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ex dimorphisms in coagulation are well established, with female-specific hypercoagulability conferring a survival benefit in the setting of
trauma-induced coagulopathy (TIC). The mechanism behind these phenomena remains to be elucidated. We hypothesize that estradiol pro-
vokes a hypercoagulable profile and alters clot proteomics and fibrin crosslinking.
METHODS: W
hole blood was collected from healthy adult volunteers (n = 30). A battery of thrombelastography (TEG) assays (native, kaolin, platelet-
mapping, functional fibrinogen), whole blood thrombin generation, proteomics, and clot structure architecture (via analysis of fibrin
crosslinks and fluorescent fibrinogen-visualized clots) were performed after pre-treatment of the blood with physiologic concentrations
of beta-estradiol. In addition, a prospective study of coagulation through the menstrual cycle was conducted by collecting blood from
women on peak and nadir estrogen days in the standard 28-day menstrual cycle.
RESULTS: O
n TEG, in females, estradiol provoked a hypercoagulable phenotype, specifically a shorter time to clot formation and greater thrombin
generation, greater rate of clot propagation and functional fibrinogen, higher clot strength, and diminished clot fibrinolysis. In both males
and females, estradiol increased platelet hyperactivity. Similar changes were seen in time to clot formation and clot strength in vivo during
peak estrus of the menstrual cycle. On proteomic analysis, in both males and females, estradiol was associated with increases in abundance
of several procoagulant and antifibrinolytic proteins. Crosslinking mass spectrometry analysis showed addition of estradiol increased the
abundance of several FXIII crosslinks within the FIBA alpha chain in both sexes. Fluorescent fibrinogen analysis revealed a trend toward
increased fiber resolvability index after addition of estradiol.
CONCLUSION: E
stradiol provokes a hypercoagulable phenotype, affecting time to clot formation, clot propagation, clot strength, clot fibrinolysis, and clot
structure. In sum, these data highlight the role of estradiol is driving female-specific hypercoagulability and highlights its potential role as a
therapeutic adjunct in resuscitation of TIC. (J Trauma Acute Care Surg. 2023;94: 179–186. Copyright © 2022 American Association for
the Surgery of Trauma.)
KEYWORDS: T
rauma-induced coagulopathy; sex dimorphisms; hypercoagulability; estrogen.
S with females demonstrating a relative hypercoagulability in the cellular biology, with platelets demonstrating a sex-specific

ex dimorphisms in coagulation have long been established,

compared with their male counterparts.1–3 This manifests as a
more rapid clot formation, a greater rate of clot propagation,
increased functional fibrinogen, increased clot strength, and
decreased clot breakdown.4 This sex-specific hypercoagula-
bility translates to clinical significance, with female sex con-
ferring a survival benefit in the setting of trauma-induced
coagulopathy (TIC) after severe injury.5 The mechanism driving
these dimorphisms and population-level observation of a survival
benefit has yet to be elucidated.

Comparative thrombelastographic analysis by sex reveals
dimorphisms in several aspects of hemostatic capacity and fibri-
nolysis; specifically, at baseline, females have shorter time to
clot formation, greater rate of clot development, increased clot
strength, higher functional fibrinogen, and more activatable
platelets than their male counterparts.4 Given the multifaceted
dimorphisms in coagulation, the mechanistic drivers in female-
specific hypercoagulability are likely multiple and interrelated.
A myriad of work has suggested that sex hormones, specifically
estrogen, may be driving the coagulation phenotype of females,
related to estrogen's action on nitric oxide, the enzymatic coag-
ulation cascade, and plasma cytokines.6–8 Previous work9 has
2, Revised: September 30, 2022, Accepted: October 12,
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described that not only are there intrinsic sex-based differences

activation and aggregation potential, but that this can also be
manipulated with sex hormones, such that treatment of a male
platelet with estradiol “feminizes” the platelet behavior to ap-
proximate that of female platelets.

These aforementioned findings highlight that the mecha-
nisms behind sex dimorphisms in coagulation may span both
the cellular, enzymatic, and hormonal aspects of coagulation.
The objective of this study was to examine the effect of estradiol
on clot viscoelastic, thrombin formation, and fibrin biology. We
hypothesize that estradiol provokes a hypercoagulable profile in
vitro and in vivo, alters the clot proteomic profile, and changes
clot structure and fibrin crosslinking.

METHODS

Effect of Estradiol on Hemostatic Capacity In Vitro
Healthy adult (≥18 years) volunteers were recruited from a

single, urban hospital and screened via a questionnaire (Supple-
mental Data Content [SDC] 1, http://links.lww.com/TA/C743)
to determine eligibility. This study was approved by the local in-
stitutional review board (IRB 14-0366), and all subjects provided
informed consent. Subjectswere excluded if they had any acute or
chronic health problems or were taking medication known to af-
fect coagulation. Females were excluded if they were taking hor-
monal birth control or any form of hormonal therapy; addition-
ally, the questionnaire screened for and excluded those taking an-
ticoagulant or antiplatelet medications, those with an overweight
or obese body mass index, and those who used tobacco products.

