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Abstract
Aims/hypothesis  Individuals with type 1 diabetes are at increased cardiovascular risk, particularly in the presence of insulin 
resistance. A prothrombotic environment is believed to contribute to this risk but thrombotic pathways in type 1 diabetes are 
only partially understood and the role of platelets is incompletely studied. We hypothesised that platelets from individuals 
with type 1 diabetes exhibit platelet hyperactivity due to both increased propensity for activation and diminished sensitivity 
to inhibition, with an amplified maladaptive phenotype in those with insulin resistance.
Methods  Blood samples were obtained from individuals with type 1 diabetes enrolled on the ‘Double diabEtes and adVErse 
cLinical Outcome: identification of mechanistic Pathways’ (DEVELOP) study with insulin resistance assessed as estimated 
glucose disposal rate (eGDR), whereby eGDR >8 or <6 mg kg−1 min−1 indicates normal insulin sensitivity or advanced insulin 
resistance, respectively. Platelet function was analysed using whole blood multiparameter flow cytometry to simultaneously 
measure three distinct markers of activation, including integrin αIIbβ3 (PAC-1 binding), P-selectin (CD62P) and phosphatidyl-
serine (PS) (Annexin V). Both activation and inhibition responses of the platelets were investigated, which were subjected to 
the machine learning tool Full Annotation Shape-constrained Trees (FAUST) to characterise platelet subpopulations.
Results  A total of 32 individuals with type 1 diabetes were studied (median age [range] of 24 [18–34] years, 59% male, diabetes 
duration [mean ± SD] of 14.0 ± 6.3 years and HbA1c of 65.3 ± 14.0 mmol/mol [8.1%]). An increased basal expression, measured 
as mean fluorescence intensity, of all three platelet activation markers was detected in the type 1 diabetes group compared with 
healthy control participants (CD62P expression 521 ± 246 vs 335 ± 67; p<0.001, PAC-1 370 ± 165 vs 231 ± 88; p=0.011 and 
PS 869 ± 762 vs 294 ± 109; p=0.001). Following platelet stimulation, an enhanced activation of these markers was found in the 
type 1 diabetes group. Within the type 1 diabetes group, those with advanced insulin resistance (eGDR<6 mg kg−1 min−1) showed 
increased platelet activation compared with individuals with normal insulin sensitivity (eGDR>8 mg kg−1 min−1) with single 
agonist stimulation CD62P expression (29,167 ± 2177 vs 22,829 ± 2535, p<0.001 and PAC-1 19,339 ± 11,749 and 5187 ± 2872, 
p=0.02). Moreover, individuals with type 1 diabetes showed reduced sensitivity to platelet inhibition by prostacyclin (PGI2) 
compared with control participants. Stratification of individuals with type 1 diabetes by insulin resistance demonstrated that in 
the presence of PGI2, suppression of stimulated CD62P was 17 ± 11% and 33 ± 12% (p=0.02) for advanced insulin resistance 
and normal insulin sensitivity groups, respectively, with even larger differences demonstrated for PAC-1 (48 ± 17% and 75 ± 7%; 
p=0.006) and PS exposure (33 ± 12% and 84 ± 10%; p=0.001). Furthermore, FAUST analysis showed that, under basal condi-
tions, there was a different distribution of the eight platelet subpopulations comparing advanced insulin resistance and normal 
insulin sensitivity groups, with differences also detected following PGI2 inhibition.
Conclusions/interpretation  Our novel characterisation of platelets in type 1 diabetes shows a maladaptive phenotype with 
increased basal activity together with hyperactivation following stimulation and diminished responses to inhibition. Insulin 
resistance appears to further drive this adverse thrombotic phenotype, suggesting an enhanced platelet-driven cardiovascular 
risk in those with type 1 diabetes and reduced insulin sensitivity.

Keywords  Estimated glucose disposal rate · Inhibition · Insulin resistance · Integrin αIIbβ3 · Phosphatidylserine · Platelets · 
P-selectin · Type 1 diabetes
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Abbreviations
AnnV	� Annexin V
CRP-XL	� Cross-linked collagen-related peptide
eGDR	� Estimated glucose disposal rate
FAUST	� Full Annotation Shape-constrained Trees
MFI	� Mean fluorescence intensity
NO	� Nitric oxide
oxLDL	� Oxidised LDL
PE	� R-phycoerythrin
PGI2	� Prostacyclin
P1–P8	� Platelet subpopulations 1–8
PS	� Phosphatidylserine

Introduction

Diabetes is associated with a prothrombotic state that con-
tributes to premature cardiovascular morbidity and mortality 
[1–3]. Elevated thrombotic risk in individuals with diabetes is 
driven by both a hypercoagulable state and increased platelet 
reactivity, although to date studies have largely focused on 
individuals with type 2 diabetes [4]. The evidence supporting 

platelet hyperactivity in individuals with type 1 diabetes is 
largely limited to data from early aggregation studies ([5–7] 
and evidence of elevated expression of surface P-selectin, 
as well as increased circulating levels of platelet–monocyte 
aggregates [8]. In addition to platelet stimulants, in vivo 
platelet reactivity is restricted by their exposure to endothe-
lial-derived inhibitors prostacyclin (PGI2) and nitric oxide 
(NO). Therefore, changes to vascular function, sensitivity to 
these inhibitors or platelet activators are equally likely to alter 
thrombotic risk [9, 10]. Early work suggested impaired platelet 
response to inhibitors in individuals with type 1 diabetes and 
type 2 diabetes compared with healthy control groups [11], 
with subsequent work showing reduced sensitivity of type 2 
diabetes platelets to PGI2 [12, 13] together with hyposensitiv-
ity to NO [14]. This implicates failure of platelet suppression 
as a key mechanism for platelet hyperactivity in type 2 diabetes 
and it remains unclear whether this applies to individuals with 
type 1 diabetes.

While hyperglycaemia is generally believed to modu-
late platelet function in type 1 diabetes [15, 16], the role of 
other metabolic factors, including insulin resistance, remains 
unclear. Importantly, insulin resistance in individuals with 
type 1 diabetes is associated with adverse vascular outcomes 
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by mechanisms that are not fully understood [17–19]. In over 
17,000 individuals with type 1 diabetes, Nyström et al have 
shown that insulin resistance, measured by estimated glucose 
disposal rate (eGDR) [18], predicted cardiovascular morbidity 
and mortality independently of blood glucose levels, measured 
as HbA1c [20]. Similar findings have been documented by oth-
ers, demonstrating a link between insulin resistance and vascu-
lar complications in individuals with type 1 diabetes [19–21].

Given these observations and the established role of 
platelets in cardiovascular pathology, we hypothesised that 
platelets from young individuals with type 1 diabetes exhibit 
platelet hyperactivity due to both increased propensity for 
activation and diminished sensitivity for inhibition, with this 
maladaptive phenotype correlating with severity of insulin 
resistance. A key advantage of studying the type 1 diabetes 
population is the limited number of confounders compared 
with type 2 diabetes, and therefore it is easier to disentan-
gle the roles of glycaemia and insulin resistance in platelet 
dysfunction. The current study investigated multiple aspects 
of platelet activation and inhibition using a multiparameter 
flow cytometry panel in a younger cohort of type 1 diabetes 
with no advanced complications and receiving only glucose-
lowering therapies.

Our overall aim was to comprehensively analyse plate-
let function in this cohort, with special focus on the role 
of insulin resistance through three inter-linked objectives: 
(1) understand the susceptibility of platelets to activation; 
(2) investigate the potential differential platelet response to 
inhibition; and (3) analyse the effects of insulin resistance on 
platelet activation and/or sensitivity to inhibition.

