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Abstract

In patients with a mild to moderate bleeding disorder (MBD) and abnormal light transmission aggregometry (LTA), a platelet
function defect (PFD) is suspected. However, in many patients with PFD, the underlying mechanism remains elusive. Given
the essential role of lipids in platelet signaling, platelet lipid profiles in MBD patients with unexplained PFD may provide
valuable diagnostic and mechanistic insights. This prospective cohort study investigated platelet lipidomes in patients with
PFD of unknown cause from the Vienna Bleeding Biobank (VIBB). Using a standardized lipidomics workflow, we analyzed
platelets from 27 patients and 19 age- and sex-matched controls and found that sex-specific lipid shifts emerged exclu-
sively within the patient cohort, with greater deviations in females. Furthermore, lipid alterations correlated with impaired
platelet aggregation and were predictive of responses to ADP and TRAP-6 stimuli in LTA experiments. Baseline and stimu-
lated platelet analyses in a female subgroup showed intrinsic lipidomic changes, including upregulated polyunsaturated
triacylglycerols (PUFA-TG), acylcarnitines (CAR), and reduced lysophosphatidylethanolamines (LPE). This study emphasizes
lipidomic profiling as a promising diagnostic tool for unexplained platelet dysfunction and highlights TG, CAR, and LPE as
potential therapeutic targets. Further research into lipid-driven platelet regulation may advance personalized treatments
and improve clinical outcomes for patients with MBD.

Introduction

Cardiovascular disease remains the leading cause of death
in the aging population, where vascular imbalance exacer-
bates both thrombosis and bleeding risks, with notable sex
differences in disease progression.?? Although significant
advancements have been made in thrombosis risk assess-
ment and management, bleeding complications remain a
critical, timely, and major clinical issue.

Patients with mild to moderate bleeding disorders (MBD), ex-
hibiting symptoms such as epistaxis, easy bruising, or heavy
menstrual bleeding frequently present at tertiary centers
for a diagnostic work-up.*® Their risk of bleeding increases
during hemostatic challenges such as trauma, surgery, or
childbirth, where bleeding can even be life-threatening.5’

Many of these cases involve an unknown cause of bleed-
ing,® highlighting the urgent need for better diagnostic tools
and a deeper understanding of bleeding pathophysiology
to improve risk assessment and treatment options.

The Vienna Bleeding Biobank (VIBB) is a prospective, sin-
gle-center cohort study that systematically enrolls bleeding
patients without a prior diagnosis of a bleeding disorder
since 2009.2 These patients have undergone extensive test-
ing for coagulation disorders and platelet function defects
(PFD). In some patients with MBD, a PFD is suspected due
to abnormalities observed in light transmission aggregom-
etry (LTA), degranulation, and/or impaired glycoprotein ex-
pression.®® However, unlike severe PFD such as Glanzmann
thrombasthenia or Bernard-Soulier syndrome, the mech-
anisms underlying impaired platelet reactivity in these
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patients remain poorly understood.® Pathological genetic
variants are only identified in a quarter of patients with
PFD.° This highlights the limitations of current diagnostic
tools and a notable lack of targeted treatment options
for MBD, particularly in high-risk hemostatic situations.
Platelets are vital in maintaining hemostasis and preventing
excessive bleeding after vascular injury. Complex signaling
pathways, which include lipid-mediated mechanisms,"
are essential to platelet function, influencing key pro-
cesses such as activation, aggregation, and interactions
with the coagulation cascade. Upon platelet activation,
alterations in the platelet lipid membrane composition
result in the production of lipid messengers™™ and redis-
tribution of phospholipids between the plasma membrane
leaflets,”® thereby enhancing coagulation factor binding.’®
Dysregulation of these processes can lead to hyperac-
tive or hypoactive platelet responses, increasing the risk
of thrombosis or bleeding, respectively. Moreover, lipids
serve as highly sensitive biomarkers' and changes in their
profiles often precede other molecular events.” Given the
critical role of lipids in platelet physiology and function,
investigating the platelet lipidome offers a promising
approach to understanding bleeding tendencies, such as
those linked to PFD.

This study aims to investigate the platelet lipidome in a
well-defined subgroup of PFD patients with an undefined
mechanism recruited from the VIBB cohort. It compares
platelet lipid profiles in their resting state and after activa-
tion with thrombin receptor-activating peptide 6 (TRAP-6),
providing novel insights into lipid-related mechanisms
underlying platelet dysfunction.

Methods

Patient cohort

Patients from the VIBB and healthy controls from the Vienna
bleeding study (VIBS) were analyzed. Inclusion and exclusion
criteria were published previously® and are summarized
in Online Supplementary Table S1. Participants underwent
broad hemostatic investigations, as shown in Online Sup-
plementary Table S2. Both the VIBB (EC no. 603/2009) and
VIBS (EC no. 039/2006) have been approved by the Ethics
Committee of the Medical University Vienna according to
the Declaration of Helsinki of 1975. All study participants
signed a written informed consent.

