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Differential Impact In Vivo of Pf4-ΔCre–Mediated 
and Gp1ba-ΔCre–Mediated Depletion of 
Cyclooxygenase-1 in Platelets in Mice
Soon Yew Tang , Ronan Lordan , Hu Meng , Benjamin J. Auerbach , Elizabeth J. Hennessy, Arjun Sengupta ,  
Ujjalkumar S. Das , Robin Joshi, Oscar A. Marcos-Contreras , Ryan McConnell, Gregory R. Grant , Emanuela Ricciotti, 
Vladimir R. Muzykantov , Tilo Grosser , Aalim M. Weiljie , Garret A. FitzGerald

BACKGROUND: Low-dose aspirin is widely used for the secondary prevention of cardiovascular disease. The beneficial effects of 
low-dose aspirin are attributable to its inhibition of platelet Cox (cyclooxygenase)-1–derived thromboxane A2. Until recently, 
the use of the Pf4 (platelet factor 4) Cre has been the only genetic approach to generating megakaryocyte/platelet ablation 
of Cox-1 in mice. However, Pf4-ΔCre displays ectopic expression outside the megakaryocyte/platelet lineage, especially 
during inflammation. The use of the Gp1ba (glycoprotein 1bα) Cre promises a more specific, targeted approach.

METHODS: To evaluate the role of Cox-1 in platelets, we crossed Pf4-ΔCre or Gp1ba-ΔCre mice with Cox-1flox/flox mice to 
generate platelet Cox-1−/− mice on normolipidemic and hyperlipidemic (Ldlr−/−; low-density lipoprotein receptor) backgrounds.

RESULTS: Ex vivo platelet aggregation induced by arachidonic acid or adenosine diphosphate in platelet-rich plasma was inhibited 
to a similar extent in Pf4-ΔCre Cox-1−/−/Ldlr−/− and Gp1ba-ΔCre Cox-1−/−/Ldlr−/− mice. In a mouse model of tail injury, Pf4-
ΔCre–mediated and Gp1ba-ΔCre–mediated deletions of Cox-1 were similarly efficient in suppressing platelet prostanoid 
biosynthesis. Experimental thrombogenesis and attendant blood loss were similar in both models. However, the impact on 
atherogenesis was divergent, being accelerated in the Pf4-ΔCre mice while restrained in the Gp1ba-ΔCres. In the former, 
accelerated atherogenesis was associated with greater suppression of PGI2 biosynthesis, a reduction in the lipopolysaccharide-
evoked capacity to produce PGE2 (prostaglandin E) and PGD2 (prostanglandin D), activation of the inflammasome, elevated 
plasma levels of IL-1β (interleukin), reduced plasma levels of HDL-C (high-density lipoprotein receptor-cholesterol), and a 
reduction in the capacity for reverse cholesterol transport. By contrast, in the latter, plasma HDL-C and α-tocopherol were 
elevated, and MIP-1α (macrophage inflammatory protein-1α) and MCP-1 (monocyte chemoattractant protein 1) were reduced.

CONCLUSIONS: Both approaches to Cox-1 deletion similarly restrain thrombogenesis, but a differential impact on Cox-
1–dependent prostanoid formation by the vasculature may contribute to an inflammatory phenotype and accelerated 
atherogenesis in Pf4-ΔCre mice.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Key Words: atherosclerosis ◼ blood platelets ◼ cyclooxygenase-1 ◼ hemostasis ◼ thrombosis

Randomized controlled trials have provided evidence 
that low-dose aspirin is effective in the secondary 
prevention of cardiovascular diseases.1 In patients 

who have previously experienced a heart attack or 
stroke, the cardiovascular benefit of low-dose aspirin 
exceeds the risk of gastrointestinal bleeding. The place 

of low-dose aspirin in primary prevention remains con-
troversial.1,2 For example, a recent randomized controlled 
trial in patients with diabetes showed that low-dose aspi-
rin reduced serious vascular events but caused major 
bleeding events that offset this benefit.3 While inhibi-
tion of platelet thromboxane A2 is sufficient to explain 
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the clinical effects of low-dose aspirin, aspirin has other 
effects on thrombus formation unrelated to the inhibition 
of platelet Cox (cyclooxygenase)-1 activity.2,4 Aspirin also 
mimics some of the effects of caloric restriction.5 The 
availability of genetic models of Cox-1 ablation in mega-
karyocyte/platelets facilitates elucidation of the relative 
importance of these observations.

The first available model utilized Pf4 (platelet factor 
4) ΔCre–mediated recombination. However, this is not 
limited to the megakaryocyte/platelet lineage, especially 
during inflammation.6,7 Pf4-ΔCre–mediated deletion of 
Cox-1 in megakaryocyte/platelets ameliorates dextran 
sulfate sodium–induced colitis in mice and prolongs the 
time to occlusion in the carotid artery in a mouse model 
of FeCl3-induced thrombosis.8,9 More recently, Nagy et 
al6 developed a transgenic mouse model in which Cre 
expression is driven by the Gp1ba (glycoprotein 1bα) 
locus, which is more specific to megakaryocyte/platelets 
than the Pf4-ΔCre transgenic mouse. However, recom-
bination may be less efficient than in Pf4-ΔCre mice, 
and the introduction of Cre through constitutive knock-
in results in heterozygous deletion of GP1ba, which 
itself may modify the platelet phenotype. The authors 
advocated Cre to be used as the control for conditional 
deletion using Pf4-ΔCre–mediated and Gp1ba-ΔCre–
mediated recombination. Gollomp and Poncz10 summa-
rized what is known about the 2 models and suggested 
that they should be compared to assess their compara-
tive impact on platelet biology in vivo.

Here, we directly compared the effects of Pf4-ΔCre–
mediated or Gp1ba-ΔCre–mediated deletion of Cox-1 in 
platelets on ex vivo platelet aggregation, prostanoid bio-
synthesis, hemostasis, thrombosis, and atherosclerosis.

MATERIALS AND METHODS
Data Availability
The authors declare that all supporting data are available 
within the article (and its Supplemental Material). Supplemental 
Material includes resources available from the corresponding 
author upon reasonable request.

All reagents used were purchased from MilliporeSigma 
(St. Louis, MO) unless otherwise stated. A detailed description 
of the experimental methods is provided in the Supplemental 
Methods.

All animals in this study were housed according to the 
guidelines of the Institutional Animal Care and Use Committee 
of the University of Pennsylvania. Animals that developed skin 
lesions during the feeding of a high-fat diet were excluded. 
All experimental protocols were approved by the Institutional 
Animal Care and Use Committee (protocol number 804754).

Animals Studies
Platelet-specific Cox-1–deficient mice were generated by 
crossing male Pf4-ΔCre or Gp1ba-ΔCre mouse lines with 
female Cox-1flox/flox mice, as described in the Supplemental 
Methods.