Methods

Study design and participants  Samples from participants 
with type 1 diabetes were obtained from those participating 
in the ‘Double diabEtes and adVErse cLinical Outcome: 
identification of mechanistic Pathways’ (DEVELOP) study. 
Ethical approval was granted by the Health Research Author-
ity (Research Ethics Committee reference: 19/NE/0349, 
Integrated Research Application System number 259072).

Inclusion criteria were: (1) confirmed diagnosis of type 1 
diabetes (supported by clinical history, positive islet autoan-
tibodies and/or low C-peptide levels) for a minimum of 3 
years and on current treatment with insulin (injections or 
insulin pump); (2) aged 18 years or older at the time of study 
visit and under 40 years old; (3) BMI≥18 kg/m2. Exclu-
sion criteria were: (1) end-stage renal disease; (2) current 
or previous history of malignancy; (3) pregnancy; and (4) 
use of anti-coagulant/anti-platelet medications. Recruited 
participants attended a one-off visit when written consent 
was obtained. Demographic data were collected including 
age, sex (based on hospital records) and ethnicity. Waist 

circumference and blood pressure were recorded, as well as 
medical and family history and current therapies. Retinopa-
thy was determined by last retinal screening result (under-
taken at least once per year). Healthy volunteers not on any 
treatment were recruited as control participants based on 
comparable age and sex characteristics to the study cohort, 
under institute ethics from the Leeds Institute of Cardio-
vascular and Metabolic Medicine (Medical Research Ethics 
Committee 19-006).

eGDR  eGDR was calculated using the previously validated 
formula including waist circumference, HbA1c and pres-
ence/absence of hypertension as follows: 21.158 − (0.09 × 
waist circumference [cm]) − (3.407 × hypertension [1=yes, 
0=no]) − (0.551 × HbA1c [%]) [17, 18].

Venepuncture  Participants with type 1 diabetes and healthy 
control participants underwent standardised blood sampling 
with venepuncture conducted in a non-fasted state from the 
antecubital fossa using a 21G butterfly needle into citrate 
vacutainers [22]; the first drawn tube was discarded to mini-
mise artefactual activation. Routine clinical tests in the type 
1 diabetes group included HbA1c, liver function tests, lipid 
profile and full blood count.

Multiparameter flow cytometry  A multiparameter flow 
cytometry panel was designed to allow simultaneous assess-
ment of platelet activation, including: (1) conformational 
changes of integrin αIIbβ3 [23], which facilitates the binding 
of fibrinogen and is measured through PAC-1-FITC (BD-
Pharmigen 340507); (2) secretion of α-granules, measured 
through CD62P-R-phycoerythrin (PE) (BD-Pharmigen 
555524); (3) phosphatidylserine (PS) exposure by analysing 
Annexin V (AnnV)-APC (BD Pharmigen 551061), which 
provides a haemostatic site for binding factor Xa [24, 25]; 
and (4) a platelet identification marker, CD42b-Brilliant 
Blue 700 (BB700) (BD Pharmigen 742219), as a compo-
nent of the constitutively expressed glycoprotein Ib-IX-V 
(GPIb-IX-V) [26].

Samples were run on a CytoFLEX S (Beckman Coul-
ter) using four detectors (525/40 BP, 585/42 BP, 660/10 BP 
and 712/25 BP) with CytExpert (v2.4) (Beckman Coulter) 
used to process all data. An automatic compensation was 
performed with VersaComp antibody capture beads and 
CytExpert v2.4. For the activation panel, whole blood was 
diluted 1:9 in assay buffer to minimise aggregate formation, 
then incubated with agonists or inhibitors and antibodies 
for 20 min at 37°C before fixation with paraformaldehyde 
solution (0.9% v/v) [26–28]. As AnnV binding is calcium 
dependent, these experiments were carried out in Modified 
Tyrode’s buffer supplemented with calcium (1.8 mmol/l) 
[26]. To induce platelet activation, blood was treated 
with protease-activated receptor-1 peptide (SFLLRN) and 
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glycoprotein (GP) VI agonist cross-linked collagen-related 
peptide (CRP-XL), either alone or in combination to ensure 
a variety of stimulation strengths (low, medium and high) 
based on previously published data [26]. For inhibition 
experiments, whole blood was pre-incubated with PGI2 for 
2 min before the addition of agonists. Platelets were gated 
on SSC/CD42b, excluding debris and doublets, and 10,000 
CD42b+ events were recorded. A negative control of IgG-PE 
was included for CD62P-PE along with EDTA as the nega-
tive control for both PAC-1-FITC and AnnV-APC, as EDTA 
blocks calcium binding which is required both for integrin 
αIIbβ3 conformational change and for AnnV binding. Gates 
were set on the matched isotype control and/or internal nega-
tive controls (EDTA) [27–29].

FAUST  Full Annotation Shape-constrained Trees (FAUST) 
was used for the analysis of platelet subpopulations. This is a 
machine learning method that discovers and annotates cellular 
subpopulations within high-dimensional flow cytometry data 
[30]. This method annotates subpopulations on a per-sample 
basis. FAUST (v0.1.4; Tercen.com) was applied to the flow 
cytometric data from four individuals with high eGDR (normal 
insulin sensitivity) and three with low eGDR (insulin resist-
ant). These were chosen to represent both ends of the spec-
trum of insulin resistance within the type 1 diabetes cohort. 
CD42b+ platelets were exported into FlowJo v10.10 (https://​
flowjo.​com/) for data processing as previously described [31].

Statistical analysis  CytExpert v2.4 was used to analyse all 
flow cytometry data. Statistical analysis was conducted using 
GraphPad Prism v10.1.1 (https://​www.​graph​pad.​com/). Sta-
tistical significance was determined as *p≤0.05, **p≤0.01, 
***p≤0.001. For descriptive data, results are presented as 
median (interquartile range), mean ± SD and/or number (% 
of total). Normal distribution was assessed using Shapiro–
Wilk test. One-way ANOVA (Kruskal–Wallis) was used to 
test multiple continuous variables. For the comparison of 
two independent continuous variables, either unpaired t test 
or Mann–Whitney was used, depending on the normative 
distribution of the data.

Power calculations were conducted based on SD derived 
from preliminary data and previously published results [27]. 
For CD62P mean fluorescence intensity (MFI) of expres-
sion following stimulation, based on an SD of 4000, a total 
sample size of 36 individuals would be sufficient to detect a 
difference of 4500 in MFI for this variable with a power of 
>80% at p<0.05, comparing those with and without insu-
lin resistance. For PAC-1 binding, a total for 32 individuals 
would be required to detect a difference of 1500 in MFI, 
while 30 individuals were required to detect a difference of 
1700 in MFI for AnnV binding, based on an SD for these 
variables of 1450 and 1770, respectively.

Results

Study participant characteristics  The median age of 32 study 
participants was 24 (range 18–34) years (59% male) with a 
mean ± SD duration of type 1 diabetes of 14.0 ± 6.3 years. 
Participants had a mean HbA1c of 65.3 ± 14.0 mmol/mol (8.1%) 
with a mean eGDR of 8.1 ± 2.1 mg kg−1 min−1. No participants 
had macrovascular complications and just two were on addi-
tional non-insulin therapies (both metformin) (Table 1).

When stratifying participants according to their eGDR 
(Table 2), there were no statistically significant differences 
between groups in relation to sex, age, duration of diabetes 
or presence of retinopathy.