Investigated patients

This sub-study included 27 bleeding patients with unex-
plained PFD, identified through clinical routine diagnos-
tics, based on abnormal LTA (N=25), reduced glycoprotein
VI expression (N=1), or decreased P-selectin expression
(N=1). Patients were compared to 19 age- and sex-matched
healthy controls without a clinically relevant bleeding
tendency. Patients and controls were invited for one or
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two follow-up investigations, where blood was drawn for
further analyses (see below).

Blood draw

Blood samples were collected under fasting conditions via
antecubital venipuncture using a 21-gauge butterfly needle
(Greiner Bio-One, Kremsmuenster, Austria) into Vacuette
tubes (Greiner Bio-One, Kremsmuenster, Austria), with
processing occurring within 1 hour of collection.

Light transmission aggregometry

To platelet-rich plasma (PRP) in an optical 4-channel ag-
gregometer, ADP (14 uM) or TRAP-6 (15 uM) was added to
record changes in light transmission over 10 minutes (min).
A detailed description is provided in the Online Supple-
mentary Appendix.

Platelet isolation and stimulation

Washed platelets were frozen immediately (basal) or stimu-
lated with 20 uM TRAP-6 for 5 min and then frozen at -80°C
until further analysis. Isolation and stimulation protocols are
described in detail in the Online Supplementary Appendix.

Lipid extraction

Platelet samples were processed using the SIMPLEX pro-
cedure described elsewhere™ Dried lipid fractions were
resuspended for further mass spectrometry (MS) analysis.
Internal lipid standards for quantification were added pri-
or to extraction. A detailed description of the extraction
procedure and standards is reported in the Online Sup-
plementary Appendix.

Lipid analysis

Shotgun lipidomic analysis was performed using a TriVer-
sa Nanomate coupled to an Orbitrap mass spectrometer.
Acquired spectra were analyzed using LipidXplorer.2° MS
acquisition and data analysis parameters are detailed in
the Online Supplementary Appendix. Workflow details are
also provided in the ILS Reporting Checklist (Online Sup-
plementary Appendix).

Identification of shared features by LipidSpace
LipidSpace? was employed for the comparison of basal
platelet lipidomes by utilizing pairwise structural similarity
metrics and quantitative data. A detailed description can
be found in the Online Supplementary Appendix.

Statistical analysis

Statistical analysis was done with R (v4.3.2)/R-Studio
(v2023.09.1.494). Variables are presented as means with
standard deviations. Boxplot boundaries represent the
25t and 75 percentile, the center line the median, and
whiskers extend from the hinge to the largest or smallest
value no further than 1.5x the interquartile range (IQR).
Two-group comparisons of normal distributed data was
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analyzed using a two-sided Student’s t test or Welch’s t
test (unequal sample sizes). For non-normal distributions,
a Wilcoxon rank sum test was employed. ANOVA was used
for multiple groups. P values less than 0.05 were considered
significant (*P<0.05; **P<0.01; ***P<0.001).

Results

Clinical and laboratory characteristics

Clinical and laboratory characteristics of patients and age-
and sex-matched healthy controls are shown in Table 1.
At study inclusion, patients had a median bleeding score
(ISTH-BAT) and number of bleeding manifestations of 6.5
(IQR, 4.0-9.0) and 3.0 (IQR, 2.0-5.0), respectively. A family
history of bleeding was reported by 63% of patients. No
differences in platelet count, immature platelet fraction,
or coagulation parameters were observed. Patients had
slightly lower factor (F) VIII levels, albeit within the normal
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range in all patients. Notably, patients had a significantly
longer closure time in the platelet function analyzer (PFA-
100), indicating impaired platelet function.

Quantitative assessment of the platelet lipidome

The lipid composition of human platelets was quantita-
tively analyzed using a robust and standardized lipidomics
workflow (Figure 1A). In a first step, platelets were frozen
immediately after processing to preserve the lipidome
under basal conditions. Lipid profiles were obtained using
the two-phase extraction method following the SIMPLEX
protocol™ and shotgun lipidomics via direct infusion tan-
dem mass spectrometry (MS/MS). This approach enabled
the detection and quantification of 17 distinct lipid classes
across four major lipid categories. In addition, the com-
parative analyses revealed no significant differences in the
lipid profiles of male and female healthy control subgroups,
except for lysophosphatidylethanolamine (LPE), which was
less abundant in males (Figure 1B, C; Online Supplemen-

Table 1. Clinical and laboratory characteristics of patients and healthy controls.