Isolation of Platelets and Primary 
Megakaryocytes From Hyperlipidemic Mice 
(Ldlr−/−)
Blood was centrifuged at 200g for 10 minutes at room tem-
perature to obtain platelet-rich plasma. Platelets were obtained 
from platelet-rich plasma by centrifuging at 3000g for 10 min-
utes at room temperature.

Mature primary megakaryocytes were isolated from bone 
marrows (femora and tibiae) by size exclusion via filtration as 
reported by Spindler et al.11

Ex Vivo Platelet Aggregation Assay
Platelet aggregation in response to adenosine diphosphate and 
arachidonic acid (AA) was measured using optical multichannel 

Nonstandard Abbreviations and Acronyms

AA	 arachidonic acid
Abc	 ATP binding cassette
Bpifa1	� bacterial permeability family member 

A1
Cox	 cyclooxygenase
Gp1ba	 glycoprotein 1bα
HFD	 high-fat diet
Igha	 immunoglobulin heavy chain a
MCP-1	 monocyte chemoattractant protein 1
MIP-1α	 macrophage inflammatory protein-1α
Pf4	 platelet factor 4
PGIM	 2,3-dinor 6-keto PGF1α

Scgb1a1	 secretoglobin family 1A member 1
Scgb3a1	 secretoglobin family 3A member 1
Scgb3a2	 secretoglobin family 3A member 2
scRNA-seq	 single-cell RNA sequencing
TxM	 2,3-dinor TxB2

Highlights

•	 A direct evaluation of the impact of Cox-1 depletion 
in platelets mediated by Pf4 (platelet factor 4)-ΔCre 
or Gp1ba (glycoprotein 1bα)-ΔCre on prostanoid 
biosynthesis and models of cardiovascular disease.

•	 Ex vivo platelet aggregation, platelet prostanoid bio-
synthesis, experimental thrombogenesis, and hemo-
stasis are equally impacted in both models.

•	 The effect of platelet Cox-1 depletion on atherogen-
esis is divergent; it is accelerated in the Pf4-ΔCre 
mice while restrained in the Gp1ba-ΔCre mice.

•	 The divergent atherogenic phenotypes may be 
attributable to the differential impact on atheropro-
tective prostanoids and inflammation from Cox-1 
depletion in platelets mediated by Pf4-ΔCre versus 
Gp1ba-ΔCre.
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(optimul) platelet aggregometry in 96-well plates, as described 
by Chan et al.12

Platelet Activation by Tail Injury in 
Normolipidemic Mice
Two millimeters of tail was amputated using a sterile scalpel 
under anesthesia with isoflurane. Urinary prostanoid metabo-
lites and serum protanoids were measured using liquid chroma-
tography/mass spectrometry/mass spectrometry.

Mass Spectrometric Analysis of Urinary 
Prostaglandin Metabolites and Isoprostanes
Urinary prostanoid metabolites were measured by liquid 
chromatography/mass spectrometry/mass spectrometry as 
described.13 Such measurements provide a noninvasive, time-
integrated measurement of systemic prostanoid biosynthesis.14

Mass Spectrometric Analysis of Serum and Cell 
Culture Media Prostanoids
Prostanoids in serum from mice and cell culture media of 
mouse aortas were measured, as described by Meng et al.15

Blood Loss by Tail Amputation in 
Hyperlipidemic Mice (Ldlr−/−)
Mice were used in this experiment after feeding a high-fat diet 
(HFD) for 12 weeks; 2 mm of the tail was amputated using 
a sterile scalpel under anesthesia with ketamine/xylazine/
acepromazine. Blood was collected into a preweighed glass 
tube containing Drabkin reagent to estimate the amount of 
blood loss and hemoglobin content at 420 nm using a micro-
plate reader.

Photochemical Vascular Injury Induced 
Thrombosis in Female Hyperlipidemic Mice 
(Ldlr−/−)
Briefly,16 ≈14-week-old female mice were anesthetized and 
secured on a thermal pad at 37 °C. A midline cervical inci-
sion was made to locate the right common carotid artery, and 
a Doppler flow probe was applied. Rose Bengal (10 mg/mL) 
was injected into the jugular vein of a mouse (50-mg/kg body 
weight), and a 1.5-mW green light laser (540 nm) was used 
to induce thrombosis. Blood flow was monitored for up to 90 
minutes, and occlusion time was recorded when blood flow was 
reduced to zero for up to 1 minute.

Laser-Induced Thrombus Formation and 
Intravital Microscopy in Male Hyperlipidemic 
Mice (Ldlr−/−)
Briefly,17 anesthetized male mice (12–16 weeks old) kept at 
37 °C on a thermal pad were administrated intravenously with 
rat anti-mouse CD41 (20 µg/mL) and Alexa Flour 488 chicken 
anti-rat IgG (180 µg/mL) diluted in PBS. The cremaster muscle 
was exteriorized, pinned over the microscopy stage, and bathed 
in a bicarbonate-buffered saline at 37 °C. SlideBook 6.0 imag-
ing software (Intelligent Imaging Innovations) was used to 

control all parts of the intravital microscope, data collection, 
and image analysis. Digital images of thrombus formation were 
obtained with an Olympus BX61WI microscope.

Atherogenesis Study
Mice of both sexes on an Ldlr−/− (low-density lipoprotein recep-
tor) background were fed an HFD (21.2% fat, 0.2% choles-
terol, TD.88137; Harlan Teklad, Madison, WI) from 8 weeks of 
age for 12, 24, and 36 weeks. Body weights were recorded, 
and urine samples were collected from the mice before and 
after the HFD feeding.

Single-Cell RNA Sequencing of Mouse Aortas 
and Analysis
Aortas (ascending aorta, aortic arch, descending aorta, 
innominate artery, carotid arteries, subclavian arteries, and 
descending aorta) of male Ldlr−/− mice fed an HFD for 24 
weeks were dissected for single-cell isolation with a cock-
tail of enzymes (DNase, liberase, and hyaluronidase) in a 
petri dish at 37 °C for 40 minutes. Cell supernatant was 
filtered through a 40-µm strainer and washed with RPMI 
1640 containing 10% fetal bovine serum to inactive the 
enzyme cocktail. Mouse aortas from 2 mice per group were 
pooled after enzymatic digestion for scRNA sequencing. 
For single-cell RNA sequencing (scRNA-seq) data cell 
quality control, cells were filtered for the presence of dou-
blets using Scrublet.18 After identifying cell types, a low- 
dimensional cell embedding was estimated using scVI.19 
Using the low-dimensional embedding, cells were then clus-
tered using the Leiden algorithm20 with resolution 0.2 type 
marker gene identification.

