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Abstract:  

Aim. - Strict glycaemic control has been associated with an increased mortality rate in subjects 

with type 2 diabetes (T2DM). Here we examined platelet function immediately and 24 hours 

following induced hypoglycaemia in people with type 2 diabetes compared to healthy age-

matched controls. 

Methods. - Hyperinsulinaemic clamps reduced blood glucose to 2.8 mmol/L (50mg/dl) for 1 

hour. Sampling at baseline; euglycaemia 5mmol/L (90mg/dl); hypoglycaemia; and at 24 post 

clamp were undertaken. Platelet function was measured by whole blood flow cytometry.  

Results. - 10 subjects with T2DM and 8 controls were recruited. Platelets from people with 

T2DM showed reduced sensitivity to prostacyclin (PGI2, 1nM) following hypoglycaemia. The 

ability of PGI2 to inhibit platelet activation was significantly impaired at 24 hours compared to 

baseline in the T2DM group. Here, inhibition of fibrinogen binding was 29.5% (10.3 – 43.8) 

compared to 50.8% (36.8 – 61.1), (P < 0.05), while inhibition of P-selectin expression was 32% 

(16.1 – 47.6) vs.  54.4% (42.5 – 67.5) (P < 0.05). No significant changes in platelet function 

were noted in controls.  

Conclusion. - Induced hypoglycaemia in T2DM enhances platelet hyperactivity through 

impaired sensitivity to prostacyclin at 24 hours.  

 

Key words: Hypoglycaemia; Platelets; Type 2 diabetes.  

 

Abbreviations: PGI2 = prostacyclin,  
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Introduction:   

Strict glycaemic control is associated with increased risk of hypoglycaemia. Although, 

hypoglycaemia has traditionally been considered a complication of the treatment for type 1 

diabetes, it has recently been recognised as a problem in people with type 2 diabetes (T2DM) 

particularly those on insulin therapy [1]. A lack of cardiovascular benefit with strict glycaemic 

control in recent studies in people with T2DM has raised questions about the role of 

hypoglycaemia in thrombogenesis [2-4].  

Platelets circulate the blood in a quiescent state, maintained by fine balance between 

antithrombotic and prothrombotic molecules synthesised by endothelial cells [5], and play a key 

role in both acute thrombus formation at the site of vascular injury and atherogenesis [5]. 

Endothelial dysfunction, inflammation, oxidative stress, and metabolic alterations may cause 

platelets to be more activated [5]. Studies in people with type 1 diabetes and healthy controls 

report an increase in platelet activation with hypoglycaemia [6, 7]; through mechanisms 

including an elevation in the levels of the counter-regulatory hormone adrenaline [8, 9].  

Activated platelets express P-selectin, released from g-granules, and bind to plasma molecules 

such as fibrinogen. These interactions promote the adhesion of leukocytes to the vessel wall and 

atherosclerosis [5]. Platelet surface expression of P-selectin and fibrinogen binding correlates 

with subsequent cardiac risk [10], and increases in those with cardiovascular disease [11]. Key to 

the inhibition of platelet activation is prostacyclin (PGI2) and nitric oxide [5]. As most studies 

assessing the effects of hypoglycaemia on platelet function and thrombotic risk are conducted in 

people with type 1 diabetes and healthy controls [6-8], their findings may not necessarily be 

applicable to people with T2DM. In this study, we hypothesised that acute hypoglycaemia would 

result in increased platelet activation in T2DM compared to controls, with residual effects at 24 

hours.
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Material and methods: 

Study participants: 

A case-control study was undertaken in people with T2DM and age-matched controls, recruited 

by advert. Study inclusion criteria included non-smoking men and women aged between 40 – 60 

years. Subjects in the normal control group had no medical conditions and were not taking any 

medications. Subjects in the T2DM group had T2DM for less than 10 years and no history of 

microvascular disease (retinopathy, nephropathy, and neuropathy), HbA1C ≤ 9.5% (80.3 

mmol/mol), and were treated with diet or metformin (at least 6-month duration). Exclusion 

criteria included pregnancy, lack of contraception in women of child bearing age, chronic 

medical conditions, use of anti-platelet medications, smoking, drop attacks, alcohol or drug 

abuse, psychiatric illness, or previous history of seizure. All subjects had an ECG to exclude 

overt ischaemia, and venesection to exclude anaemia, hyperlipidaemia, renal or hepatic 

impairment. Subjects in the control group were non-diabetic and had an oral glucose tolerance 

test to excluded diabetes or impaired glucose tolerance. Subjects with diabetes were examined to 

exclude diabetic neuropathy; urine testing to exclude microalbuminuria and retinal screening to 

exclude diabetic retinopathy were undertaken. 

