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Estrogen
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Methods

• Thrombelastography

• Whole blood thrombin generation

• Fibrin cross-linking

• Fluorescent fibrinogen density measurements

• Microfluidics modeling

Estrogen
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Results: thrombelastography

• In vitro, estradiol:
• Shortens time to clot formation (reaction 

time)

• Increases clot strength (MA)

• Decreases fibrinolysis (LY30)

• Increases functional fibrinogen (FLEV)

• Increases platelet reactivity (ADP- and 
AA-provoked aggregation)

Estradiol
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Results: thrombin generation

• Estradiol increases TG in females
• Estradiol increased peak thrombin from 84.2 nM to 94.6 nM (p=0.03) in 

females, whereas it had no effect in males
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Results
Credits: Kirk Hansen, Lauren 
Schmidt

+ estradiol
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Results

• Estradiol:

• Increases abundance of FXIII 
cross-links within fibrin chains in 
females
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Credits: Kirk Hansen, Lauren 
Schmidt
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Results

• Added estradiol to plasma from healthy volunteers

• Monitored polymerization of fluorescent fibrinogen and response to 
plasmin under video confocal microscopy
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Credits: Kalev Freeman
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Results

• Fiber resolvability significantly increased with estradiol concentration, 
signifying more highly structured and distinct fibrin fibers 

Credits: Kalev Freeman

Control Estradiol (300 pg/mL)
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Effect of estradiol on platelets persists under flow conditions

• Apheresis platelets -> activation by collagen, 

tissue thromboplastin, calcium, and wall shear 

stress
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Results

• Estradiol shortens time to occlusion and increases peak pressure of 
occlusion under flow conditions

Unpublished data
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Summary

• Thrombelastography – provoked hypercoagulability

• Whole blood thrombin generation – increased peak thrombin

• Fibrin cross-linking – increased abundance of FXIII cross-links 
within fibrin chains 

• Fluorescent fibrinogen density measurements – increased clot 
density

• Microfluidics modeling – shortened time to occlusion and increases 
peak pressure

Estrogen
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Mechanism for sex dimorphisms in coagulation?



19 ©T H E  O H I O  S TATE  U N I V E R S I TY  C O LL E G E  O F  M E D I C I N E  
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Hypothesis

• Platelets from females have increased response to stimuli 
compared to platelets from males
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Methods

• Apheresis platelets, healthy volunteers (n=53)

• Females: 

• premenopausal (≤54 yo)

• post menopausal (>54 yo)

• Males: 

• younger (≤54 yo)

• older (>54 yo)

• ADP stimulation -> aggregation and 

flow cytometry (CD41/61)
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Results
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Hypothesis

• Estradiol increases platelet response to stimuli
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Results
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Summary

• Cellular response:

• Platelets from females:

• Increased extent shape change 
and activation with ADP as 
compared to males

• Hormonal effect:

• Estradiol treatment -> “feminized” 
the male platelet response to ADP
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Unpublished data

M: 25.6% (25.1-26.2) versus F: 91.5% (60.0-92.5), p=0.001
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Effects of P2Y1 versus P2Y12 inhibition

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

69.0 (54.3-
73.7)

1.0 (0.3-1.7) <0.0001

AUC 398 (386.3-
427.1)

4.5 (2.5-3.6) 0.0008

MALE PLATELETS

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

72.0 (57.3-
86.7)

11.0 (8.5-
13.7)

<0.0001

AUC 407.1 (368.2-
409.8)

42.6 (32.7-
45.1)

0.0008

FEMALE PLATELETS

Unpublished data
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Effects of P2Y1 versus P2Y12 inhibition

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

69.0 (54.3-
73.7)

1.0 (0.3-1.7) <0.0001

AUC 398 (386.3-
427.1)

4.5 (2.5-3.6) 0.0008

MALE PLATELETS

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

72.0 (57.3-
86.7)

11.0 (8.5-
13.7)

<0.0001

AUC 407.1 (368.2-
409.8)

42.6 (32.7-
45.1)

0.0008

FEMALE PLATELETS

Unpublished data
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Effects of P2Y1 versus P2Y12 inhibition

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

69.0 (54.3-
73.7)

1.0 (0.3-1.7) <0.0001

AUC 398 (386.3-
427.1)