Plasma Extraction for Metabolomics Study
Mouse plasma samples (50 µL) were extracted with 300-µL 
ice-cold methanol: chloroform solution (2:1). The top fraction 
was analyzed using Ultra Performance Liquid Chromatography–
mass spectrometry/mass spectrometry as reported previously.21 
Data analysis was normalized with the probabilistic quotient nor-
malization in R.22

In Vivo Reverse Cholesterol Transport Assay
Bone marrow–derived macrophages were prepared from male 
C57Bl/6J mice, and a reverse cholesterol transport assay was 
performed as previously described.23,24

Statistics
All animals compared were the stated age and some were on 
the same LdIr−/− background (C57BL/6J). The residuals were 
tested for normality by the D’Agostino/Pearson test. Post hoc 
analysis was performed by pairwise t tests, with the Bonferroni 
correction unless otherwise stated. All significant tests were 
further validated by the nonparametric Mann-Whitney U and 
Wilcoxon tests to make sure that they were not biased by para-
metric assumption. A significance threshold of 0.05 was used 
for all tests after correcting for multiple tests. Sample sizes 
(10–20) were based on power analysis of the test measure-
ment and the desire to detect a minimal 10% difference in the 
variables assessed with α=0.05 and the power (1−β)=0.8.
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For scRNA sequencing, to assess the differential expres-
sion of genes among the combinations of conditions, gene 
transcript counts were transformed as they were for all scRNA-
seq analyses. Thereafter, a difference of means of each pair 
of transformed count distributions was assessed using a 
Mann-Whitney U test. Additional filtering was done by 2 fur-
ther criteria. First, the effect size of the difference of means 
was estimated. Those with effect sizes ≥0.3 were kept. Second, 
the percentage of cells with detected expression was detected. 
Genes with at least 10% detected expression across cells in 1 
of the 2 conditions were kept.

RESULTS
Pf4-ΔCre–Mediated or Gp1ba-ΔCre–
Mediated Deletion of Platelet Cox-1 Reduces 
Cox-1 mRNA and Protein in Platelets and 
Megakaryocytes in Hyperlipidemic Mice (Ldlr−/−) 
Fed a Standard Laboratory Diet
DNA extracted from the mouse tail was used to confirm 
the genotypes of our mouse models by polymerase chain 
reaction (PCR) analyses. PCR products of Pf4-ΔCre, 
Gp1ba-ΔCre, flox (flanking by LoxP), and Ldlr are 450, 
372, 210, and 550 bp, respectively (Figure S1A). The 
excision product of the floxed Cox-1 gene resulted in a 
PCR product of 327 bp (Figure S1A, bottom).

Pf4-ΔCre–mediated or Gp1ba-ΔCre–mediated dele-
tion of Cox-1 reduces Cox-1 mRNA and is shown in 
platelets and megakaryocytes isolated from platelet-rich 
plasma and bone marrow, respectively (Figure S1B and 
S1C). mRNA of glycoprotein IIb/IIIa integrin (CD41) was 
enriched in platelets and megakaryocytes. Platelet CD41 
mRNA levels of Gp1ba-ΔCre control mice were signifi-
cantly higher than in Pf4-ΔCre control mice. These results 
agree with the increase in platelet volume of the Gp1ba-
ΔCre mouse model, as reported by Nagy et al.6 Despite 
having different Cox-1 mRNA levels in the 2 Cre controls, 
Cox-1 mRNA and protein in platelets and megakaryo-
cytes from Cox-1−/− mice were depleted to a similar extent 
after Cre-mediated recombination (Figure S1B and S1C). 
Consistent with this, serum TxB2, PGE2 (prostaglandin E), 
PGD2 (prostanglandin D), and PGF2α levels were signifi-
cantly suppressed in both knockout lines (Figure S1D).

Deletion of Platelet Cox-1 Inhibits Ex Vivo 
Platelet Aggregation Induced by AA or 
Adenosine Diphosphate
Platelet-rich plasma isolated from the whole blood of 
controls or platelet Cox-1−/− hyperlipidemic (Ldlr−/−) 
mice fed a standard laboratory diet was used to perform 
a platelet aggregation assay using a microplate reader.

Deletion of Cox-1 in platelets from both lines signifi-
cantly inhibited platelet aggregation induced with AA or 
adenosine diphosphate (Figure S2).

Deletion of Platelet Cox-1 Suppresses 
Urinary Thromboxane Metabolite Excretion in 
Normolipidemic Mice (Ldlr+/+) Fed a Standard 
Laboratory Diet After Tail Injury
Tail amputation activated platelet-dependent hemosta-
sis. In Pf4-ΔCre mice, tail injury activated thromboxane 
(Tx) and PGI2 biosynthesis in both sexes, as reflected 
by excretion of their urinary metabolites, 2,3-dinor TxB2 
(TxM), and 2,3-dinor 6-keto PGF1α (PGIM; Table 1). 
The increase in PGIM in male mice was not statisti-
cally significant compared with the baseline. Deletion 
of Cox-1 in platelets significantly suppresses TxM but 
not PGIM. PGDM (11,15-dioxo-9α-hydroxy-2,3,4,5-
tetranorprostan-1,20-dioic acid), PGEM (7-hydroxy-
5,11-diketotetranorprostane), and the F2-isoprostane, 
8,12-iso-iPF2α-VI were not significantly altered after tail 
injury in Pf4-ΔCre mice (Table S1). Similar trends were 
observed in Gp1ba-ΔCre mice of both sexes (Table 1; 
Table S1).

In summary, deletion of Cox-1 resulted in the expected 
and similar suppression of Tx in the setting of platelet 
activation in both lines. Due to differences in baseline 
urinary prostanoid metabolites, the percentage change 
with respect to baseline is also presented in Table 1.

Deletion of Platelet Cox-1 Suppresses 
Prostanoids in Serum of Normolipidemic Mice
Platelets were activated ex vivo by exposing whole blood 
to a borosilicate glass tube for 1 hour at 37 °C. Dele-
tion of Cox-1 in platelets in either line significantly sup-
presses serum levels of TxB2, PGD2, PGE2, and PGF2α in 
both sexes (Figure S3). As expected, given the absence 
of a vascular source, PGI2 was below the limit of detec-
tion in serum.

Deletion of Cox-1 in Platelets Increases Blood 
Loss in Ldlr−/− Mice
Mice fed an HFD for 12 weeks were used to measure 
the amount of blood loss after tail amputation to evaluate 
the hemostatic role of Cox-1 in activated platelets. Dele-
tion of Cox-1 in platelets significantly increased blood 
loss in mice in both sexes (Figure 1A, 1B, 1E, and 1F) in 
both lines. Reflecting blood loss, hemoglobin levels were 
significantly higher in mice deficient in platelet Cox-1 
(Figure 1C, 1D, 1G, and 1H).

Platelet Cox-1 Promotes Thrombogenesis in 
Hyperlipidemic Mice (Ldlr−/−) on a Standard 
Laboratory Diet
The time to vascular occlusion after a photochemical-
induced carotid vascular injury in female mice was 
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significantly increased in both lines of Cox-1−/− mice 
compared with controls (Figure 2A).

For male mice, thrombosis was monitored using laser-
induced injury of small arteries in the cremaster muscle 
in conjunction with intravital microscopy. Again, deletion 
of Cox-1 in platelets restrains thrombogenesis compara-
bly in both lines (Figure 2B). Maximal thrombus size was 
significantly reduced in Cox-1−/− mice (Figure 2C).