Whole blood was collected in citrated tubes (Greiner Bio-
One, Monroe, NC; for citrated native and functional fibrinogen
thrombelastography), heparin tubes (Greiner Bio-One; for plate-
let mapping thrombelastography), and sodium citrate-corn tryp-
sin inhibitor (CTI) vacuum tubes (3.2% sodium citrate with
100 μg/mL CTI; for whole blood thrombin generation [TG][)
from 15 premenopausal females (average age, 29 years, range,
27–34 years) and 15 years age-matched males (average age,
28 years; range, 27–33 years).
© 2022 American Association for the Surgery of Trauma.
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To examine the effect of estradiol on clot viscoelastics and
thrombin formation, citrated native (CN-) thrombelastography
(TEG), functional fibrinogen TEG (CFF-TEG), and platelet map-
ping (TEG-PM) were performed after incubation of the blood with
physiologic concentrations (final concentration 102 pg/μL) of
beta-estradiol (Sigma Aldrich Co.; dissolved in minimal quantity
of 0.9% NaCl) for 15 min at 37°C (control without estradiol addi-
tion). Citrated native TEGwas performed so as to observe clot for-
mation in an unmanipulated fashion, as the additives in activated
TEGs used in the clinical setting may affect the subtleties of hemo-
static capacity. The TEG assays were performed using the TEG
5000® Thrombelastography Hemostasis Analyzer (Haemonetics
Inc., Niles, IL) as described by manufacturer guidelines. Through
glycoprotein IIb/IIIa receptor inhibition with abciximab, the citrated
functional fibrinogen (CFF-) TEG estimates the relative contribu-
tion of “functional” fibrinogen to clot strength through antagonism
of platelet contribution to clot strength. Thrombelastography PM
quantifies platelet adenosine diphosphate (ADP) and thromboxane
A2 receptors' contribution to fibrin clot formation by eliminating
thrombin activity with reptilase and Factor XIII in heparinized
blood. Citrated native TEG yields the following variables: reac-
tion time (R, time to clot formation), k time (interval from R to
fibrin crosslinking providing enough clot resistance to produce a
20-mm amplitude), angle (rate of clot propagation), maximum
amplitude (MA, maximal clot strength) and percent clot lysis
30 minutes after reaching MA (LY30). Citrated functional fi-
brinogen TEG yields the functional fibrinogen level (FLEV)
or an estimate of fibrinogen's contribution to overall clot
strength. Thrombelastography PMmeasures the percent platelet
inhibition in presence of ADP or arachidonic acid (AA).

In addition, whole blood TG was performed after pretreat-
ment of the blood with physiologic concentrations of beta-
estradiol (as described above) with the Stago WB TG device
(Near Patient Testing TG [NPT-TG]). The device, which has been
described and validated in previous studies,10–12 functions by ac-
tivating TG by relipidated tissue factor, after which point, the re-
action is continuouslymonitored bymeans of a thrombin-specific
fluorogenic substrate; change in fluorescence intensity produced
by the cleavage of the fluorogenic substrate by thrombin is mon-
itored over time and compared with an internal calibrator with
known stable thrombin activity. Whole blood TG was initiated
using 6.5 pM relipidated tissue factor reagent and 15 mM CaCl2
(Stago, US), and TG curves were recorded continuously for
90 minutes at a rate of three readings per minute alongside an in-
ternal calibrator. Whole blood TG yields the following measure-
ments: lag time (time to initial thrombin formation in minutes),
peak thrombin (maximum thrombin produced in nM), and max-
imum rate of TG (velocity index, measured in nM/min).

Effect of Estradiol on Hemostatic Capacity In Vivo
To correlate any changes observed in vitro from sex hor-

mone addition, we also measured changes in hemostatic capac-
ity through the menstrual cycle to correlate in vivo circulating
sex hormone levels with changes in coagulation. This was ac-
complished through a longitudinal prospective cohort study of
healthy adult women ages 18–45 with a standard 28-day men-
strual cycle and without hormonal birth control as a home med-
ication. After three months of menstrual cycle logging (to assure
cycle regularity) and a negative pregnancy test, 25 women were
© 2022 American Association for the Surgery of Trauma.
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enrolled. Whole blood was drawn (3.2% sodium citrate, Greiner
Bio-One, Monroe, North Carolina) at peak estradiol levels
during the mid-luteal phase (Day 20 of menstrual cycle) and
lowest estradiol levels (Day 1 of menses) according to the
length of their menstrual cycle.13 CN-TEG was performed
as described above.

Effect of Estradiol on Proteomic Profile and
Fibrin-Cross Linking

To also assess the changes in plasma milieu provoked by
estradiol, we directed attention to the proteomic composition
of the clot and the FXIII-generated crosslinks within the fibrin
clots. Blood samples were processed using previously published
methods.14 Briefly, whole blood was collected from aforemen-
tioned healthy volunteers and two 300-μL aliquots were placed
in Eppendorf tubes. One aliquot was treated with estradiol (es-
tradiol added before the addition of TF, MgCl, and CaCl), and
then whole blood clots were formed in vitro over a period of
30 minutes. These were washed with Gnd-HCl to isolate the in-
soluble fibrin matrix, chemically and enzymatically digested,
and then fractionated with high pH reversed phase (HPRP) chro-
matography. Samples were analyzed by nano-UHPLC-MS/MS
(Easy-nLC1200, Orbirap Fusion Lumos Tribrid, Thermo Fisher
Scientific). For global proteomics, samples were searched using
ProteomeDiscoverer (Version 2.1, ThermoFisher). For crosslink
analysis, samples were searched using pLink (v2.3.0).

Effect of Estradiol on Clot Structure
To examine the effects of estradiol on fibrin clot architec-

ture, we measured the polymerization of Alexa-488 labeled fi-
brinogen (Thermo Fisher Scientific, Waltham, MA) using a
modification of previously published methods.15 For confocal
microscopy, 1.0mL frozen plasma samples from a stock of pooled
donor plasmawas thawed in a 37°Cwater bath with 20 μL of CTI.
4.66 μL of Alexa-488 labeled fibrinogen, 3 μL 0.5 M CaCl2 solu-
tion, 5 μL β-estradiol solution (Sigma-Aldrich, St. Louis, MO)
and 3.6 μL tissue factor solution (Diagnostica Stago, Parsippany,
NJ) with phosphatidylcholine-phosphatidylserine were added to
88.8 μL of thawed plasma, pipetted onto glass bottom microwell
dishes (MatTek Corporation, Ashland, MA) and allowed to
clot for 20 minutes. Beta estradiol solutions were undiluted
60,000 pg/mL stock, or diluted from stock to achieve final
concentrations of 1500 pg/mL, 300 pg/mL, and 60 pg/mL.
Hepes-buffered saline was used as a control. Formed clots were
fixed with HistoChoice (VWR Chemicals, Solon, OH) and
treated with SlowFade Diamond Antifade agent (Invitrogen,
Carlsbad, CA). Three-dimensional 20 micron thick “Z-stack”
images series were acquired at 0.125micron steps using a Nikon
A1R confocal microscope (Nikon Corporation, Tokyo, Japan)
at 60� 2.0 magnification. Samples were replicated across mul-
tiple days (nine replicates of each condition, 45 clots total) to en-
sure consistent sample preparation, fluorophore performance,
and microscope performance.