Platelet activation in type 1 diabetes and healthy control partici-
pants  Under basal conditions, platelets from individuals with type 
1 diabetes expressed significantly greater levels of CD62P com-
pared with control participants (521 ± 246 vs 335 ± 67; p<0.001), 
with similar findings for PAC-1 (370 ± 165 vs 231 ± 88; p=0.011) 
and PS (869 ± 762 vs 294 ± 109; p=0.001; Fig. 1a–c, electronic 
supplementary material [ESM] Fig. 1). Treatment of blood with 
either SFLLRN (a thrombin mimetic) or CRP-XL (a collagen 
mimetic) alone or in combination led to increased expression of all 
activation markers in both groups. Examination of CD62P showed 
no clear difference in expression in the type 1 diabetes group and 
control participants. In contrast, PAC-1 binding was elevated in 
the type 1 diabetes cohort compared with control participants 
when stimulated with single agonists (for example, at 2 μmol/l 
SFLLRN MFI was 5583 ± 4960 in type 1 diabetes vs 2155 ± 487 
in healthy control participants, p=0.001 and at 10 μg/ml CRP-XL 
MFI was 11,335 ± 5124 vs 8419 ± 1942, p=0.03) or a combi-
nation of agonists (11,375 ± 6689 vs 7861 ± 1458, p=0.01), as 
shown in Fig. 1b. We also observed a greater propensity for PS 
exposure in type 1 diabetes platelets compared with healthy con-
trol participants following stimulation, with CRP-XL alone (at 1 
μg/ml CRP-XL 4356 ± 4719 vs 1165 ± 308, p=0.004 and at 10 
μg/ml CRP-XL 10,561 ± 6181 vs 5259 ± 1125, p<0.001) or in 
combination with SFLLLRN (27,124 ± 10,105 vs 19,801 ± 1455, 
p=0.001), which are known to induce PS exposure. Consistent 
with published studies, we found stimulation of the thrombin 
activation pathway alone is insufficient to stimulate PS [26, 27, 
32]. Taken together, these data demonstrate that type 1 diabetes 
platelets are partially activated under basal conditions and that 
these same platelets exhibit a greater sensitivity to activation when 
challenged with agonists.

Platelet activation in individuals with type 1 diabetes strati-
fied by insulin resistance  Having observed platelet hyper-
activity in individuals with type 1 diabetes compared with 
healthy control participants, we next examined the potential 
role of insulin resistance. The type 1 diabetes cohort was 
stratified according to eGDR, dividing into three groups: 

https://flowjo.com/
https://flowjo.com/
https://www.graphpad.com/
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eGDR<6 mg kg−1 min−1, eGDR 6–8 mg kg−1 min−1 and 
eGDR>8 mg kg−1 min−1, to represent advanced, mild and 
normal insulin sensitivity, as per Nyström et al [18].

Under basal conditions, expression of all three activa-
tion markers was elevated in those with advanced insulin 

resistance compared with the other two groups (Fig. 2, ESM 
Fig. 2). When blood was treated with SFLLRN, CD62P was 
found to be elevated in individuals with advanced insulin 
resistance at 15,017 ± 5602 compared with mild insu-
lin resistance (6304 ± 3478; p=0.01) or no insulin resist-
ance (5226 ± 2565; p=0.007) (Fig. 2a). While we saw a 
similar pattern when examining PAC-1 binding, this only 
reached statistical significance at the higher concentration 
of SFLLRN, with advanced insulin resistance showing MFI 
of 19,339 ± 11,749 vs 7287 ± 2004 for mild insulin resist-
ance (p=0.03; and 5187 ± 2872 for no insulin resistance 
[p=0.02], Fig. 2b). As expected, SFLLRN alone had no sig-
nificant effect on PS (Fig. 2c).

To determine whether platelet hyperactivity in the advanced 
insulin resistance group was agonist-specific, we next tested 
the effect of CRP-XL. We observed elevated CD62P expres-
sion in the advanced insulin resistance group compared with 
those with normal insulin sensitivity in response to the higher 
concentration of CRP-XL (29,167 ± 2177 vs 22,829 ± 2535, 
p<0.001), while differences with PAC-1 and PS failed to reach 
statistical significance (Fig. 2b, c).

Using dual stimulation, those with advanced insulin resist-
ance demonstrated elevated levels of CD62P, PAC-1 and PS 
compared with the other type 1 diabetes groups (Fig. 2).

Platelet inhibition by PGI2 in individuals with type 1 diabe-
tes and healthy control participants  Given previous work 
showing reduced platelet sensitivity to NO and PGI2 in type 
2 diabetes [11], we speculated that platelet hyperactivity in 
type 1 diabetes may also be linked to disinhibition.

Table 1   Summary of the baseline characteristics of all study individ-
uals with type 1 diabetes

Data are shown as mean ± SD or as n (%)
HbA1c is given as DCCT, %
T2D, type 2 diabetes mellitus; WC, waist circumference

Characteristic Total

Number of participants 32
Male sex 19 (59)
Age, years 24.0 ± 3.8
Duration of diabetes, years 14.0 ± 6.3
HbA1c, mmol/mol 65.3 ± 14.0
HbA1c, % 8.1 ± 3.0
BMI, kg/m2 27.6 ± 5.6
eGDR (WC), mg kg−1 min−1 8.1 ± 2.1
Total daily insulin, U/24 h 66.0 ± 25.7
Total daily insulin, U/kg 0.8 ± 0.3
Total cholesterol:HDL ratio 3.2 ± 0.8
LDL-cholesterol, mmol/l 2.4 ± 0.8
Family history of T2D 4 (13)
Presence of retinopathy 13 (41)
Adjunctive therapy (metformin) 2 (6)
Macrovascular complications 0

Table 2   Summary of the 
baseline characteristics of all 
study individuals with type 1 
diabetes stratified according to 
eGDR

Data are shown as mean ± SD or as n (%)
HbA1c is given as DCCT, %
T2D, type 2 diabetes mellitus; WC, waist circumference

Characteristic eGDR<6 eGDR 6–8 eGDR>8 p value

Number of participants 8 8 16
Male sex 5 (63) 5 (63) 9 (56) >0.1
Age, years 23.5 ± 3.5 23.2 ± 3.3 24.4 ± 3.2 >0.1
Duration of diabetes, years 11.2 ± 7.8 14.5 ± 5.1 14.8 ± 5.1 >0.1
HbA1c, mmol/mol 72.6 ± 9.8 74.4 ± 16.5 57.6 ± 16.6 0.028
HbA1c, % 8.8 ± 3.0 8.9 ± 4.0 7.4 ± 4.0 0.028
BMI, kg/m2 31.4 ± 8.4 28.7 ± 4.6 25.5 ± 4.6 >0.1
eGDR (WC), mg kg−1 min−1 5.1 ± 1.1 7.7 ± 0.6 9.7 ± 0.6 <0.0001
Total daily insulin, U/24 h 86.5 ± 22.7 72.8 ± 34.9 50.6 ± 34.9 0.024
Total daily insulin, U/kg 1.0 ± 0.2 0.9 ± 0.3 0.7 ± 0.34 0.058
Total cholesterol:HDL ratio 3.7 ± 0.5 3.4 ± 0.9 3.1 ± 0.6 >0.1
LDL-cholesterol, mmol/l 2.6 ± 0.8 2.2 ± 0.8 2.4 ± 0.8 >0.1
Family history of T2D 1 (13) 2 (25) 1 (6) >0.1
Presence of retinopathy 2 (25) 4 (50) 8 (50) >0.1
Adjunctive therapy (metformin) 2 (25) 0 0 >0.1
Macrovascular complications 0 0 0 >0.1
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There was no difference in sensitivity to PGI2 between 
type 1 diabetes and healthy control participants for CD62P 
expression (Fig. 3a–d). However, PAC-1 inhibition by the 
higher dose PGI2 was diminished in the type 1 diabetes 
group compared with control participants following stimu-
lation with 10 μg/ml CRP-XL (reduction of 79 ± 18% vs 
94 ± 3%, p=0.01) and the SFLLRN/CRP-XL combination 

at both inhibitor doses (3 ± 14% vs 16 ± 7%, p=0.007 at 
10 nmol/l PGI2 and 47 ± 29% vs 84 ± 8%, p<0.001 at 100 
nmol/l PGI2; Fig. 3h). When examining PS exposure, we 
again observed hyposensitivity to PGI2 inhibition in the type 
1 diabetes group compared with control participants when 
platelets were stimulated with CRP-XL or a combination of 
SFLLRN/CRP-XL, which was only observed with the higher 