Glucose clamping was performed after a 10 hour fast and all participants were asked to avoid 

exercise, caffeine and alcohol for 24 hours prior to the clamp. Individuals with T2DM stopped 

their metformin two days prior to the visit. Following the clamp subjects were given lunch. 

Twenty-four hours after the clamp, and after a 10 hour fast, subjects attended for venesection 

and an early morning urine sample.  

The study was approved by the Yorkshire and the Humber Research Ethics Committee and all 

study participants gave their signed informed consent. 
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Hyperinsulinaemic euglycaemic-hypoglycaemic clamp studies: 

Three polyethylene catheters were inserted in each antecubital fossa and back of the hand veins 

for blood sampling, insulin/dextrose infusions, and blood glucose measurements, respectively. 

The hand which had the catheter was constantly warmed at 60oC, using a heat box to arterialize 

the veins, and small blood volume withdrawn every 5 minutes from this catheter. The blood was 

analysed instantly for glucose measurement using HemoCue® Glucose 201+ (HemoCue AB, 

Angelholm, Sweden) to guide the rate of the dextrose infusion. The HemoCue’s microcuvettes 

were stored and handled according to the manufacturer’s protocol and the machine was 

calibrated before each session using manufacturer’s control solutions. The HemoCue system 

correlates well with the Yellow Springs Instrument (YSI 2300 STAT), particularly in 

hypoglycaemia [12].  

The insulin infusion rate was constant throughout the clamp at [60mU/body surface area 

(m2)/min], while the rate of the 20% dextrose infusion was adjusted every 5 minutes to achieve 

the target blood glucose level. Body surface area (m2) was calculated as [0.007184 x 

(height(cm)薙0.725) x (weight(kg)薙0.425)] [13]. The duration of the hyperinsulinaemic clamp was 

4 hours and included 4 stages, each lasting 1 hour. In stage 1, the rate of glucose infusion was 

adjusted to achieve a stable blood glucose level of 5 mmol/L (90mg/dl). In stage 2 blood glucose 

was maintained at 5 mmol/L (90mg/dl) for 1 hour (euglycaemic clamp). In stage 3 blood glucose 

level was dropped gradually, over 1 hour, to 2.8 mmol/L (50mg/dl). In stage 4 blood glucose was 

maintained at 2.8 mmol/L (50mg/dl) for 1 hour (hypoglycaemic clamp). 

 

 Biochemical markers: 

Urine samples were collected and aliquots stored at -20°C until batch analysis. Blood samples 

were separated immediately by centrifugation at 2000g for 15 minutes at 4°C, and the aliquots 

were stored at –80°C within 30 minutes of blood taking until batch analysis. Fasting plasma 
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glucose (FPG) was measured using a Synchron LX 20 analyzer (Beckman-Coulter) using the 

manufacturer’s recommended protocol. Total cholesterol, triglycerides, and high-density 

lipoprotein (HDL) cholesterol levels were measured enzymatically using a Synchron LX20 

analyzer (Beckman-Coulter, High Wycombe, UK). Plasma metanephrine and normetanephrine 

were measured by tandem mass spectrometry. The between-run coefficients of variation (CV) 

for the metanephrine and normetanephrine measurements were 6.5–12.2% and 4.7–11.5%, 

respectively.  

 

Platelet function:  

Fluorescein isothiocyanate (FITC)-conjugated anti human CD42b, phycoerythrin (PE)-

conjugated anti human CD62P, PE anti-human CD45, FITC-anti IgG1k, and PE-anti IgG1k 

isotope controls were obtained from BD bioscience (Oxford, UK). FITC-anti human fibrinogen 

was obtained from Dako (Stockport, UK). PGI2 was obtained from Cayman (USA) and 

Adenosine 5ガ-diphosphate (ADP) from Sigma (Poole, UK).  