Patients
Characteristics N=27
N (%)
Positive family history of bleeding 16 (59)
Female sex 17 (63)
Median (IQR)
Age, years 38.0 (31.0-43.0)
Vicenza bleeding score 5.0 (4.0-8.0)
ISTH-BAT bleeding score 6.5 (4.0-9.0)
N of bleeding manifestations 3.0 (2.0-5.0)

Hemoglobin, g/dL

Platelets, x10°/L

Immature platelet fraction*, x10°%/L
Immature platelet fraction*, %
Mean platelet volume™, fL
Prothrombin time, %

APTT, seconds

Fibrinogen, mg/dL

FVII, %

FIX, %

FXII*, %

PFA-100 (epinephrine), seconds
VWF:Ag, %

VWEF:Act, %

14.0 (13.2-15.1)
250.0 (204.0-284.0)
8.6 (7.1-11.5)
3.3 (2.7-6.1)
10.5 (10.1-11.0)
89.0 (82.0-95.0)
36.7 (35.2-39.3)
287.0 (252.0-342.0)
98.0 (84.0-129.0)
86.0 (80.0-102.0)
134.5 (121.0-186.0)
164.0 (132.0-189.0)
95.0 (72.0-114.0)
94.0 (78.0-136.0)

Healthy controls
N=19 p
N (%)
0(0) <0.001
12 (63) 0.989
Median (IQR)
35.0 (25.0-40.0) 0.326
- NA
- NA
- NA
13.8 (13.0-14.5) 0.525
264.0 (222.0-298.0) 0.265
10.3 (7.6-15.6) 0.362
3.8 (3.0-6.2) 0.505
10.8 (10.0-11.2) 0.285
89.0 (81.5-94.0) 0.729
35.0 (33.5-38.1) 0.1083
277.0 (248.0-329.0) 0.428
127.0 (110.0-144.0) 0.028
86.0 (81.0-98.0) 0.902
143.0 (119.0-154.0) 0.713
122.0 (103.0-149.0) <0.001
102.0 (92.0-115.0) 0.088
113.0 (98.0-146.0) 0.160

*Missing values: immature platelet fraction in 5 patients and 1 healthy control, mean platelet volume in 1 patient, FXIIl in 1 patient.
IQR: interquartile range (25%, 75 percentile); NA: not applicable; ISTH-BAT: International Society on Thrombosis and Hemostasis
bleeding assessment; APTT: activated partial thromboplastin time; VWF: von Willebrand factors; Ag: antigen; Act: activity; F: factor.
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tary Figure S1A). However, few notable differences were
observed at the lipid class level, with more significant
deviations detected within the female patient cohort. The
highest inter-donor variation in lipid concentrations was
found in sterol lipids, specifically cholesterol esters (SE)
and cholesterol (ST), as well as in triacylglycerols (TG). Apart
from a modest increase in phosphatidylcholine (PC) and
cardiolipin (CL) levels in menopausal patients, menopausal
status did not significantly alter the platelet lipidome in
either healthy controls or patients (Online Supplementary
Figure S1B).