Contrasting Impact of Pf4-ΔCre–Mediated and 
Gp1ba-ΔCre–Mediated Deletion of Platelet 
Cox-1 on Atherogenesis in Hyperlipidemic Mice
Feeding Pf4-ΔCre mice an HFD for 12, 24, and 36 weeks 
significantly increased atherosclerotic plaque area rela-
tive to the total area, as assessed by en face lesion analy-
sis (Figure 3A). Deletion of Cox-1 significantly increased 
lesional plaque accumulation at 36 weeks in female mice 
and at 24 and 36 weeks in male mice. By contrast, in 
Gp1ba-ΔCre mice, there were significant increases in 
atherosclerotic lesions with feeding time in mice regard-
less of genotype (Figure 3B; female and male), but dele-
tion of Cox-1 significantly restrained lesional plaques at 
36 weeks in female mice and at 24 and 36 weeks in male 
mice. Representative en face whole aortic lesion images 
stained with Sudan IV dye of male mice on 24 and 36 
weeks of HFD are shown (Figure 3A and 3B, right).

Consistent with the en face analyses, aortic root lesion 
burden, as reflected by hematoxilin and eosin staining, 
was significantly increased in Cox-1–deficient Pf4Δ-Cre 
mice, while a reduction in aortic root lesion burden was 
observed in Cox-1−/−–deficient Gp1ba-ΔCre mice (Fig-
ure 3C and 3D).

Mice from both lines fed an HFD gained body weight 
(Figure S4A and S4B). However, deletion of Cox-1 did 
not significantly alter weight, systolic blood pressure, 
heart rate, blood glucose, or triglycerides (Table S2) in 
either line or sex (Figures S4 and S5) fed an HFD.

Deletion of Platelet Cox-1 Suppresses Urinary 
Prostanoid Metabolites in Hyperlipidemic Mice 
(Ldlr−/−)
Urinary prostaglandin metabolites were measured in male 
mice after feeding an HFD for 24 weeks. HFD signifi-
cantly increased urinary TxM, PGIM, and PGDM in both 
sexes in Pf4-ΔCre mice (Table 2), and deletion of Cox-1 
in platelets significantly reduced these metabolites. Uri-
nary PGEM and F2-isoprostane, 8,12-iso-iPF2α-VI were 
not statistically altered after feeding an HFD regardless 
of sex or genotype of the mice (Table S3).

By contrast, in Gp1baΔ-Cre mice, the increase in 
PGDM did not attain significance after feeding an HFD, 
and deletion of Cox-1 in platelets did not significantly 

Table 1.  Deletion of Platelet Cox-1 Suppresses Urinary Thromboxane Metabolite Excretion (TxM) in Normolipidemic Mice 
(Ldlr+/+) After Tail Injury

ng/mg creatinine 

BL Tail injury BL Tail injury

Controls Platelet Cox-1−/− Controls Platelet Cox-1−/− Controls Platelet Cox-1−/− Controls Platelet Cox-1−/− 

 Pf4-ΔCre female mice Pf4-ΔCre male mice

TxM
%BL
P value*
P value†

121±12 121±26
>0.99

201±32
176±31
0.011

98.7±18
89±10
0.013
0.99

56.8±7.5 32.5±4.6
0.055

80.9±8.8
153±17
0.00

28.5±4.1
93±17
<0.001
>0.99

PGIM
%BL
P value*
P value†

2.27±0.2 2.57±0.4
>0.99

3.77±0.5
196±41
0.040

2.90±0.6
123±25
0.39
>0.99

2.88±0.2 2.40±0.1
>0.99

4.24±0.8
146±22
0.064

2.89±0.5
117±14
0.17
0.98

 Gp1ba-ΔCre female mice Gp1ba-ΔCre male mice

TxM
%BL
P value*
P value†

30.7±2.2 24.2±2.9
0.19

42.3±3.0
140±8.6
<0.001

17.1±2.5
74±8.4
<0.001
0.021

16.7±3.0 13.3±1.7
0.96

29.5±7.3
182±22
0.010

13.2±1.5
118±20
0.003
>0.99

PGIM
%BL
P value*
P value†

0.78±0.0 0.88±0.2
>0.99

0.85±0.2
111±28
>0.99

0.86±0.2
110±28
>0.99
>0.99

0.81±0.1 0.74±0.1
>0.99

1.12±0.3
128±29
0.50

1.02±0.1
152±27
>0.99
0.37

Fasting (10 am–5 pm) urine samples from mice on a standard laboratory diet were collected before and 2 days after tail injury, and prostanoids levels (PGIM, TxM, and 
M) were analyzed by liquid chromatography/mass spectrometry, as described in the Supplemental Methods. Due to differences in BL values between the 2 Cres, the 
changes after tail injury were expressed as %BL with respect to control or platelet Cox-1−/−; (control at tail injury/control at BL)×100; and (platelet Cox-1−/− at tail injury/
platelet Cox-1−/− at BL)×100. The 2-way ANOVA showed that urinary TxM and PGIM were significantly affected by tail injury, and deletion of Cox-1 affected TxM. The 
Bonferroni multiple comparison test was used to test for significant differences between groups (controls vs platelet Cox-1−/− mice) and treatments (BL vs tail injury). 
Data are expressed as means±SEMs. P<0.05 was considered significant. BL indicates baseline; Cox-1, cyclooxygenase-1; Gp1ba, glycoprotein 1bα; Ldlr, low-density 
lipoprotein receptor; M, metabolite; Pf4, platelet factor 4; PGIM, 2,3-dinor 6-keto PGF1α; and TxM, 2,3-dinor TxB2.

*P values between controls and platelet Cox-1−/− at BL or tail injury. 
†P values between BL and tail injury for controls or platelet Cox-1−/−. Controls: Pf4-ΔCre (n=10 females and 10 males) or Gp1ba-ΔCre (n=9 females and 8 males), 

platelet Cox-1−/−- Pf4-ΔCre/Cox-1F/F (n=7 females and 7 males), or Gp1ba-ΔCre/Cox-1F/F (n=8 females and 13 males).
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suppress urinary PGIM. Urinary PGEM was significantly 
reduced in males after feeding an HFD regardless of 
genotype (Table 2; Table S3).

Differential Impact on Lipopolysaccharide-
Evoked Vascular Capacity to Form Prostanoids 
in Ldlr−/− Mice
We isolated whole aortas from mice fed an HFD and 
treated the aortas in cell culture media with lipopoly-
saccharide for 8 hours at 37 °C. Tx was suppressed in 
both Cox-1–deficient lines, perhaps reflecting residual 
platelet contamination. However, PGE2 and PGD2 were 
only suppressed in the Cox-1–depleted Pf4-ΔCre line 
(Table S4).