 Platelet function was analysed in whole blood by flow cytometry as described previously [14, 

15]. Venous blood was collected without stasis from the antecubital vein into 3.8% sodium 

citrate using a 20-gauge intravenous cannula. The first 2ml of blood was discarded to avoid 

artifactual platelet activation. Samples were prepared within 5 minutes of blood collection. 

For P-selectin expression and fibrinogen binding, 5たL of citrated blood was diluted in 50たL of 

modified Tyrode’s buffer (150mM NaCl, 5mM HEPES [N-2-hydroxyethylpiperazine-N-2-

ethanesulfonic acid], 0.55mM NaH2PO4, 7mM NaHCO3, 2.7mM KCl, 0.5mM MgCl2, 5.6mM 

glucose, pH 7.4) and mixed with 2たL of FITC anti-CD42b monoclonal antibody, FITC anti-

fibrinogen polyclonal antibody, PE anti-P-selectin monoclonal antibody or IgG isotype control. 

The platelet population was identified by forward and side scatter characteristics and confirmed 

by expression of the platelet specific surface marker CD42b. Fibrinogen binding and P-selectin 
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expression were measured in 10,000 platelet events. To study the sensitivity of platelets to 

activation, diluted blood was stimulated with ADP 0.1 – 10µM and samples were then fixed with 

500たl of 0.2% paraformaldehyde after 10 minutes. In some experiments samples were incubated 

with PGI2 0.1 – 10nM for 2 minutes prior to adding ADP 1µM followed by fixation with 0.2% 

formaldehyde after 10 minutes. Samples were analysed within 3 hours of fixation by flow 

cytometry. P-selectin expression and fibrinogen binding were expressed as the percentage of 

positive platelets above a predefined threshold, which was set at 2% on the appropriate negative 

controls as previously described [15]. 

 

Statistical analysis: 

Baseline demographic data were summarised by the median and interquartile range for 

continuous data; percentages otherwise. Data were checked for normality using Kolmogorov-

Smirnov test. Missing values were excluded on a case wise basis. An area under the curve was 

calculated [16].  Two broad statistical approaches were made (within cases; between T2DM 

cases and controls). Within group comparisons are as follows: changes from baseline at each 

stage (euglycaemia, hypoglycaemia and 24 hours) were compared using the paired t-test (or 

Wilcoxon signed-rank test for non-normally distributed data). Repeated measures were 

compared by analysis of variance (ANOVA) (or Friedman test for non-normally distributed 

data). Between groups’ comparisons are as follows:  for each group (T2DM and controls) a 

difference between baseline and nadir/peak was calculated.  The between group differences were 

compared using the independent t-test (or Mann-Whitney U test for non-normally distributed 

data). A similar approach was made for the area under the curve. Correlations were evaluated 

using Pearson’s coefficient (or Spearman’s coefficient for non-normally distributed data). The 

sample size was too small to adjust for baseline covariates. No subgroup comparisons were 

planned. A two tailed P value of < 0.05 was considered statistically significant. ANOVA post-
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hoc comparisons were presented in two different ways: unadjusted [17] and Sidak test corrected 

for multiple comparisons. Statistical analysis was performed using the PASW statistics 19 

package (SPSS Inc., Chicago, USA).  

 

Results:  

20 participants were screened, 18 recruited (10 people with T2DM, 8 controls). Concomitant use 

of antidepressant medication and an inability to understand the study protocol resulted in 2 

screen failures. In the T2DM group, the median duration of diabetes was 10 months (5 – 24); 

seven participants (70%) were on metformin therapy, while three were diet controlled. 

Participants’ demographics and baseline characteristics are summarised in Table I.  

 

Blood glucose:  

For the control group, target blood glucose achieved was 4.9 ± 0.2 mmol/L (87 ± 3mg/dl) during 

euglycaemia and 2.9 ± 0.1 (52 ± 2mg/dl) mmol/L during hypoglycaemia. For the T2DM group, 

target blood glucose achieved was 4.9 ± 0.2 mmol/L (87 ± 3mg/dl) and 3.0 ± 0.1 mmol/L (54 ± 

2mg/dl) during euglycaemia and hypoglycaemia, respectively.  