Evaluation of the lipidome similarity and cohort-specific
variability

Next, we employed LipidSpace,?’ an advanced tool for
analyzing lipidomes based on structural and quantitative
features, to explore platelet lipidome similarities and co-
hort-specific variability. LipidSpace enables the compari-
son of lipidomes by utilizing pairwise structural similarity
metrics and quantitative data. Hierarchical clustering of
the lipidomes revealed good separation for most samples,
with an accuracy of 87% (Figure 2A, B). Furthermore, two
distinct clusters, luster 1 and luster 2, emerged as the
most divergent from the control groups. Interestingly, 11
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of the 12 patients from these clusters were females.
Principal component analysis (PCA) was used to visualize
the lipidomic data in a reduced dimensional space, con-
sidering lipid quantities (Figure 2C). The analysis revealed
tight clustering of control and patient samples, with most
data points grouped closely within the principal compo-
nent space. However, a few patients (6, 10, and 11) are
positioned significantly further from the main clusters,
particularly along the first principal component, indicating
more significant individual lipidomic differences.
Z-score normalization of the selected lipid species (Fig-
ure 2D) revealed that patient groups exhibited higher
lipid concentration variability than controls, particularly
among male patients. Female patients displayed a no-
ticeable upward shift in lipid concentration compared
to sex-matched controls, while male patients exhibited
broader heterogeneity in their lipid profiles. The 34 lipids
contributing most significantly to the cohort separation
were distributed across nine lipid classes (Figure 2E).
Statistically significant differences were observed in less
abundant lipid classes, such as lysophosphatidylcholine
(LPC) and LPE. Both bioactive lipids are significantly down-
regulated in female patients compared to the sex-matched
control group.
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Figure 1. Lipidomics workflow and lipid class distribution in control and patient groups. (A) The lipidomics workflow includes
sample generation, lipid extraction, measurement via high-resolution mass spectrometry, and subsequent data analysis and
processing. (B) Mean relative abundance of high-abundance lipid classes across control and patient groups, separated by biolog-
ical sex. (C) Relative abundance of low-abundance lipid classes, shown for the same groups as in (B). A two-sided t test was
performed to compare control subgroups and sex-matched groups statistically. Comparison of patient subgroups was not con-
sidered. Each data point represents 1 donor (control female [N=12], control male [N=7], patient female [N=17], patient male [N=10]).
PC: phosphatidylcholine; PE: phosphatidylethanolamine; PEO: PE-ether; Pl: phosphatidylinositol; PS: phosphatidylserine; SE:
cholesterol ester; SM: sphingomyelin; ST: cholesterol; CL: cardiolipin; DG: diacylglycerol; LPC: lyso-PC; LPE: lyso-PE; LPI: lyso-PI;
PA: phosphatidic acid; PCO: PC-ether; PG: phosphatidylglycerol; TG: triacylglycerol. *P<0.05; **P< 0.01; ***P<0.001.
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Association of selected lipid species with light to get valuable insight into the correlation between lipid
transmission aggregometry data changes and global hemostatic platelet capacity. Therefore,
Next, we wanted to link the lipidomic and clinical data LTA data from donors obtained parallel to platelet sample
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Figure 2. Cohort-based lipid feature analysis reveals separation between control and patient groups, with a stronger effect in
females. (A) Dendrogram illustrating separation of control and patient groups after cohort-based feature analysis using LipidSpace,
based on chemical space clustering of selected lipid species. Two distinct clusters (cluster 1 [red] and 2 [blue]) were identified
with high dissimilarity to controls. (B) Classification accuracy of cohort separation using lipid occurrence data and Z-scoring of
lipid concentrations. (C) Principal component analysis shows a distinct separation of control and patient groups. Patient ID from
clusters 1 and 2 are highlighted and color-coded according to (A). (D) Statistical comparison of Z-scores of selected lipid species
by ANOVA across control and patient subgroups. (E) The distribution of selected lipid species from cohort-based feature analysis
is displayed as lipid classes. Each data point represents one donor (control female [N=12], control male [N=7], patient female
[N=17], patient male [N=10]). CL: cardiolipin; DG: diacylglycerol; LPC: lyso-PC; LPE: lyso-PE; PA: phosphatidic acid; PC: phospha-
tidylcholine; PCO: PC-ether; PE: phosphatidylethanolamine; PEO: PE-ether. *P<=0.05; **P<=0.01.
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collection were linked to the results from the cohort-based
feature analysis from LipidSpace. The selected lipid species
were used to predict the area under the aggregometry curve
(AUC) values from the LTA data. Measured AUC values for ADP
(Figure 3A-C) and TRAP-6 (Figure 3D-F) stimuli, correlated
strongly with the lipid-estimated AUC values in a linear re-
gression analysis, with R?=0.820 and R?=0.812, respectively.
Patients exhibited significantly lower AUC values than con-
trols across both stimuli (Figure 3B, E), indicating reduced
platelet aggregation capacity in the patient cohort. Notably,
many patients belonging to the clusters identified in Figure
2A, with the most distinct and distant lipid profiles, also
had the most reduced aggregation responses to platelet
activation agents in LTA (Figure 3A, D). The cohort separa-
tion accuracy of approximately 70%, as indicated by AUC
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values derived from lipid occurrences, further reinforces
the link between lipidomic profiles and platelet function.

In-depth analysis of basal and activated platelet
lipidomes from cluster patients

Given the high similarity observed in the lipidomes of basal
platelets across donors, we aimed to evaluate shared and
distinct features between patient platelet lipidomes upon
activation. Therefore, we conducted follow-up investiga-
tions analyzing basal and activated platelets from patients
in clusters 1 and 2, as their platelet lipidomes were most
distinct. Five of twelve patients (patients 2, 3, 6, 43, and
46), all female, accepted our invitation, and age- and sex-
matched controls were included for comparison (Figure
4A). No differences in clinical characteristics, waist-hip
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Figure 3. Linear regression analysis reveals a strong correlation between lipid-estimated and measured AUC values from plate-
let aggregation tests. (A) ADP linear regression model correlating measured and lipid-estimated AUC values from light-transmis-
sion aggregometry (LTA) experiments using 14 uM ADP as the platelet activation agent. (B) Statistical significance of the regression
model determined by a two-sided t test. (C) Model accuracy for ADP-induced aggregation. (D, F) TRAP-6 linear regression analy-
sis of platelet aggregation responses using 15 uM TRAP-6 as the activation agent, with (E) statistical significance evaluated by a
two-sided t test and (F) model accuracy. Each data point represents one donor. Red and blue-circled points indicate cluster 1

and cluster 2 patients, respectively.
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ratio, platelet count, coagulation parameters, lipid levels, or
hormone levels were found between patients and controls
(Table 2). This time, the experimental workflow, as outlined
in Figure 1A, was adapted to include an additional step of
activating platelets for 5 min with TRAP-6. This thrombin
receptor agonist acts via the protease-activated receptor
1 (PAR1) pathway. Upon platelet activation, a distinct lipid
signature could be observed for healthy controls (Figure
4B). Significantly regulated lipid species mostly belonged
to the glycerophospholipids (GP, N=25), and only a few to
either fatty acyls (FA, N=2), glycerolipids (GL, N=2), or sterol
lipids (ST, N=1). Upregulated lipids that met the log, fold
change (FC) cutoff of +0.5 include lysophosphatidylinositols
(LPI), LPE, and phosphatidic acids (PA), with the strongest
FC observed for LPI 18:0 and LPI 18:1. Downregulated lipids
(log, FC cutoff -0.5) include acylcarnitines (CAR) 18:1 and
18:2, and lysophosphatidylglycerol (LPG) 22:6, along with
notable downregulation of high-abundant phosphatidy-
linositol (PI) lipids, although with less pronounced FC. A
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complete list of the regulated lipid species is provided in
the Online Supplementary Table S3.