Using this methodology, we evaluated macroscopic fibrin
structure using custom in-house software to provide a quantifiable
measurement of fiber resolvability that is relevant to hemostatic
potential, as previously described.16 In brief, “fiber resolvability
index” is a measurement of the distinctness or clarity of fibrin po-
lymerization. Analysis of fiber resolvability, as determined by
181
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TABLE 2. Changes in Whole Blood TG After Estradiol Treatment

Control + Estradiol p

Females (n = 15)

Lag time (min) 8.3 (6.7–12.9) 6.3 (5.8–7.1) 0.007

Peak thrombin (nM) 79.2 (43.3–96.9) 96.6 (81.6–124.7) 0.008

Maximum rate of TG (nM/min) 20.6 (7.9–24.8) 30.4 (19.6–39.5) 0.008

Males (n = 15)

Lag time (min) 6.4 (5.9–7.0) 6.8 (6.0–7.5) 0.99

Peak thrombin (nM) 97.2 (85.4–131.1) 96.0 (82.7–111.3) 0.31

Maximum rate of TG (nM/min) 29.6 (22.4–37.4) 24.9 (21.3–35.4) 0.44

Values reported as median and interquartile range.
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standard deviation mapping, provides a reliable assessment of
the clot architecture that is unaffected by the overall bright-
ness of the fluorescence. The use of standard deviation as a
measure of structural resolvability is a modification of com-
mon signal-to-noise or contrast-to-noise ratios and provides
an estimate of how much fluorescent fibers are increasing
the contrast range throughout the image, regardless of the ab-
solute intensity of the background or the absolute intensity of
the fiber fluorescence.

For this and all aforementioned assays, Wilcoxon matched-
pairs signed rank test were used to compare control to estradiol-
treated samples. R statistical softwarewas used, and significance
was defined as p < 0.05.

RESULTS

Effect of Estradiol on Hemostatic Capacity In Vitro
Estradiol provoked a hypercoagulable phenotype on thrombe-

lastographic analysis which was sex-specific. In females, estradiol
shortened time to clot formation (median R time, 8.3 min; in-
terquartile range [IQR], 7.1–9.8 vs 11.8 min; IQR 9.3–12.2;
p = 0.003), increased the rate of clot propagation (angle
58.6°; IQR, 54.1–62.3° vs 51.7°; IQR, 54.1–62.3°; p = 0.02)
and functional fibrinogen (FLEV, 529.2; IQR, 497.7–565.7
vs 392.3; IQR, 350.7–434.9; p = 0.007), increased clot strength
(MA, 65.0 mm; IQR, 58.0–71.0 vs 62.0 mm; IQR, 58.5–63.5;
p = 0.04), and diminished clot lysis (LY30, 0.8%; IQR 0.2–2.5
vs 2.3%, IQR 1.3–3.4; p = 0.01). In contrast, in males, estradiol
did not affect time to clot formation, rate of clot propagation, clot
strength, or fibrinolysis (Table 1). Despite no significant changes
observed in MA in males with estradiol addition, estradiol
affected platelet reactivity in females (ADP inhibition of
99.6% [IQR, 94.7–100.0] vs 54.9% [IQR, 48.2–66.5];
p = 0.003 and AA inhibition of 99.6% [IQR, 81.8–100.0%]
vs 67.0% [IQR, 44.9–70.2%]; p = 0.003) and males (ADP
TABLE 1. Changes in Hemostatic Capacity After Estradiol Treatment

Control

Females (n = 15)

CN-TEG reaction time (min) 10.7 (8.8–12.2)

CN-TEG k time (min) 3.0 (2.4–3.4)

CN-TEG angle (°) 51.7 (50.0–56.2)

CN-TEG maximum amplitude (mm) 62.0 (58.5–63.5)

CN-TEG LY30 (%) 2.3 (1.3–3.4)

CFF-TEG FLEV 392.3 (350.7–434.9)

PM-TEG ADP inhibition (%) 54.9 (48.2–66.5)

PM-TEG AA inhibition (%) 67.0 (44.9–70.2)

Males (n = 15)

CN-TEG reaction time (min) 10.9 (9.3–12.0)

CN-TEG k time (min) 3.8 (3.3–4.2)

CN-TEG angle (°) 45.9 (40.0–52.5)

CN-TEG maximum amplitude (mm) 58.5 (44.0–60.2)

CN-TEG LY30 (%) 0.6 (0.4–2.2)

CFF-TEG FLEV 319.3 (292.0–374.1)

PM-TEG ADP inhibition (%) 59.0 (51.0–72.8)

PM-TEG AA inhibition (%) 56.8 (51.4–63.8)

Values reported as median and interquartile range.

182
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inhibition of 83.6% [IQR, 69.4–87.2%] vs 59.0% [IQR,
51.0–72.8%]; p = 0.007 and AA inhibition of 80.2% [IQR,
76.7–86.6%] vs 56.8% [IQR, 51.4–63.8%]; p = 0.003).

Upon examination of whole blood TG, there were no dif-
ference in TG at baseline between males and females, includ-
ing lag time (6.4 minutes [IQR, 5.9–7.0 minutes] in males vs
8.3 minutes [IQR, 6.7–12.9 minutes] in females, p = 0.06),
peak thrombin (97.2 nM [IQR, 85.4–131.1 nM] in males vs
79.2 nM [IQR, 43.2–96.9 nM] in females; p = 0.10), and max-
imum rate of TG (29.6 nM/min [IQR, 22.4–37.4 nM/min] in
males vs 20.6 nM/min [IQR, 7.9–24.8 nM/min] in females;
p = 0.12). However, with addition estradiol in vitro, similar re-
sults were seen as reaction time on thrombelastography. Estra-
diol provoked a shortening of lag time (6.3 minutes [IQR, 5.8–
7.0 minutes] vs 8.3 minutes [IQR, 6.7–12.9 IQRminutes], an in-
crease in peak thrombin (96.6 nM [IQR, 81.6–124.7 nM] vs
79.2 nM [IQR, 43.3–96.9 nM]), and an acceleration of the rate
of TG (30.3 nM/min [IQR, 19.6–39.4 nM/min] vs 20.6 nM/min
[IQR, 7.9–24.8 nM/min]) (p < 0.0001 for all) in females, with
no changes in males (Table 2).
as Measured by Thrombelastography