4.5 (2.5-3.6) 0.0008

MALE PLATELETS

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

72.0 (57.3-
86.7)

11.0 (8.5-
13.7)

<0.0001

AUC 407.1 (368.2-
409.8)

42.6 (32.7-
45.1)

0.0008

FEMALE PLATELETS

Unpublished data
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Effects of P2Y1 versus P2Y12 inhibition

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

69.0 (54.3-
73.7)

1.0 (0.3-1.7) <0.0001

AUC 398 (386.3-
427.1)

4.5 (2.5-3.6) 0.0008

ADP ADP + P2Y12 
inhibitor

P value

Aggregation 
(%)

64.2 (59.3-
69.1)

0.5 (0.1-1.2) <0.0001

AUC 276.6 (236-
302.0)

0.4 (0.2-0.9) 0.01

MALE PLATELETS

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

72.0 (57.3-
86.7)

11.0 (8.5-
13.7)

<0.0001

AUC 407.1 (368.2-
409.8)

42.6 (32.7-
45.1)

0.0008

ADP ADP + P2Y12 
inhibitor

P value

Aggregation 
(%)

67.0 (47.8-
86.2)

21.6 (15.2-
32.0)

0.02

AUC 306.0 (284-
325.4)

71.0 (55.2-
90.0)

0.01

FEMALE PLATELETS

Unpublished data
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Effects of P2Y1 versus P2Y12 inhibition

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

69.0 (54.3-
73.7)

1.0 (0.3-1.7) <0.0001

AUC 398 (386.3-
427.1)

4.5 (2.5-3.6) 0.0008

ADP ADP + P2Y12 
inhibitor

P value

Aggregation 
(%)

64.2 (59.3-
69.1)

0.5 (0.1-1.2) <0.0001

AUC 276.6 (236-
302.0)

0.4 (0.2-0.9) 0.01

MALE PLATELETS

ADP ADP + P2Y1 
inhibitor

P value

Aggregation 
(%)

72.0 (57.3-
86.7)

11.0 (8.5-
13.7)

<0.0001

AUC 407.1 (368.2-
409.8)

42.6 (32.7-
45.1)

0.0008

ADP ADP + P2Y12 
inhibitor

P value

Aggregation 
(%)

67.0 (47.8-
86.2)

21.6 (15.2-
32.0)

0.02

AUC 306.0 (284-
325.4)

71.0 (55.2-
90.0)

0.01

FEMALE PLATELETS

Aggregation after isolated P2Y1 and P2Y12 receptor agonism is higher in 
females

Unpublished data



37 ©T H E  O H I O  S TATE  U N I V E R S I TY  C O LL E G E  O F  M E D I C I N E  

Interpretation of respective P2Y inhibition

• Aggregation after isolated P2Y1 and P2Y12 receptor agonism is higher 
in females

• Female platelets are more resistant to P2Y1 and P2Y12 inhibition

• Female platelets have greater aggregation with P2Y1 (versus P2Y1) 
agonism
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Summary

• Cellular response:

• Platelets from females:

• Increased extent shape change 
and activation with ADP 

• Platelets from males:

• Increased activation with platelet-
activating factor

• Hormonal effect:

• Estradiol treatment -> “feminized” 
the platelet from males response
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Mechanism? Estrogen
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Background

• Though anucleate cells, platelets are rich in RNA

• Nongenomic effects of estradiol
• Evidence to suggest estradiol can change RNA translation in platelets
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Methods

• Proteomics

+ estradiol

Credits: Kirk Hansen, Lauren 
Schmidt
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Results

• 411 proteins affected by estradiol!

• Estradiol associated with increases 
in several procoagulant and 
antifibrinolytic proteins, including:

• Alpha-1 antitrypsin

• Fibrinogen alpha chain

• Myosin-0

• Complement components

• Apo-lipoprotein A

• Coagulation factor IX

• Multiple platelet glycoproteins

• Genomic effect of estrogen? 
Nongenomic effect?