To examine TRAP-6-specific lipid regulation in patients, we
visualized the FC (TRAP-6/basal) in a heatmap (Figure 4C).
Most patients (P2, P3, P6, and P46) exhibited similar trends in
lipid regulation to those observed in controls. However, patient
43 showed minimal lipidomic response to TRAP-6 activation,
with negligible regulation of upregulated and downregulated
lipid species. Patient 6 also showed a reduced upregulation
of LPE species, particularly LPE 16:0, LPE 17:0, and LPE 20:1,
suggesting a muted response in this specific lipid class.

A broader analysis of all regulated lipid species across
patients revealed additional differences compared to
controls (Figure 4D). Patients exhibited not only shared
regulatory patterns with controls but also distinct varia-
tions. Most notably, patient 43 demonstrated an overall
lack of lipid regulation, with minimal changes across all
lipid classes, corroborating the limited activation seen
in Figure 4C. Patient 6 also exhibited fewer upregulated
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Figure 4. Platelet activation response and lipid regulation upon TRAP-6 stimulation. (A) Illustration of the study cohorts for
platelet activation experiments using 20 uM TRAP-6. Five female patients from selected clusters are compared to 5 age- and
sex-matched controls. (B) Volcano plot showing TRAP-6-specific lipid regulation in healthy controls, comparing basal versus
TRAP-6-stimulated platelets. Significantly regulated lipid species are color-coded by lipid class, with lipid species exhibiting a
log, fold change (FC) above +0.5 labeled. (C) Matrix of significantly regulated lipid species identified in activated control platelets
(log, FC cutoff £0.5) showing their corresponding log, FC values comparing basal and TRAP-6-stimulated platelets for controls
(mean of 5 individuals) and individual patients (P2, P3, P6, P43, P46). (D) Bar graph illustrating the number of regulated lipid spe-
cies (log, FC cutoff +0.5) per lipid class for controls and individual patients. NS: not significant; LPI: lyso-PI; LPE: lyso-PE; LPC:
lyso-PC; LPG: lyso-PG; CAR: acylcarnitine; DG: diacylglycerol; TG: triacylglycerol; SE: cholesterol ester; PA: phosphatidic acid; PI:
phosphatidylinositol; SM: sphingomyelin; CL: cardiolipin; LCL: lyso-CL; PG: phosphatidylglycerol; PS: phosphatidylserine.
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species in the LPE class, consistent with the muted re-
sponse highlighted earlier. Intriguingly, patient 2 showed
pronounced downregulation of lipid classes related to
energy metabolism, such as CL, lysocardiolipins (LCL),
and phosphatidylglycerol (PG), which may reflect broader
metabolic disturbances or mitochondrial dysfunction.

Intrinsic lipidomic alterations in basal and TRAP-6-
stimulated platelets

To better understand the lipidomic differences between pa-
tients and controls, we compared the baseline lipid levels in
both basal and TRAP-6-stimulated platelets, extending the
analysis beyond activation-dependent lipid regulation. TRAP-6
was selected for its robust platelet activation and the signif-

B. de Jonckheere et al.

icant reduction of P-selectin (CD62P) surface expression and
procaspase activating compound-1 (PAC1) binding observed
in patients (Online Supplementary Figure S2). Volcano plots
were generated to visualize the differences in the patient co-
hort compared to controls, revealing distinct species-specific
alterations (Figure 5A, B; Online Supplementary Table S4).

Most prominently and most consistently, polyunsaturated
triacylglycerols (PUFA-TG), such as TG 56:6, TG 56:7, TG
56:8, and TG 58:7, TG 58:8, TG 58:9, were upregulated in
patients. Similarly, acylcarnitines, including CAR 16:0, CAR
18:1, and CAR 18:2, showed a significant upregulation in
basal and activated platelets. Additionally, two ether-linked
phosphatidylethanolamine species (PE 0-17:1/22:6, PE
0-16:1/22:6) were also found to be upregulated in patients

Table 2. Clinical and laboratory characteristics of patients and healthy controls at follow-up investigations.

Patients
Characteristics N=5
N (%)

Female sex 5 (100)
Family history of bleeding 2 (40)

Median (IQR)
Age, years 53.0 (45.0-57.0)
Waist-hip-ratio 0.7 (0.7-0.8)

Hemoglobin, g/dL
Platelets, x10°%L

13.2 (12.6-13.7)
210.0 (187.0-248.5)
7.6 (5.3-9.4)

5.1 (3.6-10.5)
84.0 (81.0-95.0)

(

Immature platelet fraction*, x10°/L
Immature platelet fraction*, %

Prothrombin time, %

APTT, sec 35.1 (33.7-35.7)
FVIII, % 121.0 (115.0-146.0)
FIX, % 87.0 (84.0-105.0)
FXIII, % 149.0 (145.0-166.0)