+ Estradiol p

8.2 (7.2–9.6) 0.0001

2.6 (2.1–3.2) 0.10

58.6 (54.1–62.3) 0.02

65.0 (58.0–71.0) 0.04

0.8 (0.2–2.5) 0.01

529.2 (497.7–565.7) 0.007

99.6 (94.7–100.0) 0.003

99.6 (81.8–100.0) 0.003

9.6 (7.1–11.6) 0.13

3.2 (2.1–4.7) 0.56

49.9 (42.1–59.9) 0.27

55.2 (48.1–61.9) 0.92

0.8 (0.2–1.9) 0.51

346.7 (301.5–401.5) 0.27

83.6 (69.4–87.2) 0.007

80.2 (76.7–86.6) 0.003

© 2022 American Association for the Surgery of Trauma.

ealth, Inc. All rights reserved.



TABLE 4. Coagulation-Related Proteins Which Are Associated
With Increased Abundance After Estradiol Treatment

Females

Protein Control + Estradiol p

Apolipoprotein A-I 160 (37–414) 1215 (329–1892 0.008

Apolipoprotein A-IV 20 (8–86) 87 (34–269) 0.01

Alpha-2-antiplasmin 15 (3–51) 67 (5–149) 0.03

Alpha-1-antitrypsin 628 (170–1060) 108 (59–252) 0.03

Fibrinogen gamma chain 683 (260–1642) 1395 (484–2380) 0.02

Complement factor H 206 (42–232) 36 (18–330) 0.01

Fibrinogen beta chain 360 (50–1530) 750 (179–2020) 0.02

Males

Protein Control + Estradiol p

Apolipoprotein A-I 21 (8–109) 76 (14–150) 0.03

Plasminogen 74 (26–196) 160 (81–248) 0.01

Vitamin K–dependent
protein S

4 (1–14) 19 (5–37) 0.01

Plasma protease C1
inhibitor

16 (2–50) 20 (14–130) 0.04

Histone H1.3 37 (1–271) 89 (15–680) 0.03

Complement C1s
subcomponent

1 (0.4–7) 12 (3–21) 0.03

Alpha-2-antiplasmin 5 (0.7–10) 18 (2–33) 0.01

Values reported as median area under the curve in million units with interquartile range.
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Effect of Estradiol on Hemostatic Capacity In Vivo
Corresponding changes seen in clot formation time and

clot strengthwith estradiolwere observed in vivo (Table 3). Specif-
ically, k timewas significantly shorter on Day 20 on peak estrogen
state (2.3 minutes [IQR, 1.8–2.5 minutes] vs 2.5 minutes [IQR,
2.3–3.1minutes], p = 0.01). Similarly, theMAwas found to be sig-
nificantly higher on Day 20 as compared with Day 0 (70.0 mm
[IQR, 56.5–72.0 mm] vs 59.0 mm [IQR, 58.0–62.0 mm],
p = 0.005). There were no statistically significant differences
seen in angle or LY30 (Table 2).

Effect of Estradiol on Proteomic Profile and
Fibrin Crosslinking

On proteomic analysis, estradiol was associated with ro-
bust changes in the proteomic profile. Of the 403 proteins in-
cluded in the proteomic profile output, estradiol was associated
with an increase in 231 in females and 298 in males (Supple-
mental Digital Content 2, http://links.lww.com/TA/C744). In
females, estradiol increased abundance of over 250 proteins includ-
ing several procoagulant and antifibrinolytic proteins (Table 4).
In females, estradiol caused a 5.5-fold increase in apolipoprotein
A-I (p = 0.008) and 3.1-fold increase in apolipoprotein A-IV
(p = 0.01), 3.0-fold increase in alpha-2-antiplasmin (p = 0.03),
2.1-fold increase in alpha-1-antitrypsin (p = 0.03), 1.6-fold in-
crease in fibrinogen gamma chain (p = 0.02), 1.4-fold increase
in fibrinogen beta chain (p = 0.02), and 1.4-fold increase in com-
plement factor H (p = 0.01).

In males, estradiol increased the abundance of over 310
proteins, many of which are related to coagulation as well
(Supplemental Digital Content 2, http://links.lww.com/TA/
C744). Specifically, estradiol caused a 1.4-fold increase in apoli-
poprotein A-1 as seen in females (p = 0.03), 1.6-fold increase in
plasminogen (p = 0.01), 2.3-fold increase in protein S (p = 0.01),
2.4-fold increase in protease C1 inhibitor (p = 0.04), 2.5-fold in-
crease in histone H1.3 (p = 0.03), 4.1-fold increase in comple-
ment C1s subcomponent (p = 0.03), and 4.2-fold increase in
alpha-2-antiplasmin (p = 0.01) as seen in females.

Not only were changes seen in the proteomic profile after
treatment with estradiol, but crosslinking mass spectrometry
analysis revealed addition of estradiol increased the abundance
of the fibrin crosslinking itself in both sexes. In females, estra-
diol caused a significant increase in FXIII crosslinks within
the FibA alpha chain of fibrin (median area under the curve
[AUC] in million units increased to 1710 [IQR, 18–2870] from
185 [IQR, 25–1310], p = 0.03). Similarly, in males, estradiol
also caused a significant increase crosslinks (median AUC
TABLE 3. Changes in Hemostatic Capacity in EstrogenNadir and
Peak of the Menstrual Cycle (n = 25)

Day 0 (Estrogen
Nadir)

Day 20 (Peak
Estrogen) p

Reaction time (min) 10.2 (9.2–12.0) 11 (10.0–12.6) 0.34

k time (min) 2.4 (2.3–3.1) 2.4 (1.8–2.5) 0.01

Angle (°) 56.5 (51.4–58.4) 56.6 (51.3–57.4) 0.66

Maximum amplitude (mm) 59.0 (58.0–62.0) 70.0 (56.5–72.0) 0.005

LY30 (%) 2.6 (1.3–3.9) 4.1 (1.5–6.7) 0.1

Values reported as median and interquartile range.