Fig. 1   Multiparameter 
fluorescence flow cytometry to 
investigate platelet levels of (a) 
CD62P, (b) PAC-1 and (c) PS 
exposure in whole blood from 
study participants with type 1 
diabetes (n=26–32) compared 
with healthy control partici-
pants (n=5–6). Expression is 
measured as MFI both at basal 
conditions and in response to 
stimulation with low and high 
dose single agonists (SFLLRN 
or CRP-XL) and high dose dual 
agonists (20 μmol/l SFLLRN 
and 10 μg/ml CRP-XL com-
bined). *p≤0.05, **p≤0.01, 
***p≤0.001. For comparison 
between two groups, unpaired 
t test or Mann–Whitney U tests 
have been used depending on 
distribution of data. Between 
multiple groups, ordinary 
ANOVA tests were carried out
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concentration of the inhibitor (Fig. 3i). Taken together, these 
data suggest hyposensitivity of type 1 diabetes platelets to the 
antithrombotic actions of PGI2.

Platelet inhibition in individuals with type 1 diabetes 
stratified by insulin resistance  Insulin resistance influ-
enced platelet inhibition by PGI2, with less inhibition of 

CD62P observed in those with advanced insulin resistance 
(Fig. 4a) and with larger differences detected with PAC-1 
and PS exposure (Fig. 4d–i). With 1μg/ml CRP-XL alone, 
the inhibition of PAC-1 by 10 nmol/l PGI2 in those with 
advanced insulin resistance was significantly reduced com-
pared with those with normal insulin sensitivity (28 ± 9% 
vs 52 ± 2% p<0.001), which was also evident with higher 

Fig. 2   Multiparameter 
fluorescence flow cytometry to 
investigate platelet levels of (a) 
CD62P, (b) PAC-1 and (c) PS 
exposure in whole blood from 
study participants with type 1 
diabetes (n=26–32) stratified 
according to eGDR threshold 
values derived from Nyström 
et al [18], eGDR<6 mg kg−1 
min−1 (n=5–8), 6–8 mg kg−1 
min−1 (n=6–9), >8 mg kg−1 
min−1 (n=11–14). Expression is 
measured as MFI both at basal 
and in response to stimulation 
with low and high dose single 
agonists (SFLLRN or CRP-XL) 
and high dose dual agonists (20 
μmol/l SFLLRN and 10 μg/ml 
CRP-XL combined). *p≤0.05, 
**p≤0.01, ***p≤0.001. For 
comparison between two 
groups, unpaired t test or Mann–
Whitney U tests have been used 
depending on distribution of 
data. Between multiple groups, 
ordinary ANOVA tests were 
carried out
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Fig. 3   Multiparameter fluores-
cence flow cytometry to inves-
tigate platelet expression of (a) 
CD62P and (e) PAC-1 and (i) 
PS exposure in whole blood 
from study participants with 
type 1 diabetes (n=26–32) com-
pared with healthy control par-
ticipants (n=5–6). Expression is 
measured as MFI both at basal 
and in response to stimulation 
with high dose single agonists 
(SFLLRN or CRP-XL) and high 
dose dual agonists (20 μmol/l 
SFLLRN and 10 μg/ml CRP-
XL combined) as well as in 
response to inhibition with PGI2 
at low (10 nmol/l) and high (100 
nmol/l) doses. (b–d, f–h, j–l) 
Response has been measured as 
percentage reduction compared 
with expression following 
stimulation at each of the ago-
nist doses. *p≤0.05, **p≤0.01, 
***p≤0.001. For comparison 
between two groups, unpaired 
t test or Mann–Whitney U tests 
have been used depending on 
distribution of data. Between 
multiple groups, ordinary 
ANOVA tests were carried out
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Fig. 4   Multiparameter fluorescence flow cytometry to investigate 
platelet expression of (a) CD62P and (d) PAC-1 and (g) PS exposure 
in whole blood from study participants with type 1 diabetes (n=26–
32), stratified according to eGDR threshold values derived from 
Nyström et al [18]. Expression is measured as MFI both at basal and 
in response to stimulation with single agonist (CRP-XL) and high dose 
dual agonists (20 μmol/l SFLLRN and 10 μg/ml CRP-XL combined) 

as well as in response to inhibition with PGI2 at low (10 nmol/l) and 
high (100 nmol/l) doses. (b, c, e, f, h, i) Response has been measured 
as percentage reduction compared with expression following stimula-
tion at each of the agonist doses. *p≤0.05, **p≤0.01, ***p≤0.001. 
For comparison between two groups, unpaired t test or Mann–Whit-
ney U tests have been used depending on distribution of data. Between 
multiple groups, ordinary ANOVA tests were carried out
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Fig. 5   Platelet subpopulations. Whole blood was unstimulated (basal) 
or stimulated with SFLLRN and CRP-XL in the presence or absence 
of PGI2 (100 nmol/l) for 20 min prior to fixation. Samples were then 
analysed by flow cytometry where CD62P and PAC-1 expression and 
PS exposure were quantified. These data underwent platelet subpopu-
lation analysis using FAUST. This discovered eight (P1–P8) platelet 
subpopulations present at basal, upon activation with SFLLRN and 
CRP-XL and in the presence of PGI2. These subpopulations were 
defined by differential CD62P, PAC-1 and AnnV binding. Plate-
let subpopulations are visualised on uniform manifold approxima-

tion and projection (UMAP) graphs from participants with (a) high 
eGDR (n=4) and (b) low eGDR (n=3). (c–e) Difference in platelet 
subpopulation abundance, presented in percentage (subpopulations, 
P1–P8), at basal (c), when dual agonist stimulated (d) and when dual 
agonist stimulated in presence of higher dose inhibition (100 nmol/l 
PGI2) (e). Data are expressed as mean  ±  SD. *p≤0.05, **p≤0.01, 
***p≤0.001. For comparison between two groups, unpaired t test or 
Mann–Whitney U tests have been used depending on distribution of 
data. Between multiple groups, ordinary ANOVA tests were carried 
out
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PGI2 concentration (Fig. 4e). Following dual agonist stimu-
lation, the higher concentration of PGI2 (100 nmol/l) showed 
diminished inhibition in the advanced insulin resistance 
group compared with the normal insulin sensitivity group 
(Fig. 4f). Similarly, the inhibition of PS exposure by low 
and high PGI2 concentrations was diminished in those with 
advanced insulin resistance compared with the other two 
groups (Fig. 4g–i). These data suggest that insulin resistance 
in type 1 diabetes is associated with a reduction in platelet 
sensitivity to the key endogenous inhibitor PGI2.