Credits: Kirk Hansen, Lauren 
Schmidt
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Hypothesis

• There are sex dimorphisms in platelet RNA profiles, conferring 
differential function and calcium signaling  



44 ©T H E  O H I O  S TATE  U N I V E R S I TY  C O LL E G E  O F  M E D I C I N E  

Methods

• Apheresis platelets were collected from healthy volunteers

• Fresh platelets were processed for RNA sequencing using Qiagen 
RNeasy miniprep kit and sequenced on the Illumina HiSeq2000 
platform 

Credits: Ken Jones
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Results

• 27 healthy volunteers (11 males, 16 
females)

• Differences by sex in RNA 
sequences related to calcium 
signaling

Best1 RNA: encodes proteins 
promoting intracellular calcium flux

• 1.38-fold higher in females 
versus males (225.32 versus 
162.92, p=0.01)

Unpublished data
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Results

• 27 healthy volunteers (11 males, 16 
females)

• Differences by sex in RNA 
sequences related to calcium 
signaling

TREM1 RNA: encodes proteins that 
propagate platelet activation by 
enhancing calcium signaling

• 1.77-fold higher in females 
versus males (26.43 versus 
14.91, p=0.007)

Unpublished data



47 ©T H E  O H I O  S TATE  U N I V E R S I TY  C O LL E G E  O F  M E D I C I N E  

TREM1

• Triggering receptor expressed on 
myeloid cells (TREM) protein family

• TREM1 expressed in 
megakaryocytes and packaged into 
platelet alpha granules

• Platelet activation

• Binds fibrinogen

• Cell adhesion and migration
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Summary

• Sex dimorphisms exist in platelets, 
which are driven mechanistically by 
P2Y1 and P2Y12 receptor biology 
and distinct RNA and protein 
profiles

• Can be affected by estradiol (through 
nongenomic action?)

• Common pathway: src kinase
Gq
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Clinical translation

• Do these data support sex-specific transfusion practices?
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• Multicenter, double-blind RCT of patients undergoing RBC 
transfusion

• 8719 patients randomized to receive RBCs from males or females, 
only 42% on surgical services

• No significant difference in survival between transfusions from 
female or male donors
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• Prospective study of 229 severely injured trauma patients admitted to the ICU 
and high risk for post-injury MOF at level-1 trauma center in Australia 

• Role of blood donor demographics on transfusion recipients via log-linear 
analysis

• Donor-recipient sex mismatched red blood cell transfusions were more likely 
to be associated with MOF 

• Fresh frozen plasma and cryoprecipitate recipients were more likely to 
experience MOF when transfused with a male (vs female) component
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Hypothesis

• Blood products from female donors have increased hemostatic potential in an 
in vitro model of dilutional coagulopathy



54 ©T H E  O H I O  S TATE  U N I V E R S I TY  C O LL E G E  O F  M E D I C I N E  

Methods

• Whole blood “recipients”, sex-specific 
donors (platelets, FBN)

• Sex concordant and discordant donors-
recipients

• Dilutional coagulopathy model
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Sex concordant-discordant “transfusion” pairs

• Female platelets:
• More hypercoagulable effect (greater decrease 

in r time [-8% vs 0%, p=0.02] than male platelets 
in male recipients)

• Female FBN:
• More hypercoagulable effect (greater decrease 

in R [-9% vs -5%, p<0.05] than male FBN in 
male recipients, greater increase in angle in 
male recipients [23% vs. 14%, p=0.04] and F 
recipients [28% vs 20%, p=0.04])
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Female fibrinogen compositional analysis

• Females have a stronger 
association between total 
and active fibrinogen than 
males

Credits: Kirk Hansen, 
Margot Debot
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Conclusions

• Female and male coagulation is not the 
same

• Partially mediated by intrinsic 
differences in thrombin biology, 
fibrinogen and fibrinolysis, clot 
structure formation, platelet biology

• Partially mediated by estrogen

• Implications for future practice:

• Therapeutic sex-specific selection of 
blood products?

• Role for therapeutic hormones?

?
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Sex hormones as therapeutic adjuncts
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“Primed” platelets??