 

Platelet function: 

Within each group, there was no significant change in unstimulated, or ADP (0.1 – 10µM) 

stimulated, platelet surface expression of P-selectin or fibrinogen binding during euglycaemia, 

hypoglycaemia or at 24 hours after the clamp (Table S1; see supplementary materials associated 

with this article on line).  

In subjects with T2DM, platelet sensitivity to PGI2 (1nM), measured as percentage inhibition in 

fibrinogen binding and P-selectin expression compared to ADP (1µM), was significantly lower 
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at 24 hours 29.5% (10.3 – 43.8) compared to baseline 50.8% (36.8 – 61.1) for fibrinogen 

binding; and 32.0% (16.1 – 47.6) at 24 hours compared to 54.4% (42.5 – 67.5) at baseline for P-

selectin expression (Table II). Although there was a trend in the T2DM group for a reduction in 

platelet sensitivity to PGI2 0.1nM and 1nM at euglycaemia and hypoglycaemia compared to 

baseline, these changes were not statistically significant when multiple comparisons were 

adjusted for (Table II).  In contrast, in the control group, platelet sensitivity to PGI2 did not 

change acutely during the euglycaemic clamp, hypoglycaemic clamp or at 24 hours afterwards 

(Table II). 

Platelets sensitivity to PGI2 1nM, for both groups combined at baseline and 24 hours, negatively 

correlated with hsCRP levels: rho = -0.318, P = 0.059 for P-selectin expression, rho = -0.396, P 

= 0.017 for fibrinogen binding; and with isoprostane levels: r = -0.51, P < 0.01 for fibrinogen 

binding and r = -0.60, P < 0.01 for P-selectin expression. 

 

Hormonal markers: 

In both groups, plasma metanephrine significantly increased at hypoglycaemic and returned to 

baseline after 24 hours (Table III). There was no significant change in plasma normetanephrine 

during the study in either group. 

 

Discussion: 

In this study platelets sensitivity to PGI2 was significantly impaired at 24 hours after induced 

hypoglycaemia in the T2DM group only. Impaired platelet function was due a dysfunction in the 

inhibitory pathway (sensitivity to PGI2), while the stimulatory pathway (stimulation with ADP) 

remained unaffected, resulting in increased blood coagulability. These results are important as 

platelets play a key role in atherothrombosis [5] and hypoglycaemia is a common complication 
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of strict glycaemic control and insulin therapy in people with T2DM [1]. In a large observational 

study in people with T2DM, strict glycaemic control, with a median HbA1C 6.4% (interquartile 

range 6.1 – 6.6), was associated with increased all-cause and cardiovascular mortality [18]. In 

the ACCORD study, strict glycaemic control in people with T2DM with significantly more 

episodes of severe hypoglycaemia was associated with increased mortality [19]; and although it 

was suggested that hypoglycaemia did not explain the increased mortality rate [20]; no cause for 

the increased deaths has been identified despite further analysis [20-23]. A recent joint position 

statement by the American Diabetes Association (ADA) and the European Association for the 

Study of Diabetes (EASD) stated that “a glucose concentration < 54 mg/dL (3.0 mmol/L) is 

sufficiently low to indicate serious, clinically important hypoglycaemia” [24]. Hypoglycaemia 

may lead to vascular disease through mechanisms including sympatho-adrenal activation and 

catecholamine release, endothelial dysfunction, inflammation, oxidative stress, increased 

coagulation and platelet activation [25]. Our data suggest that an adverse cardiovascular effect of 

hypoglycaemia may persist well beyond the normalisation of blood glucose levels. The fact that 

the observed changes in platelet function in our experiment were only significant with 1nM of 

PGI2 is expected, as the higher dose of PGI2 (10nM) cause maximum inhibition masking small 

changes in platelet function, whilst lower dose of PGI2 (0.1nM) caused minimal inhibition.  

An increase in adrenaline levels with hypoglycaemia has been found to impair platelet function 

in previous studies [8, 26]; however, it is unlikely to fully explain the changes in platelet 

function observed in our study. While metanephrine levels significantly increased in both groups 

at hypoglycaemia in our study, platelets sensitivity to PGI2 at 24 hours was only impaired in the 

T2DM group. Furthermore, any effects of metanephrine are likely to be also observed in the 

absence of PGI2, as adrenaline is known to potentiate the activatory capacity of ADP [9]. 