Insulin resistance changes platelet subpopulation dynam-
ics  The basis of functional platelet heterogeneity may lay 
in distinct receptor expression in response to physiological 
or pathophysiological mediators, along with size and sen-
sitivity to activation [27]. Little is known regarding plate-
let subpopulations in individuals with type 1 diabetes. To 
address this, FAUST [31] was applied to flow cytometry 
data from unstimulated and dual agonist-stimulated platelets 
in the absence and presence of PGI2 from individuals with 
advanced insulin resistance or normal insulin sensitivity.

A total of eight platelet subpopulations (P1–P8) were 
detected in both cohorts, but critically with differing dis-
tribution (Fig.  5). These subpopulations were charac-
terised by differential levels of CD62P, PAC-1 and PS, 
and they consisted of platelets with only activated αIIbβ3, 
CD62P−PAC-1+PS− (P1); platelets with α-granule secretion 
and activated αIIbβ3, CD62P+PAC-1+PS− (P2); platelets with 
only α-granule secretion, CD62P+PAC-1−PS− (P3); platelets 
with activated αIIbβ3 and PS exposure, CD62P−PAC-1+PS+ 
(P4); platelets with α-granule secretion, activated αIIbβ3 
and PS exposure, CD62P+PAC-1+PS+ (P5); platelets with 
α-granule secretion and PS exposure, CD62P+PAC-1−PS+ 
(P6); platelets with only PS exposure, CD62P−PAC-1−PS+ 
(P7); and resting platelets, CD62P−PAC-1−PS− (P8).

Under basal conditions, the most abundant subpopula-
tion was P8 for both normal insulin sensitivity and advanced 
insulin resistance groups (94.6 ± 1.5 and 79.2 ± 1.7, respec-
tively), showing that most platelets in the total population are 
quiescent. However, P8 abundance was significantly lower 
in those with advanced insulin resistance (p<0.001), accom-
panied by a significant increase in P3 abundance (p<0.001). 
These data suggest that individuals with type 1 diabetes and 
advanced insulin resistance have a specific subset of acti-
vated circulating platelets under basal conditions, express-
ing elevated CD62P. Dual stimulation of platelets led to a 
remodelling of platelet subsets, with platelets moving from 
P8 to P2 (CD62P+PAC-1+PS−), P5 (CD62P+PAC-1+PS+) 
and P6 (CD62P+PAC-1−PS+), but we found no significant 
differences between groups. After treatment with PGI2, par-
ticipants with advanced insulin resistance demonstrated a 
different inhibitory profile. Participants with advanced insu-
lin resistance had significantly higher levels of P2 platelets 

(p=0.03) and significantly lower levels of P3 (p=0.006) 
when compared with those with normal insulin sensitivity. 
This suggests that those with advanced insulin resistance 
have increased CD62P expression and αIIbβ3 activation in 
the presence of PGI2, implying that PGI2 is less effective at 
inhibiting the activation of these markers in individuals with 
advanced insulin resistance.

Discussion

Individuals with type 1 diabetes are at increased risk of 
premature cardiovascular disease and different mechanisms 
have been proposed, including a prothrombotic environment 
[33]. Therefore, we explored platelet reactivity in type 1 dia-
betes as a composite of sensitivity to both platelet activators 
and inhibitors, while also determining the effects of insulin 
resistance in this population, which has never been studied 
before. We investigated younger adults with type 1 diabetes, 
to minimise the role of confounders, and employed mul-
tiparameter flow cytometry to understand platelet responses.

Examining the whole type 1 diabetes group, our first key 
observation was evidence of basal platelet activation. Previ-
ous studies have demonstrated increased CD62P expression, 
linked to increased platelet–neutrophil aggregates in type 1 
diabetes [8, 34]; however, no differences in activated inte-
grin αIIbβ3 have been previously shown [35]. Our data are 
consistent with some of these findings, but we significantly 
expand our understanding by documenting that some plate-
lets have activated integrin αIIbβ3 and exposed PS at their 
surface under basal conditions. The elevated PS exposure 
likely accounts for an earlier observation demonstrating 
that type 1 diabetes platelets have elevated prothrombinase 
activity [36]. These data suggest that in vivo type 1 diabe-
tes platelets are exposed to agents that induce low levels of 
activation, often referred to as priming agents, which reduce 
the threshold for activation and thrombosis [37, 38]. The 
identity of these priming agents is unknown, but examples 
could include oxidised LDLs (oxLDLs), advanced glycation 
end-products, plasma microparticles and insulin growth fac-
tor 1, all of which are elevated in type 1 diabetes [39, 40]. 
Consistent with platelet priming, we observed that platelets 
from type 1 diabetes were sensitised to further activation 
when exposed to agonists, consistent with a previous obser-
vation of hypersensitivity to thromboxane [41].

We next examined whether platelet modulation by PGI2 
was compromised in type 1 diabetes. While PGI2 inhib-
ited agonist-induced increases in platelet CD62P, integrin 
αIIbβ3 and PS, the inhibitory effect of PGI2 was diminished 
in those with type 1 diabetes. We did not observe signifi-
cant differences in CD62P inhibition, likely related to the 
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reduced sensitivity of this platelet marker to PGI2, as we 
have previously documented [27]. Taken together, our data 
suggest that type 1 diabetes platelets display a maladaptive 
phenotype that is characterised by both agonist hypersensi-
tivity and antagonist hyposensitivity. Importantly, all these 
platelet abnormalities are evident in these younger individ-
uals and well before the development of clinical vascular 
complications.

Insulin resistance has been previously linked to platelet 
activation in type 2 diabetes [16], and we demonstrate it 
is a key determinant of abnormal platelet function in the 
setting of type 1 diabetes. In addition to increased basal 
platelet activation and a greater sensitivity to stimulation, 
platelets from type 1 diabetes with insulin resistance have 
diminished capacity for PGI2-mediated inhibition. Thus, 
while type 1 diabetes platelets generally appear to have 
abnormal activity, an insulin-resistant environment further 
amplifies platelet hyperreactivity. It can be argued that 
hyperglycaemia rather than insulin resistance contributed 
to these findings, given that HbA1c is part of the eGDR 
calculation, but there were differences between individuals 
with advanced insulin resistance and those with interme-
diate insulin resistance, despite almost identical HbA1c in 
these two groups, arguing against the findings being solely 
related to glycaemia.

To further understand the importance of this type 1 dia-
betes phenotype, we employed a machine learning tool to 
assess platelet subpopulations. It has been speculated that 
potent platelet activation leads to the generation of multiple 
subpopulations, characterised by surface marker expression, 
that may enact distinct functional roles [27]. This approach 
clearly showed that under basal conditions, individuals 
with type 1 diabetes had a population enriched in CD62P 
(P3; CD62P+PAC-1−PS−), which was absent in those with 
normal insulin sensitivity. Stimulation remodelled these 
populations such that the advanced insulin resistance group 
had a higher subpopulation of fully activated platelets (P5; 
CD62P+PAC-1+PS+). Despite incubation with the most 
potent physiological platelet inhibitor, platelets from indi-
viduals with insulin resistance continued to express CD62P 
and activated integrin αIIbβ3, making them primed to par-
ticipate in platelet–neutrophil and platelet–fibrinogen inter-
actions, respectively. Individuals with a greater proportion 
of pro-aggregatory (CD62P+PAC-1+) subpopulations may 
benefit from proactive anti-platelet therapy. Additionally, 
our data and previously published work support that CD62P 
has diminished sensitivity to PGI2 inhibition and therefore 
individuals with high CD62P+ may benefit from targeting 
alternative pathways of inhibition.