ESTROGEN

PLATELET PLATELET
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Estrogen dose response curve (incubation time 15 min)
Control 100 nM estradiol 1 uM estradiol 10 uM estradiol P value

Agg (%) 41.5 (29.3-56.0) 42.5 (29.4-63.6) 48.0 (30.2-67.6) 51.2 (27.6-50.2) 0.41

AUC 186.2 (127.6-
290.3)

184.7 (105.6-
245.1)

208.2 (107.8-
265.3)

213.4 (126.1-
261.1)

0.81

Increased aggregation? (p=NS)

Unpublished data
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Estrogen dose-time response curve
Control 100 nM estradiol 1 uM estradiol 10 uM estradiol P value

Agg (%) 41.5 (29.3-56.0) 42.5 (29.4-63.6) 48.0 (30.2-67.6) 51.2 (27.6-50.2) 0.41

AUC 186.2 (127.6-
290.3)

184.7 (105.6-
245.1)

208.2 (107.8-
265.3)

213.4 (126.1-
261.1)

0.81

100 nM estradiol Control 15 minutes 1 hour 2 hours P value

Agg (%) 32.0 (29.0-35.0) 32.0 (29.0-35.0) 40.0 (37.5-42.5) 36.2 (35.0-37.5) 0.004

AUC 135.4 (128.8-
142.0)

109.4 (96.7-122.0) 176.8 (149.3-
204.2)

152.9 (138.7-
167.0)

0.06

Unpublished data
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Estrogen dose-time response curve
Control 100 nM estradiol 1 uM estradiol 10 uM estradiol P value

Agg (%) 41.5 (29.3-56.0) 42.5 (29.4-63.6) 48.0 (30.2-67.6) 51.2 (27.6-50.2) 0.41

AUC 186.2 (127.6-
290.3)

184.7 (105.6-
245.1)

208.2 (107.8-
265.3)

213.4 (126.1-
261.1)

0.81

100 nM estradiol Control 15 minutes 1 hour 2 hours P value

Agg (%) 32.0 (29.0-35.0) 32.0 (29.0-35.0) 40.0 (37.5-42.5) 36.2 (35.0-37.5) 0.004

AUC 135.4 (128.8-
142.0)

109.4 (96.7-122.0) 176.8 (149.3-
204.2)

152.9 (138.7-
167.0)

0.06

1 uM estradiol Control 15 minutes 1 hour 2 hours P value

Agg (%) 32.0 (29.0-25.0) 33.0 (29.5-36.5) 43.2 (36.5-50.0) 38.7 (35.0-42.5) 0.01

AUC 135.4 (128.8-
142.0)

135.8 (126.1-
145.5)

200.1 (148.6-
251.6)

185.6 (145.3-
225.8)

0.13

Unpublished data



64 ©T H E  O H I O  S TATE  U N I V E R S I TY  C O LL E G E  O F  M E D I C I N E  

Estrogen dose-time response curve: 10 uM, 1 hour!
Control 100 nM estradiol 1 uM estradiol 10 uM estradiol P value

Agg (%) 41.5 (29.3-56.0) 42.5 (29.4-63.6) 48.0 (30.2-67.6) 51.2 (27.6-50.2) 0.41

AUC 186.2 (127.6-
290.3)

184.7 (105.6-
245.1)

208.2 (107.8-
265.3)

213.4 (126.1-
261.1)

0.81

100 nM estradiol Control 15 minutes 1 hour 2 hours P value

Agg (%) 32.0 (29.0-35.0) 32.0 (29.0-35.0) 40.0 (37.5-42.5) 36.2 (35.0-37.5) 0.004

AUC 135.4 (128.8-
142.0)

109.4 (96.7-122.0) 176.8 (149.3-
204.2)

152.9 (138.7-
167.0)

0.06

1 uM estradiol Control 15 minutes 1 hour 2 hours P value

Agg (%) 32.0 (29.0-25.0) 33.0 (29.5-36.5) 43.2 (36.5-50.0) 38.7 (35.0-42.5) 0.01

AUC 135.4 (128.8-
142.0)

135.8 (126.1-
145.5)

200.1 (148.6-
251.6)

185.6 (145.3-
225.8)

0.13

10 uM estradiol Control 15 minutes 1 hour 2 hours P value

Agg (%) 32.0 (29.0-35.0) 36.5 (33.5-39.5) 44.0 (39.0-45.0) 45.2 (38.0-52.5) 0.01

AUC 135.4 (128.8-
142.0)

140.8 (135.8-
145.8)

243.2 (169.1-
317.2)

218.5 (170.9-
266.1)

0.08

Unpublished data
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What about platelet longevity?