© 2022 American Association for the Surgery of Trauma.
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in million units increased to 826 [IQR, 26–1,700] from 166
[IQR, 24–481], p = 0.007).

Effect of Estradiol on Clot Structure
On plasma clot architecture analysis, the fiber resolvability

increased with estradiol concentration in the mixed donor sex
plasma, signifying more highly structured and distinct fibrin
fibers (Fig. 1), however this failed to reach statistical signifi-
cance (median, 160.0 [IQR, 150.0–176.0] vs 130.0 [IQR,
91.5–161.0], p = 0.09).
DISCUSSION

While sex dimorphisms in coagulation are well established1–3

and female-specific hypercoagulability has been linked to a sur-
vival benefit after injury,5 the mechanisms underlying these
phenomena have yet to be fully elucidated. In this multi-tiered
experimental design, our data demonstrate estradiol's capacity
to provoke hypercoagulability in a sex-specific fashion and ma-
nipulate clot biology, ultimately highlighting its mechanistic
role in sex dimorphisms in coagulation. Invitro, in females, estra-
diol shortens time to clot formation, increases TG, increases clot
propagation and functional fibrinogen, increases clot strength
and platelet reactivity, and decreases fibrinolysis. In vivo¸ the
same effects are observed in time to clot formation and clot
strength during estrogen peak of the menstrual cycle. In males,
estradiol provokes increased platelet reactivity in vitro. Beyond
these enzymatic and cellular effects, estradiol also impacts the
clot phenotype itself in both sexes, affecting hundreds of proteins
in the proteomic profile which translate to differential fibrin
crosslinking. This work contributes to a gap in the current
183
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Figure 1. Representative changes in fiber resolvability index after treatment with estradiol.
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literature on sex dimorphisms in coagulation and has implica-
tions for the potential role of estradiol as a therapeutic agent
in the treatment of trauma-induced coagulopathy, in particular
in female patients.

Our in vitro and in vivo findings highlight the complex
and multifold effects of estradiol. The procoagulant effect of es-
tradiol on time to clot formation and whole blood TG in vitro
and in vivo supports previous literature which describes a proco-
agulant profile in women in various versions of a hyperestrogen
state, including ovulation induction for in vitro fertilization,17,18

oral contraception,8 hormone therapy for transgender women,19

and pregnancy.20 Further, our in vivo work contributes to previ-
ous literature on the dynamic changes in coagulation through a
menstrual cycle and estrogen fluctuations; previous reports have
described increased fibrinogen and vonWillebrand factor antigen
and activity and platelet aggregation activity in the peak estrogen
phase of the menstrual cycle,21,22 which corresponds with our
thrombelastographic analysis. These reported data further con-
tribute to a growing body of literature characterizing sex dimor-
phisms in platelet biology, with estradiol provoking an increase
in clot strength and platelet reactivity on thrombelastography in
both sexes. In males, estradiol did not increaseMA on CN-TEG,
but did increase platelet reactivity on PM-TEG, which may be
explained by the fact that the latter assay provides a more de-
tailed quantification of platelet function, including the contribu-
tion of ADP and thromboxane A2 receptors to clot formation; in
contrast, the maximum amplitude measurement from CN-TEG
is a more generalized metric of collective platelet and fibrinogen
function.23,24 Previous literature describes greater clotting ten-
dency, reduced response to clopidogrel, more activatable GPIIb-
IIIa receptors, and greater posttreatment reactivity on antiplatelet
therapy in females,25–27 all of which may be driven directly by
the effects of circulating estrogen on estrogen receptors on plate-
lets.28 Beta-estradiol has been linked in increased platelet RNA
and release of platelet-derived nitric oxide,29 which may be part
of the complex mechanism by which estrogen provokes platelet
hyperactivity.

Beyond the effects of enzymatic and cellular hemostatic
capacity observed in vitro and in vivo, estradiol also has a drastic
impact on the proteomic milieu in which a clot forms in both
sexes, with hundreds of proteins in increased predominance after
estradiol treatment and subsequent increased abundance of fi-
brin crosslinks. We suspect these changes in the proteome may
184
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indeed be because of platelets and their degranulation products,
given the previous discussed work which documents an effect of
sex hormones on platelets and their releasates, but we believe the
results of this work also suggest that estradiol may be affecting a
milieu of proteins, whichmay expression of and/or interaction of
agonists and inhibitors of enzymatic and cellular hemostasis.
This contributes to previous work in which plasma proteomic
analysis revealed sex-specific profiles, with higher pregnancy
zone protein, alpha-1-antitrypsin, beta-2-microglobulin, and com-
plement proteins in females.30

There are several important findings from the proteomic
analysis. First, in females, estradiol caused a 1.6-fold increase
in fibrinogen gamma chain and 1.4-fold increase in fibrinogen
beta chain. Previous work has identified higher levels of fibrin-
ogen in young females, as compared with their male counter-
parts, by Von Clauss assay.31 Taken together, these data explain
why estradiol would also provoke an increase in rate of clot
propagation on thrombelastography, as observed in our data.
However, the finding of an increased in functional fibrinogen
is a novel contribution to our understanding of sex dimorphisms
in coagulation, suggesting that even if the fibrinogen levels were
the same between sex, the fibrinogen of females has a distinct
biology, which may confer rationale for selective transfusion
of cryoprecipitate from female donors. Another interesting
finding is that in both males and females, estradiol increased
apolipoprotein-A. These findings are perplexing since previ-
ous work suggests that apolipoprotein-A decreases platelet
activation and clot strength32 but our in vitro work described
an increase in platelet reactivity and clot strength with estrogen
treatment. This highlights the incredible complexity of these in-
teractions, as the hundreds of proteins associated with an in-
creased abundance after estradiol treatment cross-communicate
to create a net effect. In addition, estradiol increases multiple
complement proteins in both males and females; while the alter-
native pathway of complement has been linked to hypercoagula-
bility and diminished fibrinolysis,33 the complement system is
vastly complex and understanding the sum effect of estradiol
on complement function may be hard to predict. Lastly, estradiol
was also found to increase alpha-2-antiplasmin in both males
and females. Given females' tendency toward a baseline of fi-
brinolytic shutdown and a decrease seen in LY30 with estra-
diol treatment in our in vitro work, an increase in alpha-2-
antiplasmin is fitting. In males, however, estradiol did not
© 2022 American Association for the Surgery of Trauma.
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provoke changes in LY30 on the thrombelastographic analy-
sis; it may be that the concomitant increase in plasminogen
by estradiol in males combats the effects of the simulta-
neously increased alpha-2-antiplasmin.

