM, and then perfused through the collagen (100 µg/mL)-coated Cellix flow 
chamber at a shear of 60 Dyn/cm² for 3 minutes. The chambers were washed with PBS and then images 
were taken at predesignated marker positions. Fluorescence areas, representing areas covered by platelets, 
were quantified by ImageJ and were analyzed with a Student’s t-test. B & C. Whole blood was drawn 
from a1+/+ and a1+/- mice using 0.109 M sodium citrate as an anticoagulant, and platelet-rich plasma 
(PRP) was prepared by centrifugation. The PRP was repleted with CaCl2/MgCl2 at a final concentration 
of 1 mM, and then collagen- and CRP-induced (B) as well as ADP (2.5 µM)-induced platelet aggregation 
(C) assay was conducted. Student’s t-test was used. 
 
Fig. 4. Alpha 1 haplodeficiency inhibits ADP-induced AKT activation in platelets, which may be 
mediated by the direct binding to P2Y12. A. α1+/- and α1+/+ platelets in PRP were pooled from five 
mice from the same strain, and platelet concentration was adjusted to 2.5E+08/mL with PPP. The PRP 
was divided into 4 equal parts, repleted with MgCl2/CaCl2 to a final concentration of 1 mM, and then 
treated with 2.5 µM ADP for the indicated periods with rotation. The reaction was stopped by adding an 
EDTA/PGE1 cocktail containing 500 ng/mL PGE1 and 2 mM EDTA. Platelets were pelleted by a quick 
spin at 13,000 rpm for 15 seconds, lysed in RIPA buffer, and used for western blot assay of AKT 
activation. GAPDH was blotted as a loading control. The blot represents two repeats. B. WT platelets 
pooled from 6 mice were lysed and used for IP of NKA α1 (with ab2872 antibody, 2 µg antibody/1 mg 
total protein), and then IB for P2Y12 was conducted. IP was also conducted with #1 WT sample pool  
with normal mouse IgG (2 µg normal IgG/1 mg total protein) as control. C. Platelet lysates prepared from 
α1+/- and α1+/+ mice were subjected to the Blue-Native PAGE assay. The membrane was blotted for α1 
first, stripped, and re-blotted for P2Y12. The image represents two repeats. D. COS-7 cells were 
transiently transfected with P2Y12-tango plasmid (p-hP2Y12, addgene, #66471), or pEYFP-N1-A2BR 
(p-hA2BR, addgene, #37202) for 36 h and then cell lysates were used for IP α1 (with ab2872) and 
immunoblotted for P2Y12. The membrane was stripped and re-blotted for α1 and A2BR (no band was 
detected in the IP and data was not shown). 
 
Fig. 5. Leucine-Glycine-Leucine (LGL) motif mediates the binding of NKA α1 and certain platelet 
GPCRs. A. COS-7 cells were transiently transfected with plasmids encoding mouse NKA α1 and WT or 
LGL>SFT mutated mouse P2Y12 for 36 hours and then cells were lysed and used for the IP-IB assay. B 
& C. Human platelet lysates prepared from two individuals were used for IP of α1 (with ab2872) and then 
IB for PAR4 and TP. The membranes were stripped and reblotted for α1 (ab76020). HRP-conjugated 
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anti-rabbit IgG light chain antibody was used for the detection of PAR4, TP, and α1 (middle blot) signals. 
Due to the weak signal of α1 in the IP, the membranes were re-blotted using the HRP-conjugated anti-
rabbit whole IgG, and then the α1 signal was visualized by DAB staining. D. COS-7 cells were transiently 
transfected with plasmids encoding human P2Y12 for 24 hours. The cells were then treated with LGL at 
the indicated concentrations for an additional 16 hours. Cells were lysed and used for the co-IP assay. 
GAPDH was blotted for loading control of input. E. COS-7 cells were transiently transfected with 
plasmids encoding mouse α1 and P2Y12, either WT or LGL(LGI)>SFT mutated genes, in different 
combinations and then cells were lysed and used for the IP-IB assay. Two dishes of cells transfected with 
mouse WT α1 and P2Y12 were treated with 100 µM Ouabain or 2 µM Digoxin, respectively, for 1 hour 
before being harvested for IP-IB assay. SB indicates sample buffer only was loaded in the corresponding 
lane. 
 
Fig. 6. Therapeutic dose of digoxin (Di.) enhanced α1 and P2Y12 dimerization but inhibited the 
activity of Src Family kinases (SFKs). Whole blood was drawn from healthy donors (Cont.), heart 
failure (HF) patients, or HF patients receiving therapeutic doses of digoxin (HF+Di.) and platelets were 
isolated by centrifugation. A. Platelet-rich-plasma was prepared and used for aggregation assay induced 
by 10 µM ADP. B & C. Platelets were washed two times with sodium citrate/saline solution (1:9 ratio) in 
the presence of 100 ng/mL PGE1 and then lysed in RIPA buffer. The sample concentration was adjusted 
to 2 µg/µL with RIPA buffer. Samples were mixed with an equal volume of 2X Laemmli sample buffer in 
the presence (B) or absence (C) of 2-mercaptoethanol and incubated at 37 °C for 30 min. Forty 
micrograms of total proteins were used for the western blot assay of the proteins indicated. O: Oligomer; 
D: Dimer; M: monomer. D. Samples used in B were used for western blot assay of SFK activity, detected 
by phosphor-Src antibody. The membrane was stripped and reblotted with anti-total Src antibody as 
loading control.  
 
Fig. 7. Alpha1 haplodeficiency lowers the effective dose of clopidogrel needed to inhibit thrombosis 
and low-dose CTS inhibits thrombosis in mice and dose-dependently attenuates ADP-induced 
human platelet aggregation. A. α1+/- and α1+/+ mice were gavage-fed clopidogrel at a dose of 0.5 and 1 
mg/kg for one week and then subjected to the 10% FeCl3-injury induced thrombosis model. B. WT mice 
were treated with ouabain (100 µg/kg) or MBG (100 µg/kg), by bolus intraperitoneal injection, and then 
subjected to the in vivo thrombosis study 18 h later. C. Human PRP was pre-treated with ouabain in the 
indicated concentrations for 5 min, and then aggregation was initiated with 2.5 µM ADP. The logrank test 
was used for the statistical analyses in panels A and B. 
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