PLATELET PLATELET

ESTROGEN
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Shelf life: storage lesions
Shrivastava, Transfusion and Apheresis Science, 2009
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Shelf life: preserved aggregation in female platelets

Agg Day 2 Day 3* Day 4* Day 5

Males 45.0 (34.0-68.5) 28.0 (21.0-35.0) 29.0 (28.0-31.0) 29.5 (24.0-80.0)

Females 47.0 (38.9-52.0) 46.5 (41.0-52.0) 42.5 (37.0-48.0) 57.0 (46.0-68.0)

AUC Day 2 Day 3* Day 4 Day 5*

Males 204.4 (140.5-
358.2)

142.0 (85.3-146.4) 146.4 (128.8-
237.1)

123.8 (117.0-
203.6)

Females 226.7 (163.0-
290.3)

244.4 (198.5-
290.3)

179.3 (128.1-
230.4)

255.6 (245.4-
275.8)

*p=0.001

*p=0.001

*p=0.001

*p=0.001

Unpublished data
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Unpublished data
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Shelf life: preserved aggregation in female platelets

Agg Day 2 Day 3* Day 4* Day 5
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Females 226.7 (163.0-
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244.4 (198.5-
290.3)

179.3 (128.1-
230.4)

255.6 (245.4-
275.8)

*p=0.001

*p=0.001

*p=0.001

*p=0.001

Unpublished data
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Shelf life: increased storage lesion accumulation in 
male platelets

P-selectin (CD62p) Day 2 Day 3* Day 4* Day 5

Males 44.9 (41.8-48.0) 55.1 (47.3-62.9) 63.3 (52.2-74.4) 74.8 (66.6-83.1)

Females 52.2 (47.3-73.5) 31.8 (18.1-46.7) 32.4 (13.4-50.0) 26.5 (20.8-53.0)

*p=0.01 *p=0.01 *p=0.001

Unpublished data
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Blood shortage crises 

• Every 2 seconds, someone in the US needs a blood transfusion

• Only 3% of eligible US population donate blood per year
• Globally 33% of blood donations are given by women

• 2.2 million platelet transfusions are performed annually
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Blood shortage crises 
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If female platelets are better and for longer, is estradiol 
the answer to platelet shortage crises???
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Conclusions
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Src kinase

• SFKs: contribute to signaling via G 
protein–coupled receptors (PAR-1 
and PAR-4, P2Y) that synergize 
with primary activation signals to 
maximally activate platelets

• SFKs also initiate inhibitory pathways ITIM–containing receptors, 

lipid and protein-tyrosine phosphatases that attenuate platelet 

activation, limiting thrombus size
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Src kinase

• Src kinase inhibition (PPI) decreases platelet aggregation

Control PPI P value

Aggregation (%) 58.0 (50-68.5) 16.0 (5.0-39.0) 0.001

AUC 321.1 (225.0-358.2) 82.0 (54.1-139.0) 0.001
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Src kinase

• Src kinase inhibition (PPI) decreases platelet aggregation

Control PPI P value

Aggregation (%) 58.0 (50-68.5) 16.0 (5.0-39.0) 0.001

AUC 321.1 (225.0-358.2) 82.0 (54.1-139.0) 0.001

MALES

Aggregation (%) 54.0 (50.0-58.0) 22.0 (5.0-39.0) 0.003

AUC 273.1 (225.0-321.1) 110.5 (82.0-139.0) <0.0001
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Src kinase

• Src kinase inhibition (PPI) decreases platelet aggregation in sex-
specific manner?

Control PPI P value

Aggregation (%) 58.0 (50-68.5) 16.0 (5.0-39.0) 0.001

AUC 321.1 (225.0-358.2) 82.0 (54.1-139.0) 0.001

MALES

Aggregation (%) 54.0 (50.0-58.0) 22.0 (5.0-39.0) 0.003

AUC 273.1 (225.0-321.1) 110.5 (82.0-139.0) <0.0001

FEMALES

Aggregation (%) 71.5 (58.0-85.0) 34.5 (30.0-39.0) 0.04

AUC 276.1 (231.0-321.1) 166.0 (139.0-193.0) 0.07
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