While there is a growing body of literature describing the
interaction of estradiol with clot architecture, these data are the
first of their kind to describe changes in FXIII crosslinks within
FibA, which are significantly increased in the presence of estra-
diol. These results are in support of previous literature which de-
scribes increased fibrin fiber diameter and dense matted clots on
scanning electron microscopy in women on combined oral con-
traceptives8 and more complex and dense fibrin networks during
peak estrogen of the menstrual cycle as compared with estrogen
nadir.34 While our findings with fluorescent fibrinogen failed to
find statistically significant differences, the clot architecture ap-
peared evidently visually different (as displayed in Fig. 1) and
perhaps with a larger sample size, our clot resolvability index
would have gained significance, as would be suggested by the
statistically significant changes observed in the fibrin crosslinks.

The provoked hypercoagulability observed in this work
ultimately highlights the potential role for estradiol as a thera-
peutic agent in the setting of TIC and other forms of coagulop-
athy. Specifically, the data from this paper support estradiol af-
fecting multiple facets of hemostatic capacity in females and
provoking increased platelet reactivity, proteomic profiles asso-
ciated with coagulation, and fibrin crosslinking in males. As a
result, we believe that while the effects of estradiol may not be
the same as a therapeutic agent in male versus female patients,
we believe that there is potential for benefit in both sexes in its
effects of protein and cellular biology. This has been implicated
by previous literature which describes unique, organ-specific ef-
fects of estradiol after injury.35,36 A myriad of animals models of
hemorrhagic shock and trauma have suggested beneficial effects
of estradiol therapy, including mitigation of trauma and hemor-
rhagic shock-related intracellular stress and mitochondrial dys-
function,37 improvement in cardiac function after trauma,38 de-
creased inflammatory response to injurious insult,39 mitigated
secondary injury from traumatic brain injury,40 restoration of he-
patocellular function after injury,41 and decreased mortality after
trauma.42,43 The mechanistic link between estradiol and im-
proved outcomes after trauma is further strengthened by liter-
ature of murine models describing restoration of immune,
cardiovascular, and hepatocellular functions function with es-
tradiol supplementation to ovariectomized small animals after
trauma hemorrhage.44,45 In addition to the small and large
animal-based research related to estrogen and TIC, there is
also clinical literature, which links conjugated estrogen therapy
with reduced transfusion and coagulation factor requirements,
including in orthotopic liver transplantation,46 highlighting the
vast therapeutic implications of the provoked hypercoagulability
of estrogen described in our work. These implications may span
across the estrogen states of females, as it is possible postmeno-
pausal women have preserved functional estradiol-responsive
signaling machinery and/or may also have a distinct lineage of
platelets after a lifetime exposure of the bone marrow (and
megakaryocytes) to estradiol.

Limitations of this work include a small sample size and
therefore a higher likelihood of type II error. However, these find-
ings correlate with changes observed in other higher-powered
© 2022 American Association for the Surgery of Trauma.
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work and the strength of statistical significance is notable. For
the in vitro work, the timing of the menstrual cycle for the female
donors was not known and as demonstrated by our in vivo work,
this may affect our results; however, given the provoked hyperco-
agulability by estradiol, the timing of the menstrual cycle of a do-
nor may actually underestimate, not overestimate, the effects ob-
served in our data. While females were excluded if they were
taking hormonal birth control or any form of hormonal therapy,
we did not collect lifelong estrogen exposure history (time of
first menses, pregnancy history, etc) in the donors, therefore
there may be an underappreciated effect from lifelong estrogen.
Lastly, our plasma clot datawere based on pooled plasma from a
cohort of mixed sexes, and therefore, we may have observed dif-
ferent effects if we were able to stratify those samples by sex.

In conclusion, these data provide a comprehensive depic-
tion of the powerful effects of estradiol on hemostatic capacity
and clot biology. This highlights estradiol as one of the mecha-
nistic mediators of sex dimorphisms in coagulation and its wide
range of effects, spanning the enzymatic, cellular, and clot struc-
ture phenotype of a patient. Ultimately, a mechanistic under-
standing paves the way for novel therapeutic considerations
and pursuits. These data suggest that donor sex should be
considered in transfusion practices, and that estradiol may
serve as a future potential therapeutic adjunct in resuscita-
tion of coagulopathy.

AUTHORSHIP

J.R.C. performed the literature search, data collection, data analysis, writ-
ing, and critical revision. E.E.M., K.H., K.F., M.J.C., and C.C.S. contributed
to the study design, data interpretation, writing, and critical revision. N.D.
and L.S. contributed to data collection, data analysis, and critical revision.

DISCLOSURE

The authors declare no conflicts of interest.
Research reported in this publication was supported by the National Insti-
tute of General Medical Sciences of the National Institutes of Health (T32
GM008315 and P50 GM049222). The content is solely the responsibility
of the authors and does not necessarily represent the official views of the
National Institutes of Health or other sponsors of the project. This research
was also supported with materials from Haemonetics and Stago.

REFERENCES
1. Fourel V, Gabastou JM,Desroys duRoure F, Ehrhardt N, Robert A. Influence

of age, sex and ABO blood group on activated partial thromboplastin time.
Haemostasis. 1993;23(6):321–326.

2. Roeloffzen WW, Kluin-Nelemans HC, Mulder AB, Veeger NJ, Bosman L,
de Wolf JT. In normal controls, both age and gender affect coagulability as
measured by thrombelastography. Anesth Analg. 2010;110(4):987–994.

3. Gorton HJ, Warren ER, Simpson NA, Lyons GR, Columb MO. Thrombo-
elastography identifies sex-related differences in coagulation. Anesth Analg.
2000;91(5):1279–1281.