Although the markers described would not be measured in 
clinical practice, this work has important future management 
implications. Individuals with type 1 diabetes are largely 
treated as one homogeneous cohort, but our data suggest this 

‘one size fits all’ approach may not be adequate and highlight 
the need for individualised care. Incorporating eGDR calcu-
lations, using easily available clinical parameters, should help 
to further assess thrombotic risk and tailor future therapies 
accordingly. Moreover, individuals with a greater proportion 
of pro-aggregatory (CD62P+PAC-1+) subpopulations may 
benefit from proactive anti-platelet therapy, particularly when 
deranged PGI2 inhibition is evident.

Understanding platelet subpopulations in individuals with 
type 1 diabetes will help to establish different thrombotic 
phenotypes, consequently facilitating future person-specific 
antithrombotic therapies in those with clinically relevant vas-
cular disease. Our data demonstrate heterogeneity within the 
platelet population with potential for distinct functional roles, 
e.g. pro-aggregatory vs pro-coagulant platelet sub-types, and, 
therefore, an individualised therapeutic approach may be ben-
eficial. However, the clinical translation of our findings will 
require future research using a combination of in vivo and 
ex vivo work to understand the factors that restore normal 
platelet physiology and reduce the risk of thrombosis in the 
insulin-resistant type 1 diabetes population.

There are a number of strengths to this study that should 
be highlighted. This is the first piece of work to character-
ise PS exposure specifically in type 1 diabetes and also to 
demonstrate elevated integrin αIIbβ3. Furthermore, it is also 
the first study to fully explore response to inhibition using 
multiparameter flow cytometry in type 1 diabetes, allowing 
simultaneous investigation of different aspects of platelet 
activation. In addition, this is the first time the impact of 
insulin resistance on platelet activation and inhibition in type 
1 diabetes has been investigated.

Equally, there are limitations that must be considered. A 
limited number of comparable healthy control participants 
based on age and sex were included in the initial experiments. 
The study was designed to first establish whether individuals 
with type 1 diabetes had evidence of increased platelet hyper-
reactivity compared with healthy control participants to then 
allow greater focus on the role of insulin resistance within 
the cohort of individuals with type 1 diabetes. As the results 
showed statistical difference and based on the described power 
calculations, these preliminary results were adequately pow-
ered and the numbers included thus reflect this. Next, it could 
appear that the results may be related to glycaemia rather 
than insulin resistance as mentioned. However, as outlined 
above, glycaemia was not the sole determinant of platelet 
propensity to activation and resistance to inhibition. Specific 
analysis by sex was not performed due to the relatively small 
cohort. Future studies with a greater number of participants 
could explore any sex-specific differences. The study was also 
limited to young adults (aged 18–40), but given that mean 
diabetes duration was 14 years, it is likely these findings are 
applicable to individuals living with type 1 diabetes across all 
ages. The exact contribution of these platelet abnormalities to 
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future cardiovascular risk in this cohort is currently unknown 
and remains an area for future research.

Future work focusing on more detailed mechanistic aspects 
may provide crucial insight and identify potential therapeutic 
targets for the future. While our experiments focused on two 
widely used platelet agonists (CRP-XL and SFLLRN), fur-
ther experiments with other agonists such as oxLDL that have 
close relevance to individuals with insulin resistance would be 
another interesting aspect of future work. Further work may also 
include exploring the kinetics of platelet activation which may 
have therapeutic implications [42].

In conclusion, we present a novel characterisation of platelets 
in younger adults with type 1 diabetes that shows increased acti-
vation under basal conditions, overactivation following stimula-
tion and a diminished response to inhibition. Insulin resistance 
appears to further drive this phenotype, suggesting that those 
with a combination of type 1 diabetes and insulin resistance are 
at even greater platelet-driven cardiovascular risk. Clinically, 
this would support the need for more widespread identifica-
tion of insulin resistance in the type 1 diabetes population and 
an individualised approach to both insulin-sensitising adjunc-
tive and antithrombotic therapies. Future research is needed to 
understand whether amelioration of insulin resistance in type 
1 diabetes improves this maladaptive platelet phenotype and 
whether more aggressive antithrombotic strategies in those with 
insulin resistance alter long-term vascular outcomes.

Supplementary Information  The online version contains peer-reviewed 
but unedited supplementary material available at https://​doi.​org/​10.​
1007/​s00125-​025-​06429-z.

Acknowledgements  The authors would like to thank the British Heart 
Foundation (BHF) and NIHR Leeds Biomedical Research Centre for 
their support for this study. Work in this manuscript was included in 
the PhD thesis Sagar, RC (2023). Characterisation of platelet function 
and pro-inflammatory phenotype in type 1 diabetes mellitus and double 
diabetes (Doctoral thesis, University of Leeds). Available from: https://​
ethes​es.​white​rose.​ac.​uk/​id/​eprint/​33855/.

Data availability  Data will be provided by the corresponding author 
via email upon reasonable request

Funding  RCS was funded by the British Heart Foundation, grant code 
RG.LIGH.11843, including the data published in this manuscript.

Authors’ relationships and activities  The authors declare that there are 
no relationships or activities that might bias, or be perceived to bias, 
their work.

Contribution statement  RCS undertook conceptualisation, study 
design, participant enrolment, experimental data collection, data analy-
sis and writing (draft, review and editing). DMY contributed data anal-
ysis. SMP and NK both contributed to conceptualisation, study design, 
participant enrolment, data analysis and writing (review and editing). 
MSH, LTC and BAW provided experimental support, resources and 
writing (review and editing). RAA and KMN are co-senior authors. 
RAA provided conceptualisation, study design, funding acquisition, 
participant enrolment, data analysis and writing (review and editing). 
KMN provided conceptualisation, study design, funding acquisition, 

supervision and writing (review and editing). All authors critically 
appraised and approved the final manuscript. RCS, RAA and KMN 
are the guarantors of this work.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Orchard TJ, Costacou T, Kretowski A, Nesto RW (2006) 
Type 1 diabetes and coronary artery disease. Diabetes Care 
29(11):2528–2538. https://​doi.​org/​10.​2337/​dc06-​1161

	 2.	 de Ferranti SD, de Boer IH, Fonseca V et al (2014) Type 1 dia-
betes mellitus and cardiovascular disease: a scientific statement 
from the American Heart Association and American Diabetes 
Association. Diabetes Care 37(10):2843–2863. https://​doi.​org/​
10.​2337/​dc14-​1720

	 3.	 Livingstone SJ, Looker HC, Hothersall EJ et al (2012) Risk 
of cardiovascular disease and total mortality in adults with 
type 1 diabetes: Scottish registry linkage study. PLOS Med 
9(10):e1001321. https://​doi.​org/​10.​1371/​journ​al.​pmed.​10013​21

	 4.	 Safdar NZ, Kietsiriroje N, Ajjan RA (2023) The cellular and 
protein arms of coagulation in diabetes: established and poten-
tial targets for the reduction of thrombotic risk. Int J Mol Sci 
24(20):15328. https://​doi.​org/​10.​3390/​ijms2​42015​328

	 5.	 Sagel J, Colwell JA, Crook L, Laimins M (1975) Increased 
platelet aggregation in early diabetus mellitus. Ann Intern Med 
82(6):733–738. https://​doi.​org/​10.​7326/​0003-​4819-​82-6-​733