In summary, while Tx biosynthesis (urinary TxM) and 
the aortic capacity to generate Tx after lipopolysaccha-
ride treatment are suppressed in both lines, the forma-
tion of prostanoids that can mediate an anti-inflammatory 
effect on atherogenesis was depressed in vivo (PGIM) 
and ex vivo (lipopolysaccharide-evoked PGE2 and PGD2) 
only in the Cox-1–depleted Pf4-ΔCre line.

Differential Impact in Cox-1 Gene Expression in 
Aortas and Peritoneal Cells of Male Ldlr−/− Mice 
Fed an HFD for 24 Weeks
Aortic Cox-1 mRNA was reduced to a greater extent in 
Pf4-ΔCre Cox-1−/− mice (≈76%) than in Gp1ba-ΔCre 
male mice (≈49%) after feeding an HFD for 24 weeks 
(Figure S6A). Cox-1 expression was also reduced in peri-
toneal cells of this line but not in the Gp1ba-ΔCre mice 
(Figure S6B). Pf4-ΔCre Cox-2 mRNA was not altered by 
Cox-1 depletion (Figure S6A and S6B).

scRNA-seq of Mouse Aortas
In an exploratory study to investigate the divergent ath-
erosclerotic phenotypes between the 2 approaches to 
deletion of Cox-1 in Ldlr−/− mice, we performed scRNA 
sequencing using aortas from male mice fed an HFD for 
24 weeks.

scRNA-seq analyses revealed 9 distinct cell clus-
ters with unique marker genes as displayed in Uniform 
Manifold Approximation and Projections. As shown in 
Figure 4A, one of the main differences between the 2 
mouse lines was the identification of a cell cluster (black 
rectangle) that displayed signature genes of stem cells, 
endothelial cells, and monocytes.25–27 Mouse aortas from 
the Pf4-ΔCre mice (both control and platelet Cox-1 
knock-outs) had many more stem cells, endothelial cells, 
and monocytes than those from the Gp1ba-ΔCre mice 
irrespective of Cox-1 expression. We studied vascular 
smooth muscle cells in more detail because they con-
stituted about 50% of the isolated cells from the ath-
erosclerotic aortas. Additionally, the phenotypic switching 
of smooth muscle cells during atherogenesis has been 
related to the pathophysiology of this disease.25,28 KEGG 
(Kyoto Encyclopedia of Genes and Genomes) pathway 

Figure 1. Deletion of platelet Cox-1 (cyclooxygenase-1) 
increases blood loss in hyperlipidemic mice (Ldlr−/−; low-
density lipoprotein receptor) fed a high-fat diet (HFD).
Mice after 12 weeks on an HFD were used in this experiment; 2 
mm of mouse tail was amputated under anesthesia, and blood 
was collected into a glass tube containing Drabkin reagent for 
7.5 minutes (female) and 15 minutes (male). Pf4 (platelet factor 
4)-ΔCre–mediated or Gp1ba (glycoprotein 1bα)-ΔCre–mediated 
deletion of Cox-1 in platelets significantly increased blood loss 
(Pf4-ΔCre: [A] female and [B] male; Gp1ba-ΔCre: [E] female and 
[F] male). Hemoglobin levels were significantly increased in platelet 
Cox-1−/− mice (Pf4-ΔCre: [C] female and [D] male; Gp1ba-ΔCre: [G] 
female and [H] male). Data are expressed as means±SEMs (Mann-
Whitney U test, 1-tailed, n=8–21 per group for female mice, and 
n=15–22 per group for male mice). Controls: Pf4-ΔCre/Ldlr−/− or 
Gp1ba-ΔCre/Ldlr−/−, platelet Cox-1 KO-Pf4-ΔCre/Cox-1F/F/Ldlr−/−, or 
Gp1ba-ΔCre/Cox-1F/F/Ldlr−/−. AU indicates absorbance units; BW, 
body weight; OD, optical density; and KO, knock-out.

D
ow

nloaded from
 http://ahajournals.org by on A

ugust 6, 2024

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.320295
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.320295
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.320295
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.320295
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.320295


Translational Sciences - AL
Tang et al Cox-1 Depletion in Platelets

Arterioscler Thromb Vasc Biol. 2024;44:1393–1406. DOI: 10.1161/ATVBAHA.123.320295� June 2024    1399

analyses associated with changes in gene expression 
showed that the TCA (citric acid cycle), carbon metab-
olism, spliceosome, and protein processing in the ER 
genes were differentially altered between the 2 lines 

(Figure 4E). For macrophages, pathway enrichment anal-
yses revealed that glycosphingolipid signaling was dif-
ferentially expressed and modulated by Cox-1 deletion 
in the 2 lines (Figure S7A). Differential gene expression 

Figure 2. Platelet Cox-1 (cyclooxygenase-1) promotes thrombogenesis in Ldlr−/− (low-density lipoprotein receptor) mice of both 
sexes.
The 12- to 14-week-old female and male Ldlr−/− mice on a standard laboratory diet were used in these experiments. The time to thrombotic 
carotid artery occlusion after photochemical injury was extended in female platelet Cox-1−/− hyperlipidemic mice ([A] Pf4 [platelet factor 
4]-ΔCre [left] and Gp1ba [glycoprotein 1bα]-ΔCre [right]). A Mann-Whitney U test (1-tailed) revealed a significant effect of genotype on 
occlusion time. Data are expressed as means±SEMs. n=13 to 15 per group. B, Thrombogenesis in cremaster arterioles after laser-induced 
injury in male platelet Cox-1−/− hyperlipidemic mice. Thrombus formation was visualized in real time with fluorescently labeled platelets, as 
described in the Supplemental Methods. Median-integrated fluorescence intensity of platelets representing thrombus formation was plotted vs 
time after laser-induced injury of the cremaster arteriole vessel wall. Fluorescence intensity from 10 thrombi was averaged from each mouse. 
Data corresponding to maximal thrombus size were extracted from the fluorescence-time curves and averaged ([C] Pf4-ΔCre [left] and 
Gp1ba-ΔCre [right]). A Mann-Whitney U test (1-tailed) revealed a significant effect of Cox-1 deletion on maximal thrombus formation. Data are 
expressed as means±SEMs. n=13 to 14 per group. Controls: Pf4-ΔCre/Ldlr−/− or Gp1ba-ΔCre/Ldlr−/−, platelet Cox-1 KO-Pf4-ΔCre/Cox-1F/F/
Ldlr−/−, or Gp1ba-ΔCre/Cox-1F/F/Ldlr−/−. FITC indicates fluorescein isothyiocyanate; and KO, knock-out.
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Figure 3. Pf4 (platelet factor 4)-ΔCre–mediated deletion of platelet Cox-1 (cyclooxygenase-1) promotes atherogenesis in Ldlr−/− 
(low-density lipoprotein receptor) mice, while Gp1ba (glycoprotein 1bα)-ΔCre–mediated deletion restrains atherogenesis.
Aortic atherosclerotic lesion burden, represented by the percentage of lesion area stained with Sudan VI to total aortic area, was quantified by 
en face analysis of aortas from mice fed a high-fat diet (HFD) for 12, 24, and 36 weeks. A, Lesion area increased with feeding time, and Pf4-
ΔCre–mediated deletion of Cox-1 increased lesion burden in mice of both sexes. B, However, Gp1ba-ΔCre–mediated Cox-1 (Continued )
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analyses of smooth muscle cells; macrophages; and stem 
cells, endothelial cells, and monocytes revealed upregu-
lation of several genes associated with anti-inflammatory 
signaling in Gp1ba-ΔCre–mediated deletion of Cox-1 in 
platelets (Figure 4F; Figure S7B–S7D). Despite Bpifa1 
(bacterial permeability family member A1) being differ-
entially expressed in T cells, relevant KEGG pathways 
(focal adhesion, oxidative phosphorylation, and protein 
processing in ER) were equally impacted between con-
trols and platelet Cox-1−/− mice of both Cres (Figure 
S7E). Pf4 expression was restricted to macrophages but 
was unaltered by Cre or genotype (Figure S7F). Cell-
type proportions are presented in Figure S7G.