However, we found that ADP reactivity was similar in all groups suggesting that the observed 

increase in metanephrine does not have a major influence on platelet function under our 
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experimental conditions. Further studies are needed to examine the underlying mechanisms for 

impaired platelet function with hypoglycaemia in people with T2DM. 

A few studies have looked into the effects of acute hypoglycaemia on platelet function using 

either insulin stress test [7] or hyperinsulinaemic hypoglycaemic clamps [6]. These studies were 

mainly performed in people with type 1 diabetes or healthy controls and showed increased 

platelet aggregation [7]; or increased plasma soluble P-selectin levels with acute hypoglycaemia 

[27, 28]. It is worth noting the plasma soluble P-selectin is an indirect measure of platelet 

function and it is also produced by the endothelial cells [29]. Our data are in accord with a study 

of platelet function in people with type 1 diabetes that showed an increase in platelet activation 

after acute hypoglycaemia with a peak at 24 hours, though their data did not reach significance 

[6]. A delayed effect of hypoglycaemia was suggested in a report of impaired autonomic 

function 16 hours after induced hypoglycaemia in healthy men and women [30]. The changes in 

platelet function observed at 24 hours in the T2DM group in our study could be related to an 

increase in inflammation in response to hypoglycaemia [31], or insulin resistance as insulin is 

thought to have an inhibitory effect on platelet activation [32]. The T2DM group in our study 

had a higher BMI and waist circumference compared to controls that may have contributed to 

their impaired platelet function, as obesity is associated with platelet dysfunction probably 

because of increased levels of insulin resistance, inflammation and oxidative stress [33].  

The reduction in platelet sensitivity to PGI2 at 24 hours in the T2DM group in our study could 

also, in theory, be related to insulin. Our data suggest that euglycaemia is associated with 

reduced platelet sensitivity to PGI2 in T2DM but not controls.  This is also evident in the P-

selectin data, although since this is a less sensitive marker the data are not significant.  To the 

best of our knowledge there is no documented evidence that hyperinsulinaemia alters platelet 

cyclic adenosine monophosphate (cAMP) response, and while platelets express the insulin 

receptor [34], little is known of the signalling events it is linked to. However, studies in people 
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with type 1 diabetes and healthy controls have suggested that insulin infusion has either a neutral 

or even a favourable effect on platelet function [6, 35].  

The strengths of this study include the inclusion of a group of people with T2DM, who were 

relatively treatment naïve and not on poly-pharmacy, and an age-matched healthy control group. 

We also examined different markers of platelet function using well-established methods. The 

main study limitation was the small study number. Another limitation is measuring platelet 

function at euglycaemia and hypoglycaemia in the same clamp study, rather than in two separate 

studies, making it difficult for us to exclude an effect for insulin clamp on platelet function. 

However, our study design mimics what happens in a ‘real life’ situation where euglycaemia is 

followed by hypoglycaemia. By comparing platelet function at each time point to the same 

baseline, it reduces the risk of data variability which could be a problem for studies with a small 

sample size [6]. 

In conclusion, induced hypoglycaemia in T2DM enhances blood coagulability through impaired 

platelet sensitivity to prostacyclin at 24 hours. This may lead to increased blood coagulability 

and so enhance the risk for cardiovascular events in this patient group.
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Legends 

Table I. Study participants’ demographics and baseline characteristics. Data presented as 

median (25th/75th centiles). Waist/hip, waist to hip ration; BP, blood pressure; HDL, high 

density lipoprotein; LDL, low density lipoprotein; Chol/HDL, cholesterol to HDL ratio; HbA1C, 

haemoglobin A1C. * P < 0.05. 

 

Table II. Platelet sensitivity to prostacyclin. Whole blood samples were incubated with PGI2 

(0.1 to 10nM) before stimulation with ADP 1µM. Data presented as percentage inhibition of 

fibrinogen and P-selectin expression compared to ADP 1µM only samples (higher numbers 

indicate higher sensitivity to PGI2). Data presented as median (25th/75th centiles). T2DM, type 2 

diabetes mellitus; Fib, fibrinogen binding; PGI2, PGI2; %inhib, percent inhibition. Statistically 

significant changes are highlighted. *P < 0.05 compared to baseline (non-adjusted). ^ P < 0.05 

compared to baseline (post-hoc comparisons Sidak test adjusted). 