	 6.	 Colwell JA, Nair RMG, Halushka PV, Rogers C, Whetsell A, 
Sagel J (1979) Platelet adhesion and aggregation in diabetes 
mellitus. Metab Clin Exp 28(4):394–400. https://​doi.​org/​10.​
1016/​0026-​0495(79)​90044-1

	 7.	 Colwell JA, Nesto RW (2003) The platelet in diabetes: focus on 
prevention of ischemic events. Diabetes Care 26(7):2181–2188. 
https://​doi.​org/​10.​2337/​diaca​re.​26.7.​2181

	 8.	 Zahran AM, El-Badawy O, Mohamad IL, Tamer DM, Abdel-
Aziz SM, Elsayh KI (2018) Platelet activation and platelet-leu-
kocyte aggregates in type I diabetes mellitus. Clin Appl Thromb 
Hemost. https://​doi.​org/​10.​1177/​10760​29618​805861

	 9.	 Puurunen MK, Hwang SJ, Larson MG et al (2018) ADP plate-
let hyperreactivity predicts cardiovascular disease in the FHS 
(Framingham Heart Study). J Am Heart Assoc 7(5):e008522. 
https://​doi.​org/​10.​1161/​JAHA.​118.​008522

	10.	 Nusca A, Patti G (2012) Platelet function and inhibition in 
ischemic heart disease. Curr Cardiol Rep 14(4):457–467. 
https://​doi.​org/​10.​1007/​s11886-​012-​0280-z

	11.	 Akai T, Naka K, Okuda K, Takemura T, Fujii S (1983) 
Decreased sensitivity of platelets to prostacyclin in patients with 
diabetes mellitus. Horm Metab Res 15(11):523–526. https://​doi.​
org/​10.​1055/s-​2007-​10187​78

https://doi.org/10.1007/s00125-025-06429-z
https://doi.org/10.1007/s00125-025-06429-z
https://etheses.whiterose.ac.uk/id/eprint/33855/
https://etheses.whiterose.ac.uk/id/eprint/33855/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.2337/dc06-1161
https://doi.org/10.2337/dc14-1720
https://doi.org/10.2337/dc14-1720
https://doi.org/10.1371/journal.pmed.1001321
https://doi.org/10.3390/ijms242015328
https://doi.org/10.7326/0003-4819-82-6-733
https://doi.org/10.1016/0026-0495(79)90044-1
https://doi.org/10.1016/0026-0495(79)90044-1
https://doi.org/10.2337/diacare.26.7.2181
https://doi.org/10.1177/1076029618805861
https://doi.org/10.1161/JAHA.118.008522
https://doi.org/10.1007/s11886-012-0280-z
https://doi.org/10.1055/s-2007-1018778
https://doi.org/10.1055/s-2007-1018778


	 Diabetologia

	12.	 Pillay PK, Pillay U, Balasubramaniam P, Lee KO (1985) Platelet 
sensitivity to prostacyclin in diabetes mellitus. Ann Acad Med 
Singap 14(2):229–231

	13.	 Betteridge DJ, El Tahir KE, Reckless JP, Williams KI (1982) 
Platelets from diabetic subjects show diminished sensitivity to 
prostacyclin. Eur J Clin Invest 12(5):395–398. https://​doi.​org/​10.​
1111/j.​1365-​2362.​1982.​tb006​86.x

	14.	 Kaur R, Kaur M, Singh J (2018) Endothelial dysfunction and 
platelet hyperactivity in type 2 diabetes mellitus: molecular 
insights and therapeutic strategies. Cardiovasc Diabetol 17(1):121. 
https://​doi.​org/​10.​1186/​s12933-​018-​0763-3

	15.	 Keating FK, Sobel BE, Schneider DJ (2003) Effects of increased 
concentrations of glucose on platelet reactivity in healthy subjects 
and in patients with and without diabetes mellitus. Am J Cardiol 
92(11):1362–1365. https://​doi.​org/​10.​1016/j.​amjca​rd.​2003.​08.​033

	16.	 Schneider DJ (2009) Factors contributing to increased platelet 
reactivity in people with diabetes. Diabetes Care 32(4):525–527. 
https://​doi.​org/​10.​2337/​dc08-​1865

	17.	 Williams KV, Erbey JR, Becker D, Arslanian S, Orchard TJ (2000) 
Can clinical factors estimate insulin resistance in type 1 diabetes? 
Diabetes 49(4):626–632. https://​doi.​org/​10.​2337/​diabe​tes.​49.4.​626

	18.	 Nyström T, Holzmann MJ, Eliasson B, Svensson A-M, Sartipy U 
(2018) Estimated glucose disposal rate predicts mortality in adults 
with type 1 diabetes. Diabetes Obes Metab 20(3):556–563. https://​
doi.​org/​10.​1111/​dom.​13110

	19.	 Kietsiriroje N, Pearson S, Campbell M, Ariëns RAS, Ajjan RA 
(2019) Double diabetes: a distinct high-risk group? Diabetes Obes 
Metab 21(12):2609–2618. https://​doi.​org/​10.​1111/​dom.​13848

	20.	 Helliwell R, Warnes H, Kietsiriroje N et al (2021) Body mass 
index, estimated glucose disposal rate and vascular complications 
in type 1 diabetes: beyond glycated haemoglobin. Diabet Med 
38(5):e14529. https://​doi.​org/​10.​1111/​dme.​14529

	21.	 Sun R, Wang J, Li M et al (2024) Association of insulin resist-
ance with cardiovascular disease and all-cause mortality in type 
1 diabetes: systematic review and meta-analysis. Diabetes Care. 
https://​doi.​org/​10.​2337/​dc24-​0475

	22.	 Welch EL, Crooks MG, Hart SP (2019) Agreement between blood 
draw techniques for assessing platelet activation by flow cytom-
etry. Platelets 30(4):530–534. https://​doi.​org/​10.​1080/​09537​104.​
2018.​15357​05

	23.	 Nieswandt B, Varga-Szabo D, Elvers M (2009) Integrins in plate-
let activation. J Thromb Haemost 7:206–209. https://​doi.​org/​10.​
1111/j.​1538-​7836.​2009.​03370.x

	24.	 Reddy EC, Wang H, Christensen H et al (2018) Analysis of pro-
coagulant phosphatidylserine-exposing platelets by imaging flow 
cytometry. Res Pract Thromb Haemost 2(4):736–750. https://​doi.​
org/​10.​1002/​rth2.​12144

	25.	 Tait JF, Smith C, Wood BL (1999) Measurement of phosphatidyl-
serine exposure in leukocytes and platelets by whole-blood flow 
cytometry with annexin V. Blood Cells Mol Dis 25(5):271–278. 
https://​doi.​org/​10.​1006/​bcmd.​1999.​0254

	26.	 Hindle MS, Cheah LT, Yates DM, Naseem KM (2023) Preana-
lytical conditions for multiparameter platelet flow cytometry. Res 
Pract Thromb Haemost 7(7):102205. https://​doi.​org/​10.​1016/j.​
rpth.​2023.​102205

	27.	 Hindle MS, Spurgeon BEJ, Cheah LT, Webb BA, Naseem KM 
(2021) Multidimensional flow cytometry reveals novel platelet 
subpopulations in response to prostacyclin. J Thromb Haemost 
19(7):1800–1812. https://​doi.​org/​10.​1111/​jth.​15330

	28.	 Spurgeon BEJ, Naseem KM (2020) Platelet flow cytometry: 
instrument setup, controls, and panel performance. Cytometry B 
Clin Cytom 98(1):19–27. https://​doi.​org/​10.​1002/​cyto.b.​21774