Cox-1, Cox-2, Pf4, and Tnf-α mRNA Levels of 
Aortic CD3+ T and CD11b+ Cells
We isolated immune cells from mouse aortas by  
fluorescence-activated cell sorting to perform rt-qPCR. 
In CD3+ T cells, Cox-1 mRNA levels were significantly 
reduced in platelet Cox-1−/− mice mediated by Pf4-ΔCre 
but not in Gp1ba-ΔCre mice (Figure S8A). Interestingly, 
Pf4 was detected only in CD3+ T cells from Pf4-ΔCre 
mice and was significantly decreased in platelet Cox-
1−/− CD3+ T cells. However, no significant differences 
in Cox-1 mRNA levels were detected in CD11b+ cells 
between control and platelet Cox-1−/− mice of both Cres. 
Cox-2 mRNA levels in CD3+ T cells were significantly 
reduced in Pf4-ΔCre Cox-1−/− mice, but in CD11b+ cells, 
Cox-2 levels increased in Pf4-ΔCre Cox-1−/− mice and 
decreased in Gp1ba-ΔCre mice. We tried to characterize 
CD11b+ cells based on the M1 or M2 macrophage mark-
ers29 and M1 (Tnf-α [tumor necrosis factor] and IL-17a 
[interleukin]) or M2 (IL-4 and IL-13) by rt-qPCR. Unex-
pectedly, only Tnf-α was significantly elevated in CD11b+ 
cells from Pf4-ΔCre Cox-1−/− mice (Figure S8B). IL-17A, 
IL-4, and IL-13 levels were below the limit of detection. 
The gating strategy for sorting immune cells from mouse 
aortas is presented in Figure S8C.

Inflammasome Signaling Pathway Is Activated 
in Pf4-ΔCre Male Ldlr−/− Mice
Consistent with the scRNA-seq results, Pf4-ΔCre–medi-
ated deletion of Cox-1 in platelets significantly increased 
plasma levels of IL-β compared with controls after 12 

weeks on an HFD (Figure S9A). No significant differ-
ences were observed in Gp1ba-ΔCre mice (Figure S9B). 
Splenic cleaved-caspase-1 protein expression was sig-
nificantly upregulated only in platelet Cox-1−/− Pf4-ΔCre 
mice (Figure S9C). Administration of an inflammasome 
inhibitor (MCC950) abrogated the differences in athero-
sclerotic plaque lesions, cleaved-caspase-1 protein, and 
plasma IL-1β levels between controls and these platelet 
Cox-1−/− mice (Figure S9E).

Pf4-ΔCre–Mediated Deletion of Cox-1 in 
Platelets Decreases Reverse Cholesterol 
Transport in Male Ldlr−/− Mice
Plasma levels of HDL-C (high-density lipoprotein  
receptor-cholesterol) were significantly decreased in 
platelet Cox-1−/− mice mediated by Pf4-ΔCre after feed-
ing an HFD for 24 weeks (Table S2). These findings 
prompted us further to investigate reverse cholesterol 
transport. Abc (ATP-binding cassette)a1 and Abcg1 
mRNA expression levels were downregulated in plate-
let Cox-1−/− mice compared with controls (Figure S10A). 
Consistent with these results, liver H3-cholesterol levels 
were significantly decreased in platelet Cox-1−/− mice 
compared with controls (Figure S10B). No significant 
differences in H3-cholesterol levels were detected in the 
plasma and feces between controls and platelet Cox-
1−/− mice (Figure S10B).

Gp1ba-ΔCre–Mediated Deletion of Cox-1 in 
Platelets Reduces Biomarkers of Inflammation 
in Male Ldlr−/− Mice
Plasma levels of HDL-C were significantly increased in 
male platelet Cox-1−/− mice mediated by Gp1ba-ΔCre 
after feeding an HFD for 12 weeks (Table S2), and plasma 
levels of MIP-1α (macrophage inflammatory protein-1α) 
and MCP-1 (monocyte chemoattractant protein 1) were 
significantly decreased (Figure S11A and S11B).

Deletion of platelet Cox-1 in either line did not signifi-
cantly alter plasma levels of IL-10 and IL-13 in mice fed 
an HFD for 24 weeks (Figure S11C and S11D).

Orthogonal partial least-squares discriminant analy-
sis revealed a distinct separation of plasma metabolites 
between Gp1ba-ΔCre controls (red) and platelet Cox-
1−/− (green) mice (P=0.02; Q2=0.52; Figure S12A). 

Figure 3 Continued.  deletion in platelets restrained lesion burden. For (A and B), a 2-way ANOVA showed that en face aortic lesion burden 
was significantly affected by feeding time or deletion of Cox-1 in platelets. The Bonferroni multiple comparison test was used to test for 
significant differences between controls and platelets Cox-1−/− mice or feeding time. Data are expressed as means±SEMs. *P<0.05; n=8 to 24 
per group. En face aortic images of male hyperlipidemic mice on an HFD diet for 24 and 36 weeks ([A] Pf4-ΔCre and [B] Gp1ba-ΔCre). C and 
D, Aortic root lesion burden was quantified by hematoxilin and eosin staining of cross-sections from male mice fed an HFD for 24 weeks. The 
area of aortic root lesions was expressed as a percentage of the total area of the vessel minus the luminal area. Representative cross-sectional 
images are shown (right). Pf4-ΔCre–mediated deletion of Cox-1 increased lesion burden in male mice (C), while Gp1ba-ΔCre reduced it 
(D). For (C and D), a Mann-Whitney U test (1-tailed) revealed a significant effect of Cox-1 deletion in platelets on aortic root lesion burden 
progression. Data are expressed as means±SEMs. n=8 to 9 per group. Controls: Pf4-ΔCre/Ldlr−/− or Gp1ba-ΔCre/Ldlr−/−, platelet Cox-1 KO-
Pf4-ΔCre/Cox-1F/F/Ldlr−/−, or Gp1ba-ΔCre/Cox-1F/F/Ldlr−/−. KO indicates knock-out.
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No such separation was observed between Pf4-ΔCre+/

KI controls (blue) and platelet Cox-1−/− (purple) mice 
(P>0.1; Q2=0). MetaboAnalyst pathway analysis 
revealed amino acid metabolic pathways were impacted 
in Gp1ba-ΔCre–mediated deletion of Cox-1 in platelets, 
especially glycine, serine, threonine, tyrosine, alanine, 
aspartate, and glutamate metabolism (Figure S12B). 
Indeed, plasma levels of α-tocopherol were significantly 
increased in Gp1ba-ΔCre platelet Cox-1−/− mice com-
pared with controls (Figure S12C).