Triglycerides, mg/dL 78.0 (60.0-78.0)
218.0 (208.0-220.0)
73.0 (63.0-79.0)
123.0 (121.8-123.4)
158.0 (150.0-170.0)

92.0 (87.0-102.0)

Cholesterol, mg/dL

HDL, mg/dL

LDL, mg/dL
Apolipoprotein A1, mg/dL
Apolipoprotein B, mg/dL

Lipoprotein (A), nmol/L 7.0 (7.0-17.0)
TSH, plu/mL 1.3 (1.3-1.4)
Testosterone, ng/mL 0.2 (0.1-0.2)
17-B-Oestradiol, pg/mL 6.0 (5.0-11.0)

Vitamin D, nmol/L

Vitamin B12, pmol/L

81.2 (57.0-83.7)
420.0 (167.0-538.5)

Healthy controls
N=5 P
N (%)
5 (100) >0.999
0 (0) 0.444
Median (IQR)
40.0 (37.0-42.0) 0.346
0.8 (0.8-1.1) 0.063
13.2 (13.1-13.4) 0.730
238.0 (234.0-248.0) 0.413
11.2 (10.2-11.9) 0.063
4.5 (3.5-6.2) >0.999
88.0 (84.0-100.0) 0.346
35.2 (33.8-39.5) >0.999
112.0 (80.0-119.0) 0.222
90.0 (78.0-109.0) 0.675
133.0 (131.0-187.0) 0.841
69.0 (52.0-99.0) 0.834
186.0 (182.0-192.0) 0.222
62.0 (59.0-96.0) >0.999
110.2 (69.8-113.2) 0.310
155.0 (144.0-167.0) 0.841
86.0 (57.0-94.0) 0.402
7.0 (7.0-7.0) 0.441
1.8 (1.7-2.5) 0.421
0.1 (0.1-0.2) >0.999
70.0 (52.0-130.0) 0.094
70.7 (65.2-72.0) 0.841
443.0 (343.0-491.0) 0.905

TSH: thyroid stimulating hormone; F: factor; APTT: activated partial thromboplastin time.
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with high statistical significance.

On the other hand, patients had significantly downregu-
lated TG species with a lower degree of saturation. Among
the phospholipids, LPE 22:3 was consistently reduced in
the patient group. Importantly, these lipid trends can be
observed in basal and TRAP-6-stimulated platelets, sug-
gesting that the underlying differences in lipid composition
are intrinsic to the patient cohort and are not solely a result
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of platelet activation.

To investigate these trends further, we analyzed the degree
of fatty acid saturation within TG. Although TG were not
uniformly regulated on class level (Figure 5C), species-level
analysis (Figure 5D) revealed a significant upregulation
of PUFA in patients, alongside marked downregulation
of saturated and monounsaturated FA. TG were classified
as PUFA-TG if they contained four or more double bonds,
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Figure 5. Comparative lipidomics analysis of basal and activated platelets in patients versus controls highlights distinct lipid
signatures in patients. (A, B) Volcano plots comparing lipid abundances between patients and controls in (A) basal and (B)
TRAP-6-activated platelets. Significantly regulated lipid species with a log, fold change (FC) cutoff £0.5 are shown, with col-
or-coding based on lipid categories. (C) Triacylglycerol (TG) analysis at the lipid class level. (D) Bubble chart showing the degree
of saturation of TG at the species level. The size of each bubble represents the mean lipid abundance in TRAP-6-stimulated
platelets, with color indicating the log, FC between patients and controls of stimulated platelets. (E) Acylcarnitine (CAR) analysis
at the lipid class level. (F) Regulation of selected acylcarnitine species, focusing on upregulated species in patients. Data points
represent replicates (N=4-6) from 5 donors per group. NS: not significant; FA: fatty acyl; GL: glycerolipids; GP: glycerophospho-
lipid. *P<0.05; **P<0.01; ***P<0.001.
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though species with fewer double bonds may also qualify
if combined with saturated fatty acids. However, due to
identification on the species level, precise identification
of fatty acid combinations was not possible.

CAR showed consistent upregulation at the class level
(Figure 5E), with several species contributing to this trend
in both basal and TRAP-6-stimulated platelets from pa-
tients (Figure 5F). Interestingly, upregulated platelet CAR
species did not correlate with plasmatic coagulation factor
activity in either patients or controls (Online Supplementary
Figure S3), and corresponding plasma CAR levels remained
unchanged (Online Supplementary Figure S4).