	29.	 Frelinger AL III (2018) Using flow cytometry to monitor glyco-
protein IIb-IIIa activation. Platelets 29(7):670–676. https://​doi.​
org/​10.​1080/​09537​104.​2018.​14780​73

	30.	 Greene E, Finak G, D’Amico LA et al (2021) New interpretable 
machine-learning method for single-cell data reveals correlates 
of clinical response to cancer immunotherapy. Patterns (N Y) 
2(12):100372. https://​doi.​org/​10.​1016/j.​patter.​2021.​100372

	31.	 Spurgeon BEJ, Frelinger AL III (2023) Platelet phenotyping by 
full spectrum flow cytometry. Curr Protoc 3(2):e687. https://​doi.​
org/​10.​1002/​cpz1.​687

	32.	 Södergren AL, Ramström S (2018) Platelet subpopulations remain 
despite strong dual agonist stimulation and can be character-
ised using a novel six-colour flow cytometry protocol. Sci Rep 
8(1):1441. https://​doi.​org/​10.​1038/​s41598-​017-​19126-8

	33.	 Sobczak AIS, Stewart AJ (2019) Coagulatory defects in type-1 
and type-2 diabetes. Int J Mol Sci 20(24):6345. https://​doi.​org/​
10.​3390/​ijms2​02463​45

	34.	 Hu H, Li N, Yngen M, Östenson CG, Wallén NH, Hjemdahl P 
(2004) Enhanced leukocyte–platelet cross-talk in type 1 diabetes 
mellitus: relationship to microangiopathy. J Thromb Haemost 
2(1):58–64. https://​doi.​org/​10.​1111/j.​1538-​7836.​2003.​00525.x

	35.	 Ju L, McFadyen JD, Al-Daher S et al (2018) Compression force 
sensing regulates integrin αIIbβ3 adhesive function on diabetic 
platelets. Nat Commun 9(1):1087. https://​doi.​org/​10.​1038/​
s41467-​018-​03430-6

	36.	 van der Planken MG, Vertessen FJ, Vertommen J, Engelen W, 
Berneman ZN, De Leeuw I (2000) Platelet prothrombinase activ-
ity, a final pathway platelet procoagulant activity, is overexpressed 
in type 1 diabetes: no relationship with mean platelet volume or 
background retinopathy. Clin Appl Thromb Hemost 6(2):65–68. 
https://​doi.​org/​10.​1177/​10760​29600​00600​202

	37.	 Gresele P, Falcinelli E, Momi S (2008) Potentiation and priming 
of platelet activation: a potential target for antiplatelet therapy. 
Trends Pharmacol Sci 29(7):352–360. https://​doi.​org/​10.​1016/j.​
tips.​2008.​05.​002

	38.	 Veninga A, Baaten C, De Simone I et al (2022) Effects of platelet 
agonists and priming on the formation of platelet populations. Thromb 
Haemost 122(5):726–738. https://​doi.​org/​10.​1055/s-​0041-​17359​72

	39.	 Lopes-Virella MF, Baker NL, Hunt KJ et al (2012) High concentrations 
of AGE-LDL and oxidized LDL in circulating immune complexes are 
associated with progression of retinopathy in type 1 diabetes. Diabetes 
Care 35(6):1333–1340. https://​doi.​org/​10.​2337/​dc11-​2040

	40.	 Chisalita SI, Ludvigsson J (2018) Insulin-like growth factor-1 at 
diagnosis and during subsequent years in adolescents with type 
1 diabetes. J Diabetes Res 2018(1):8623560. https://​doi.​org/​10.​
1155/​2018/​86235​60

	41.	 Zaccardi F, Rizzi A, Petrucci G et al (2016) In vivo platelet acti-
vation and aspirin responsiveness in type 1 diabetes. Diabetes 
65(2):503–509. https://​doi.​org/​10.​2337/​db15-​0936

	42.	 Mitchell JL, Dunster JL, Kriek N et al (2023) The rate of platelet 
activation determines thrombus size and structure at arterial shear. 
J Thromb Haemost 21(8):2248–2259. https://​doi.​org/​10.​1016/j.​
jtha.​2023.​03.​044

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/j.1365-2362.1982.tb00686.x
https://doi.org/10.1111/j.1365-2362.1982.tb00686.x
https://doi.org/10.1186/s12933-018-0763-3
https://doi.org/10.1016/j.amjcard.2003.08.033
https://doi.org/10.2337/dc08-1865
https://doi.org/10.2337/diabetes.49.4.626
https://doi.org/10.1111/dom.13110
https://doi.org/10.1111/dom.13110
https://doi.org/10.1111/dom.13848
https://doi.org/10.1111/dme.14529
https://doi.org/10.2337/dc24-0475
https://doi.org/10.1080/09537104.2018.1535705
https://doi.org/10.1080/09537104.2018.1535705
https://doi.org/10.1111/j.1538-7836.2009.03370.x
https://doi.org/10.1111/j.1538-7836.2009.03370.x
https://doi.org/10.1002/rth2.12144
https://doi.org/10.1002/rth2.12144
https://doi.org/10.1006/bcmd.1999.0254
https://doi.org/10.1016/j.rpth.2023.102205
https://doi.org/10.1016/j.rpth.2023.102205
https://doi.org/10.1111/jth.15330
https://doi.org/10.1002/cyto.b.21774
https://doi.org/10.1080/09537104.2018.1478073
https://doi.org/10.1080/09537104.2018.1478073
https://doi.org/10.1016/j.patter.2021.100372
https://doi.org/10.1002/cpz1.687
https://doi.org/10.1002/cpz1.687
https://doi.org/10.1038/s41598-017-19126-8
https://doi.org/10.3390/ijms20246345
https://doi.org/10.3390/ijms20246345
https://doi.org/10.1111/j.1538-7836.2003.00525.x
https://doi.org/10.1038/s41467-018-03430-6
https://doi.org/10.1038/s41467-018-03430-6
https://doi.org/10.1177/107602960000600202
https://doi.org/10.1016/j.tips.2008.05.002
https://doi.org/10.1016/j.tips.2008.05.002
https://doi.org/10.1055/s-0041-1735972
https://doi.org/10.2337/dc11-2040
https://doi.org/10.1155/2018/8623560
https://doi.org/10.1155/2018/8623560
https://doi.org/10.2337/db15-0936
https://doi.org/10.1016/j.jtha.2023.03.044
https://doi.org/10.1016/j.jtha.2023.03.044


Diabetologia	

Authors and Affiliations

Rebecca C. Sagar1,2   · Daisie M. Yates1 · Sam M. Pearson1,2 · Noppadol Kietsiriroje1,3 · Matthew S. Hindle4 · 
Lih T. Cheah1 · Beth A. Webb1 · Ramzi A. Ajjan1,2 · Khalid M. Naseem1

 *	 Rebecca C. Sagar 
	 medrsag@leeds.ac.uk

1	 Leeds Institute of Cardiovascular and Metabolic Medicine, 
University of Leeds, Leeds, UK

2	 Leeds Teaching Hospitals Trust, Leeds, UK

3	 Endocrinology and Metabolism Unit, Faculty of Medicine, 
Prince of Songkla University, Hatyai, Thailand

4	 Centre for Biomedical Science Research, School of Health, 
Leeds Beckett University, Leeds, UK

http://orcid.org/0000-0001-7972-3321

	Insulin resistance in€type 1 diabetes is€a€key modulator of€platelet hyperreactivity
	Abstract
	Aimshypothesis 
	Methods 
	Results 
	Conclusionsinterpretation 

	Introduction
	Methods
	Results
	Discussion
	References