Products of the lipoxygenase and epoxygenase path-
ways of AA metabolism were unaltered by platelet Cox-1 
deletion in either line (data not shown).

DISCUSSION
Genetic ablation of platelet Cox-1 in mice would be 
expected to recapitulate the effects of low-dose aspi-
rin—suppression of Tx and PGD formation, impairment 

of hemostasis, and restraint of thrombogenesis and 
atherogenesis.30–32

There are 2 major findings in this article. First, under 
the conditions of no insult or acute injury with short-term 
stress, the use of Pf4-ΔCre or Gp1ba-ΔCre to effect 
deletion of Cox-1 in platelets resulted in comparable 
and expected suppression of ex vivo platelet aggrega-
tion, prostanoid formation, impairment of hemostasis, 
and restraint of thrombogenesis.9,17,31,33 This was an 
important comparison given concerns about the rela-
tive efficiency of recombination, the potential impact on 
platelet-dependent thrombogenesis of partial loss of 
Gp1ba, and the use of flox/flox but not Cre-positive con-
trols. As expected, urinary lipoxygenase and epoxygen-
ase products of AA were unaltered by Cox-1 deletion in 
either line. The increase in PGI2 biosynthesis coincident 
with Tx after tail injury is expected, reflecting the inter-
action of platelets with vascular endothelial cells, which 
produce PGI2 to counteract the vasoconstrictive and 

Table 2.  Deletion of Platelet Cox-1 Suppresses Urinary Prostanoid Metabolites in Hyperlipidemic Mice (Ldlr−/−) Fed an HFD

ng/mg creatinine 

BL 24-wk HFD BL 24-wk HFD

Controls Platelet Cox-1−/− Controls Platelet Cox-1−/− Controls Platelet Cox-1−/− Controls Platelet Cox-1−/− 

 Pf4-ΔCre female mice Pf4-ΔCre male mice

TxM
P value*
P value†

173±15 82.4±6.6
0.19

733±71
<0.001

207±26
<0.001
0.046

131±27 31.8±3.8
0.12

543±68
<0.001

99.2±13
<0.001
0.32

%BL   487±72 251±32   541±83 362±65

PGIM
P value*
P value†

3.30±0.3 3.36±0.3
>0.99

6.20±0.4
<0.001

3.60±0.3
<0.001
>0.99

6.29±1.5 5.60±1.4
>0.99

31.8±3.8
<0.001

20.5±2.3
0.006
<0.001

%BL   237±47 114±11   646±82 521±77

PGDM
P value*
P value†

32.7±5.3 18.0±1.5
0.006

38.7±3.3
0.34

16.2±2.2
<0.001
>0.99

83.3±20 30.4±3.9
0.005

116±11
0.034

36.7±4.8
<0.001
>0.99

%BL   155±23 103±17   187±21 145±26

 Gp1ba-ΔCre female mice Gp1ba-ΔCre male mice

TxM
P value*
P value†

83.2±5.1 46.2±4.6
0.23

305±34
<0.001

105±12
<0.001
0.030

32.9±7.7 21.5±3.3
0.75

105±15
<0.001

38.4±6.6
<0.001
0.39

%BL   370±32 245±27   508±124 226±47

PGIM
P value*
P value†

1.92±0.1 1.45±0.1
0.23

2.79±0.3
0.005

2.25±0.2
0.16
0.008

2.52±0.6 1.96±0.2
>0.99

9.93±1.1
<0.001

7.98±0.6
0.10
<0.001

%BL   148±14 179±27   459±49 455±53

PGDM
P value*
P value†

14.0±0.9 14.3±1.0
>0.99

17.3±1.5
0.043

10.0±0.9
<0.001
0.006

30.9±6.2 20.7±1.9
0.13

36.1±3.5
0.65

25.7±2.8
0.12
0.65

%BL   129±12 74±7   175±38 141±19

Fasting (10 am–5 pm) urine samples from mice were collected before and after 24 wk on an HFD, and prostanoid metabolites (PGIM, TxM, tetranor PGDM, and M) 
were analyzed by liquid chromatography/mass spectrometry, as described in the Supplemental Methods. Due to differences in baseline values between the 2 Cres, the 
changes after 24 wk of HFD were expressed as %BL; (control at 24-wk HFD/control at baseline)×100; and (platelet Cox-1−/− at 24-wk HFD/platelet Cox-1−/− at 
baseline)×100. A 2-way ANOVA showed that TxM, PGIM, and PGDM were significantly affected by Cox-1 deletion or 24 wk of HFD. The Bonferroni multiple comparison 
test was used to test for significant differences between groups (controls vs platelet Cox-1−/−) and treatments (baseline vs 24-wk HFD). BL indicates baseline; Cox-1, 
cyclooxygenase-1; Gp1ba, glycoprotein 1bα; HFD, high-fat diet; Ldlr, low-density lipoprotein receptor; M, metabolite; Pf4, platelet factor 4; PGDM, 11,15-dioxo-9α-
hydroxy-2,3,4,5-tetranorprostan-1,20-dioic acid; and PGIM, 2,3-dinor 6-keto PGF1α.

*P values between controls and platelet Cox-1−/− at baseline or 24-wk HFD. 
†P values between baseline and 24-wk HFD for controls or platelet Cox-1−/−. Data are expressed as means±SEMs; n=15–16 per group. P<0.05 was considered 

significant. Controls: Pf4-ΔCre/Ldlr−/− or Gp1ba-ΔCre/Ldlr−/−, platelet Cox-1−/−-Pf4-ΔCre/Cox-1F/F/Ldlr−/−, or Gp1ba-ΔCre/Cox-1F/F/Ldlr−/−.
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Figure 4. Single-cell RNA sequencing analysis of mouse aorta revealed the presence of stem cells, endothelial cells, and 
monocytes (SEM) in higher abundance in Pf4 (platelet factor 4)-ΔCre male Ldlr−/− (low-density lipoprotein receptor) mice fed a 
high-fat diet (HFD) for 24 weeks.
Uniform Manifold Approximation and Projection (UMAP) representation of aligned gene expression data of mouse atherosclerotic aorta from 
Pf4-ΔCre (A) or Gp1ba (glycoprotein 1bα)-ΔCre (B) mice fed an HFD for 24 weeks. Inflammatory SEM cells (in black rectangle) were present 
in a larger quantity in Pf4-ΔCre mice compared with Gp1ba-ΔCre mice regardless of the deletion of Cox-1 (cyclooxygenase-1) (Continued )
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platelets aggregation effects of Cox-1-derived throm-
boxane A2.