Platelet lipidome heterogeneity in the patient cohort
Besides the mutual trends in TG and CAR lipid classes, the
analysis of the patient lipidomes also revealed considerable
heterogeneity in some individuals with a unique lipidomic
profile compared to the broader cohort trends. We performed
hierarchical clustering based on Pearson’s correlation of the
mean lipid abundances in basal platelets (Figure 6A; Online
Supplementary Figure S5). We identified patient 6 (P6) as the
most divergent, indicating lipid regulation patterns mark-
edly different from other patients. Visualizing the log, FC in
a heatmap, comparing individual patient lipid class levels
to the control group for both basal and TRAP-6-stimulated
platelets, we could observe lower lipid class concentrations
for lysophosphatidic acid (LPA), LPE, PA, phosphatidylcho-
line-ether (PCO), PG, and phosphatidylserine (PS), and higher
SE levels in most patients compared to controls. In contrast,
patient 6 exhibited mostly opposite trends (Figure 6B). The
heterogeneity of the patient’s platelet lipidomes can mask
significant lipid trends, as shown exemplarily for LPA, LPE,
PA, and PS, lipid classes critical for platelet activation (Figure
6C), where distinct differences in lipid abundance between
controls, the patient cohort excluding patient 6 (pat”), and
patient 6 can be observed.

Interestingly, while most patients showed a similar ac-
tivation pattern of LPE species during TRAP-6-mediated
platelet activation, we observed significantly lower levels
of LPE 16:1, LPE 18:1, LPE 18:3, LPE 20:1, LPE 20:3, LPE
20:5, LPE 22:1, LPE 22:3, and LPE 22:4 in the patient co-
hort excluding patient 6 compared to controls (Figure 6D),
which seem independent of phospholipase C (PLC) activity
(Online Supplementary Figure S6). LPE 18:1 and LPE 20:1
were upregulated during activation in healthy controls, and
lower levels (Figure 6E) might have reduced the platelet
activation potential in the patients. Notably, although total
LPE was significantly upregulated in patient 6 compared to
controls and other patients, LPE 22:3 and LPE 22:4 were
consistently downregulated in all patients (Figure 6F).

Discussion

In this study, we used state-of-the-art high-resolution
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mass spectrometry to explore the platelet lipidome of
patients with a mild-to-moderate bleeding tendency and
a suspected PFD of unknown cause. Despite exhibiting
platelet counts and immature platelet fractions compa-
rable to healthy controls, these patients showed mild to
severe platelet aggregation defects in LTA analysis. While
few studies recently emerged exploring the platelet lipi-
dome during a state of infection or inflammation,??2* the
platelet lipidome of patients with hereditary PFD thus far
has remained unexplored.

This study reveals three key findings. First, female patients
demonstrated greater deviation in their basal platelet lip-
id profiles than males, suggesting potential sex-specific
influences on lipid metabolism in disease states. Second,
platelet activation via the PAR1 receptor triggered similar
lipid responses in patients and healthy controls, indicating
that fundamental aspects of platelet activation remain
preserved despite platelet function defects. Lastly, dis-
tinct platelet lipidomic signatures are linked to platelet
function, providing a foundation for future research into
lipid markers for improved diagnosis and personalized
therapeutic strategies.

Our lipidomic analysis of resting platelets aligns close-
ly with previously reported lipid class profiles of human
platelets,?®?" though we observed higher SE concentrations,
consistent with findings by Cebo et al.?® and Ruebsaamen et
al.?® In line with the literature, we also observed no differ-
ences in most lipid classes in basal platelets in sex-mixed
healthy controls.?¢ However, significant sex-specific differ-
ences emerged exclusively within the patient cohort, with
greater deviations in females, suggesting that sex-specific
biological processes, such as hormonal regulation, immune
response, or metabolic adjustments, may be activated or
altered due to the pathological condition. Sex differences
exist in susceptibility to and progression of various cardio-
vascular diseases,***? including MBD.?

The most notable lipid level differences between patients
and controls were found in CAR, TG, and LPE, all from
low-abundance classes. Additionally, the summed con-
centrations of the 34 lipids contributing to the cohort
separation in LipidSpace accounted for less than 10 mol%,
indicating that changes within abundant platelet lipids
were minimal while emphasizing subtle, disease-related
lipidomic alterations.

We found a significant increase in acylcarnitines in female
patients with PFD. CAR might function as anticoagulant
lipids by inhibiting plasmatic coagulation factor binding.*?
Previously, acylcarnitines were associated with increased
bleeding risk in patients with coronary artery disease (CAD)
and even showed predictive potential for mortality or re-
curring myocardial infarction in CAD patients.??%%3* Qur
findings underline CAR as metabolic regulators in platelets
and suggest that their altered abundance may contribute
to the bleeding phenotype observed in PFD. Although CAR
accumulated primarily within platelets and not in plasma,
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reflecting platelet-intrinsic metabolic dysregulation, we can-
not exclude potential local effects on coagulation factors,
particularly in the microenvironment of platelet activation.
Functional assays or analyses based on coagulation factor
purification are needed to determine the bioavailability and
binding status of CAR (free vs. factor-bound), which may
influence their functional relevance and are not captured
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by standard lipidomics sample preparation.