4. Coleman JR, Moore EE, Sauaia A, Samuels JM, Moore HB, Ghasabyan A,
et al. Untangling sex dimorphisms in coagulation: initial steps toward preci-
sion medicine for trauma resuscitation. Ann Surg. 2020;271(6):e128–e130.

5. Coleman JR, Moore EE, Samuels JM, CohenMJ, Sauaia A, Sumislawski JJ,
et al. Trauma resuscitation considerations: sexmatters. JAmColl Surg. 2019;
228(5):760–768.

6. Artero A, Tarin JJ, Cano A. The adverse effects of estrogen and selective es-
trogen receptor modulators on hemostasis and thrombosis. Semin Thromb
Hemost. 2012;38(8):797–807.

7. Frink M, Pape HC, van Griensven M, Krettek C, Chaudry IH, Hildebrand F.
Influence of sex and age on mods and cytokines after multiple injuries.
Shock. 2007;27(2):151–156.

8. Emmerson O, Bester J, Lindeque BG, Swanepoel AC. The impact of two
combined oral contraceptives containing ethinyl estradiol and drospirenone
185

ealth, Inc. All rights reserved.



Coleman et al.
J Trauma Acute Care Surg

Volume 94, Number 2

D
ow

nloaded from
 http://journals.lw

w
.com

/jtraum
a by V

1R
9qA

gW
99o5j886m

oF
dA

quIeS
7+

X
idaIrqw

gLX
gds5B

vm
R

C
x

O
V

/Q
iq3G

xt2sW
tpZ

K
U

P
U

ztB
Q

sLJd3yG
spH

9yB
U

bT
2O

bx3slE
88jR

hW
N

8m
2w

S
32D

a0A
tS

N
F

bnB
szO

vZ
c on 07/17/2023
on whole blood clot viscoelasticity and the biophysical and biochemical
characteristics of erythrocytes. Microsc Microanal. 2018;24(6):713–728.

9. Coleman JR, Moore EE, Kelher MR, Samuels JM, Cohen MJ, Sauaia A,
et al. Female platelets have distinct functional activity compared to male
platelets: implications in transfusion practice and treatment of trauma-
induced coagulopathy. J Trauma Acute Care Surg. 2019;87(5):1052–1060.

10. Ferrara MJ, MacArthur TA, Butenas S, Mann KG, Immermann JM,
Spears GM, et al. Exploring the utility of a novel point-of-care whole blood
thrombin generation assay following trauma: a pilot study. Res Pract Thromb
Haemost. 2021;5(3):395–402.

11. Dunbar NM, Chandler WL. Thrombin generation in trauma patients. Trans-
fusion. 2009;49(12):2652–2660.

12. Coleman JR, Moore EE, Samuels JM, Ryon JJ, Nelson JT, Olson A, et al.
Whole blood thrombin generation is distinct from plasma thrombin genera-
tion in healthy volunteers and after severe injury. Surgery. 2019;166(6):
1122–1127.

13. Thiyagarajan DK, Basit H, Jeanmonod R. Physiology of the Menstrual Cy-
cle. St. Peterburg, FL: StatPearls Publishing; 2022.

14. Schmitt LR, Henderson R, Barrett A, Darula Z, Issaian A, D’Alessandro A,
et al. Mass spectrometry-based molecular mapping of native FXIIIa
cross-links in insoluble fibrin clots. J Biol Chem. 2019;294(22):8773–8778.

15. Campbell RA, Overmyer KA, Selzman CH, Sheridan BC, Wolberg AS.
Contributions of extravascular and intravascular cells to fibrin network for-
mation, structure, and stability. Blood. 2009;114(23):4886–4896.

16. Dow N, Coleman JR, Moore HB, Osborn ZT, Sackheim AM, Hennig G,
et al. Dense and dangerous: the tissue plasminogen activator (t-PA)-resistant
fibrinolysis shutdown phenotype is due to abnormal fibrin polymerization. J
Trauma Acute Care Surg. 2020;88(2):258–265.

17. Beck-Fruchter R, Gavish I, Baram S, Geslevich Y, Weiss A. Increased
coagulation index as measured by Thromboelastography during ovarian
stimulation for in vitro fertilization: influence of the final oocyte maturation
triggering agent. Eur J Obstet Gynecol Reprod Biol X. 2018;223:26–29.

18. Harnett MJ, Bhavani-Shankar K, Datta S, Tsen LC. In vitro fertilization-
induced alterations in coagulation and fibrinolysis as measured by thrombo-
elastography. Anesth Analg. 2002;95(4):1063–1066.

19. LimHY, Leemaqz SY, Torkamani N, GrossmannM, Zajac JD, Nandurkar H,
et al. Global coagulation assays in transgender women on oral and transder-
mal estradiol therapy. J Clin Endocrinol Metab. 2020;105(7):262–e2377.

20. Toelle LJ, Hatton GE, Refuerzo JS, Wade CE, Cotton BA, Kao LS. Hyper-
coagulability in pregnant trauma patients. Trauma Surg Acute Care Open.
2021;6(1):714.

21. Kadir RA, Economides DL, Sabin CA, Owens D, Lee CA. Variations in co-
agulation factors in women: effects of age, ethnicity, menstrual cycle and
combined oral contraceptive. Thromb Haemost. 1999;82(5):1456–1461.

22. Melamed N, Yogev Y, Bouganim T, Altman E, Calatzis A, Glezerman M.
The effect of menstrual cycle on platelet aggregation in reproductive-age
women. Platelets. 2010;21(5):343–347.

23. Bochsen L,Wiinberg B, Kjelgrd-HansenM, Steinbruchel DA, Johansson PI.
Evaluation of the TEG platelet mapping assay in blood donors. Thromb J.
2007;5:3.

24. Karon BS, Tolan NV, Koch CD, Wockenfus AM, Miller RS, Lingineni RK,
et al. Precision and reliability of 5 platelet function tests in healthy volunteers
and donors on daily antiplatelet agent therapy. Clin Chem. 2014;60(12):
1524–1531.

25. Hobson AR, Qureshi Z, Banks P, Curzen N. Gender and responses to aspirin
and clopidogrel: insights using short thrombelastography. Cardiovasc Ther.
2009;27(4):246–252.