32,34 Interestingly, Cox-1 depletion reduced 
this protective PGI2 response only in the Pf4-ΔCre line. 
While Cox-1 deletion suppressed urinary TxM when an 
increase was evoked by either tail injury or an HFD, the 
failure to detect an impact on basal TxM likely reflected 
a deficiency of power relative to the low levels of the 
metabolite in mice. Low-dose aspirin markedly sup-
pressed urinary TxM in humans.35 When whole blood 
was activated ex vivo, all serum prostanoids were fully 
suppressed by the deletion of Cox-1 in platelets driven 
by either Pf4-ΔCre or Gp1ba-ΔCre recombination. In 
this assay, there is no vascular source of PGI2, and sup-
pression of platelet Tx (and PGD2) formation would be 
expected to reduce platelet-dependent leukocyte activa-
tion and consequently PGE2. It is worth noting that differ-
ences in baseline prostanoid metabolites between the 2 
models may reflect any number of things including leaki-
ness of Cre-mediated recombination.

The second major observation was a surprise. While 
Gp1ba-ΔCre–targeted deletion of platelet Cox-1 
restrained atherogenesis in hyperlipidemic mice as 
expected, Pf4-ΔCre–mediated deletion of Cox-1 had the 
opposite effect. While an off-target extra-platelet effect 
was unexpected, the differential impacts on aortic Cox-1 
mRNA levels and urinary PGIM could have contributed 
to atherogenesis in the Pf4-ΔCre mice. Deletion of its 
receptor—the IPr (I prostanoid receptor)—accelerates 
atherogenesis in hyperlipidemic mice.36 Furthermore, Pf4 
was extant only in macrophages in our scRNA analysis. 
The capacity for lipopolysaccharide-evoked Tx formation 
by the atherosclerotic vasculature was reduced by Cox-1 
depletion in both lines; however, there was a concomitant 
depletion of PGE2 and PGD2, both of which have anti-
inflammatory properties37 only in the Pf4-ΔCre line. Thus, 
a contrasting impact on atheroprotective prostaglandin 
formation—reactive PGI2 by the vasculature and PGE2 
and PGD2—likely by infiltrating macrophages may have 
contributed to the divergent impact of Cox-1 depletion 
on atherogenesis in the 2 lines.

To address this further, we sought differences in gene 
expression, inflammatory, and lipid biomarkers and in the 
plasma metabolome between the 2 lines.

Consistent with restraint of atherogenesis and sup-
pression of inflammatory soluble intracellular adhesion 

molecule-1 and MCP-1 in hyperlipidemic mice treated 
with low-dose aspirin,38 aortic scRNA-seq analyses 
revealed that smooth muscle cells; macrophages; stem 
cells, endothelial cells, and monocytes; and T cells in the 
Gp1ba-ΔCre platelet Cox-1−/− mice expressed higher 
levels of genes associated with anti-inflammatory prop-
erties, including immunoglobulin (Igha [immunoglobulin 
heavy chain a] and Igkc), secretoglobin (Scgb1a1 [sec-
retoglobin family 1A member 1], Scgb3a1 [secretoglo-
bin family 3A member 1], and Scgb3a2 [secretoglobin 
family 3A member 2]), and Bpifa1. Administration of 
immunoglobulin to mice and genetic deletion of the 
latter genes modulate immune responses and activate 
inflammatory pathways in animal models.39–41 In addition, 
the systemic inflammatory markers, MIP-1α and MCP-
1, were reduced in the Gp1ba-ΔCre Cox-1−/− mice coin-
cident with an increase in plasma levels of α-tocopherol 
and HDL-C.42,43 In contrast, Pf4-ΔCre Cox-1−/− mice 
had lower anti-inflammatory gene expression and ele-
vated plasma levels of IL-1β due to the activation of the 
inflammasome. Consistent with an inflammatory envi-
ronment, CD11b+ cells isolated from the atherosclerotic 
plaques of Pf4-ΔCre Cox-1−/− mice displayed M1-like 
macrophage markers. Plasma HDL-C and the capacity 
for reverse cholesterol transport were both reduced in 
Pf4-ΔCre platelet Cox-1−/− mice.

The expression of prostaglandin-related genes 
was mostly below the limit of detection in all the cell 
clusters identified in the scRNA analysis of the aorta. 
Despite this, Cox-1 mRNA in mouse aortas and peri-
toneal cells (50%–60% B cells, ≈30% macrophages, 
and 5%–10% T cells)44 from mice fed an HFD, as 
well as CD3+ T cells isolated from aortic plaques, as 
determined by rt-qPCR were markedly reduced in 
Pf4-ΔCre–mediated recombination compared with the 
deletion by Gp1ba-ΔCre.

Overall, we have evaluated the impact of Cox-1 dele-
tion in platelets mediated by Pf4-ΔCre or Gp1ba-ΔCre 
on prostanoid biosynthesis and models of cardiovascular 
disease (Figure S13). Our data support the notion that 
despite potentially different impacts on platelet function, 
both models simulate the effects of low-dose aspirin on 
thrombosis, but they display a differential impact on ath-
eroprotective prostanoids and inflammation, resulting in 
a divergent impact on atherogenesis.

Figure 4 Continued.  in platelets. Red cells: cells that are the genotype of interest; blue cells: cells that are representative of all background 
transcripts. C, UMAP showing the distribution and identification of the 9 different cell clusters from the mouse aorta. D, Heatmap of the marker 
genes in each cluster selected as unique genes used for identification of each cluster. E, KEGG (Kyoto Encyclopedia of Genes and Genomes) 
pathway analysis of differentially expressed genes in smooth muscle cells (SMCs) revealed alteration in pathways associated with the TCA 
(citric acid cycle), carbon metabolism, spliceosome, and protein processing in ER signaling. E, Violin plots of the top differentially expressed 
genes associated with anti-inflammation showing upregulation in Gp1ba-ΔCre–mediated deletion of Cox-1 in platelets. Top, Pf4-ΔCre. 
Bottom, Gp1ba-ΔCre. Blue violin plots: controls; orange violin plots: platelet Cox-1 knockouts. A Mann-Whitney U test revealed a significant 
effect of Cox-1 deletion in platelets mediated by Gp1ba-ΔCre; P<0.05 was considered significant. Controls: Pf4-ΔCre/Ldlr−/− or ΔGp1ba-
Cre/Ldlr−/−, platelet Cox-1 KO-Pf4-ΔCre/Cox-1F/F/Ldlr−/−, or ΔGp1ba-Cre/Cox-1F/F/Ldlr−/−. ↑ indicates upregulation; ↓, downregulation; Bpifa1, 
bacterial permeability family member A1; ER, endoplasmic reticulum; Igha, immunoglobulin heavy chain a; KO, knock-out; and Scgb1a1, 
secretoglobin family 1A member 1.
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