Furthermore, we observed that the alterations in TG levels
in patients with PFD may be influenced, at least in part, by
the saturation degree of the lipid species. While the pre-
cise causes and functional consequences of these changes
remain speculative, the shifts in TG and CAR levels among
female PFD patients suggest a potential impact on platelet
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Figure 6. Patient heterogeneity obscures significant lipid trends, highlighting unique lipid profiles in individual cases. (A) Hier-
archical clustering of the mean lipid abundances in basal platelets, based on Pearson’s correlation, shows patient 6 (P6) as the
most distinct from other patients. (B) Heatmap illustrating lipid classes with opposite regulation trends in patient 6 compared
to other patients, with prominent lipid classes displayed as a matrix of log, fold changes (FC) (patient vs. control) for basal and
TRAP-6-stimulated platelets. Colors represent log, FC values. (C) Selected lipid classes critical for platelet activation, showing
differences in lipid abundance at the class level in controls, patients excluding patient 6 (pat#, N=4), and patient 6, for both
basal and TRAP-6-stimulated platelets. (D) Patients excluding patient 6 show significantly lower LPE species levels than controls
(representative basal levels shown). Asterisks indicate significance. (E) LPE species upregulated during TRAP-6-induced platelet
activation. (F) LPE species showing significantly lower levels in all patients and consistent lipid regulation across the patient
cohort. Data points represent replicates (N=4-6) from 5 donors per group. NS: not significant; LPA: lyso-PA; LPE: lyso-PE; PA:
phosphatidic acid; PCO: PC-ether; PG: phosphatidylglycerol; PS: phosphatidylserine; SE: cholesterol ester. *P<0.05; **P<0.01;

***pP< 0.001.
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fatty acid metabolism. TG serve as energy reservoirs, mo-
bilized through lipolysis to fuel mitochondrial g-oxidation,
a process facilitated by CAR, which shuttle long-chain fatty
acids into mitochondria for oxidative phosphorylation. El-
evated levels of CAR and PUFA-TG observed in these pa-
tients could suggest impaired p-oxidation. Platelets rely on
p-oxidation of fatty acids to generate the energy required
for structural and functional changes during activation.®¢
As fatty acid metabolism follows distinct pathways driven
by enzyme selectivity for chain length and degree of sat-
uration,®” the characteristic TG profile may reflect a shift
in mitochondrial energy metabolism or selective lipid uti-
lization within platelets. Consistently, these findings align
with the growing evidence that alterations in fatty acid
availability and processing can influence platelet function-
ality and energy homeostasis.®®

However, the lower LPE levels are most interesting. De-
creased LPE levels in our patient cohort align with studies
linking LPE to altered platelet activation thresholds.*® Fur-
thermore, elevated platelet LPE levels have previously been
associated with increased cardiovascular risk,?? supporting
our findings of reduced LPE levels in patients with bleeding
tendencies. The LPE reduction could potentially impair the
MAPK/ERK1/2 pathway, whose activation goes hand in hand
with platelet functions such as thromboxane A2 release
and thrombus formation.*® While a potential upstream role
of PLC in regulating LPE levels was considered, the lack of
significant differences in PLC activity or linear relationship
to LPE levels suggest that altered LPE dynamics in PFD
patients are likely governed by PLC-independent mecha-
nisms. Nonetheless, the dependency of the MAPK/ERK1/2
pathway on LPE levels has yet to be established in platelets
and warrants further mechanistic investigation.*-43

The current study highlights several critical considerations
in the investigation of lipidomic changes associated with
PFD. For dietary-sensitive lipids such as TG, diet is a rel-
evant factor to consider. Although dietary intake was not
explicitly controlled for, the lack of significant differences in
waist-hip ratio (Table 2) minimizes the likelihood of major
dietary discrepancies. Notably, the distinct lipid pattern per-
sists despite the high inter-donor variation (CV .tients>38.4%)
within the TG class.

Furthermore, while the small sample size limits the ability
to define robust biomarkers, it offers valuable insights that
could guide future research in the right direction. To achieve
more comprehensive and reliable conclusions, investiga-
tions of larger cohorts are warranted. However, this poses
practical challenges, as PFD of unknown causes is rare,
even within the VIBB, one of the largest clinical biobanks
for MBD. Immediate next steps should include expanding
the current findings to the full study cohort while incor-
porating male participants to explore sex-specific simi-
larities or differences. Longitudinal analyses could also be
instrumental in tracking LPE changes over time and under
hemostatic challenges, providing a dynamic perspective on
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disease progression and response to stimuli. Further, while
TRAP-6 was used as a potent activator of the PAR-1 pathway
in this study, it is important to acknowledge that different
agonists, such as ADP, epinephrine, or collagen, trigger dis-
tinct platelet signaling pathways and may lead to unique
lipidomic responses. A broader evaluation using multiple
agonists could help differentiate between receptor-specific
and shared lipid regulation patterns and fully elucidate the
complexity of platelet lipid signaling in PFD. Ultimately, these
efforts may guide the development of targeted therapeutic
strategies to restore lipid homeostasis in PFD patients and
offer a promising path for improving patient outcomes.

In conclusion, we report distinctive lipidomic changes in
platelets from patients with PFD compared to age- and
sex-matched healthy controls. Further, we were able to link
distinct lipid profiles to reduced aggregation responses to
platelet activation agents ex vivo. These results highlight that
lipidomic alterations can be linked to bleeding tendency.
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