26. Wang TY, Angiolillo DJ, Cushman M, Sabatine MS, Bray PF, Smyth SS,
et al. Platelet biology and response to antiplatelet therapy in women: implica-
tions for the development and use of antiplatelet pharmacotherapies for car-
diovascular disease. J Am Coll Cardiol. 2012;59(10):891–900.

27. Faraday N, Goldschmidt-Clermont PJ, Bray PF. Gender differences in plate-
let GPIIb-IIIa activation. Thromb Haemost. 1997;77(4):748–754.

28. Khetawat G, Faraday N, Nealen ML, Vijayan KV, Bolston E, Noga SJ, et al.
Human megakaryocytes and platelets contain the estrogen receptor beta and
186

Copyright © 2023 Wolters Kluwer H
androgen receptor (AR): testosterone regulates AR expression. Blood. 2000;
95(7):2289–2296.

29. Jayachandran M, Mukherjee R, Steinkamp T, LaBreche P, Bracamonte MP,
OkanoH, et al. Differential effects of 17beta-estradiol, conjugated equine es-
trogen, and raloxifene on mRNA expression, aggregation, and secretion in
platelets. Am J Physiol Heart Circ Physiol. 2005;288(5):H2355–H2362.

30. Silliman CC, Dzieciatkowska M, Moore EE, Kelher MR, Banerjee A,
Liang X, et al. Proteomic analyses of human plasma: Venus versus Mars.
Transfusion. 2012;52(2):417–424.

31. Amin H, Mohsin S, AslamM, Hussain S, Saeed T, Ikram UllahM, et al. Co-
agulation factors and antithrombin levels in young and elderly subjects in
Pakistani population. Blood Coagul Fibrinolysis. 2012;23(8):745–750.

32. Jones WL, Ramos CR, Banerjee A, Moore EE, Hansen KC, Coleman JR,
et al. Apolipoprotein A-I, elevated in trauma patients, inhibits platelet activa-
tion and decreases clot strength. Platelets. 2022;1-13:1119–1131.

33. Samuels JM, Coleman JR, Moore EE, Bartley M, Vigneshwar N, Cohen M,
et al. Alternative complement pathway activation provokes a hypercoagula-
ble state with diminished fibrinolysis. Shock. 2020;53(5):560–565.

34. Swanepoel AC, Lindeque BG, Swart PJ, Abdool Z, Pretorius E. Estrogen
causes ultrastructural changes of fibrin networks during the menstrual cycle:
a qualitative investigation.Microsc Res Tech. 2014;77(8):594–601.

35. Kawasaki T, Chaudry IH. The effects of estrogen on various organs: thera-
peutic approach for sepsis, trauma, and reperfusion injury. Part 1: central ner-
vous system, lung, and heart. J Anesth. 2012;26(6):883–891.

36. Kawasaki T, Chaudry IH. The effects of estrogen on various organs: thera-
peutic approach for sepsis, trauma, and reperfusion injury. Part 2: liver, intes-
tine, spleen, and kidney. J Anesth. 2012;26(6):892–899.

37. Kozlov AV, Duvigneau JC, Hyatt TC, Raju R, Behling T, Hartl RT, et al. Ef-
fect of estrogen on mitochondrial function and intracellular stress markers in
rat liver and kidney following trauma-hemorrhagic shock and prolonged hy-
potension.Mol Med. 2010;16(7–8):254–261.

38. Hsieh YC, Yang S, Choudhry MA, Yu H, Rue LW, BLand KI, et al. PGC-1
upregulation via estrogen receptors: a commonmechanism of salutary effects
of estrogen and flutamide on heart function after trauma-hemorrhage. Am J
Physiol Heart Circ Physiol. 2005;289(6):H2665–H2672.

39. Chen J, Yang S, Hu S, Choudhry MA, Bland KI, Chaudry IH. Estrogen pre-
vents intestinal inflammation after trauma-hemorrhage via downregulation
of angiotensin II and angiotensin II subtype I receptor. Am J Physiol
Gastrointest Liver Physiol. 2008;295(5):G1131–G1137.

40. Day NL, Floyd CL, D’Alessandro TL, HubbardWJ, Chaudry IH. 17β-estra-
diol confers protection after traumatic brain injury in the rat and involves
activation of G protein-coupled estrogen receptor 1. J Neurotrauma. 2013;
30(17):1531–1541.

41. MizushimaY,Wang P, Jarrar D, CioffiWG, Bland KI, Chaudry IH. Estradiol
administration after trauma-hemorrhage improves cardiovascular and hepa-
tocellular functions in male animals. Ann Surg. 2000;232(5):673–679.

42. Abdou H, Morrison JJ, Edwards J, Patel N, Lang E, RichmondMJ, et al. An
estrogen (17α-ethinyl estradiol-3-sulfate) reduces mortality in a swinemodel
of multiple injuries and hemorrhagic shock. J Trauma Acute Care Surg.
2022;92(1):57–64.

43. Mayer AR, Dodd AB, Rannou-Latella JG, Stephenson DD, Dodd RJ,
Ling JM, et al. 17α-Ethinyl estradiol-3-sulfate increases survival and hemody-
namic functioning in a large animal model of combined traumatic brain injury
and hemorrhagic shock: a randomized control trial.Crit Care. 2021;25(1):428.

44. Knöferl MW, Jarrar D, AngeleMK, Ayala A, SchwachaMG, Bland KI, et al.
17 beta-estradiol normalizes immune responses in ovariectomized females
after trauma-hemorrhage. Am J Phys Cell Phys. 2001;281(4):C1131–C1138.

45. Jarrar D, Wang P, Knöferl MW, Kuebler JF, Cioffi WG, Bland KI, et al. In-
sight into the mechanism by which estradiol improves organ functions after
trauma-hemorrhage. Surgery. 2000;128(2):246–252.

46. Frenette L, Cox J, McArdle P, Eckhoff D, Bynon S. Conjugated estrogen re-
duces transfusion and coagulation factor requirements in orthotopic liver
transplantation. Anesth Analg. 1998;86(6):1183–1186.
© 2022 American Association for the Surgery of Trauma.

ealth, Inc. All rights reserved.