 

Table III. A comparison of hormonal markers during insulin clamp. Data presented as 

median (25th/75th centiles). T2DM, type 2 diabetes mellitus; All significant P values are 

highlighted. * P < 0.05 compared to any other time point (non-adjusted). ^ P < 0.05 compared to 

any other time point (post-hoc comparisons Sidak test adjusted). ^  ̂ P < 0.05 compared to 

euglycaemia and 24 hours (post-hoc comparisons Sidak test adjusted). 

 



Page 14 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

 14 

 

Author contributions: HK– contributed to study design, performed experiments, collected, 

analysed, and interpreted data and wrote manuscript; AA, BS, and KSW– performed 

experiments and contributed to the writing of manuscript; ASR– contributed to statistical 

analysis and the writing of manuscript; TS– contributed to the writing of manuscript; ESK, 

KMN and SLA– contributed to study design, data interpretation and the writing of the 

manuscript. All authors approved the final version of the manuscript. 

 

Funding: This research did not receive any specific grant from funding agencies in the public, 

commercial, or not-for-profit sectors. 

 

Conflict of interest: No authors have a conflict of interest to declare 

 

Acknowledgments: The authors declare that there is no conflict of interest that could be 

perceived as prejudicing the impartiality of the paper reported. We thank Dr Myint M Aye, Dr 

Ammar Wakil, and Dr David A Hepburn for their help with the clamp studies. SLA is the 

guarantor of this work and, as such, had full access to all the data in the study and takes 

responsibility for the integrity of the data and the accuracy of the data analysis. No funding was 

received for doing this work.  

We thank Prof Simon Heller and his team, the University of Sheffield, for helping us develop the 

hyperinsulinaemic hypoglycaemic clamp protocol. 

 

Appendix supplementary material 

Supplementary materials (Table S1) associated with this article can be found at 



Page 15 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

 15 

http://www.scincedirect.com at doi . . . 



Page 16 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

 16 

References: 

[1] Frier BM, Schernthaner G, Heller SR. Hypoglycemia and cardiovascular risks. Diabetes Care 2011;34 
Suppl 2:S132-7. 
[2] Patel A, MacMahon S, Chalmers J, Neal B, Billot L, Woodward M, et al. Intensive blood glucose 
control and vascular outcomes in patients with type 2 diabetes. N Engl J Med 2008;358:2560-72. 
[3] Gerstein HC, Miller ME, Byington RP, Goff DC, Jr., Bigger JT, Buse JB, et al. Effects of intensive 
glucose lowering in type 2 diabetes. N Engl J Med 2008;358:2545-59. 
[4] Duckworth W, Abraira C, Moritz T, Reda D, Emanuele N, Reaven PD, et al. Glucose control and 
vascular complications in veterans with type 2 diabetes. N Engl J Med 2009;360:129-39. 
[5] Ruggeri ZM. Platelets in atherothrombosis. Nat Med 2002;8:1227-34. 
[6] Wright RJ, Newby DE, Stirling D, Ludlam CA, Macdonald IA, Frier BM. Effects of acute insulin-
induced hypoglycemia on indices of inflammation: putative mechanism for aggravating vascular disease 
in diabetes. Diabetes Care 2010;33:1591-7. 
[7] Hutton RA, Mikhailidis D, Dormandy KM, Ginsburg J. Platelet aggregation studies during transient 
hypoglycaemia: a potential method for evaluating platelet function. J Clin Pathol 1979;32:434-8. 
[8] Trovati M, Anfossi G, Cavalot F, Vitali S, Massucco P, Mularoni E, et al. Studies on mechanisms 
involved in hypoglycemia-induced platelet activation. Diabetes 1986;35:818-25. 
[9] Trovati M, Anfossi G, Mularoni E, Massucco P, Cavalot F, Mattiello L, et al. Desensitization of the 
platelet aggregation response to adrenaline during insulin-induced hypoglycaemia in man. Diabet Med 
1990;7:414-9. 
[10] Kabbani SS, Watkins MW, Ashikaga T, Terrien EF, Holoch PA, Sobel BE, et al. Platelet reactivity 
characterized prospectively: a determinant of outcome 90 days after percutaneous coronary intervention. 
Circulation 2001;104:181-6. 
[11] Furman MI, Benoit SE, Barnard MR, Valeri CR, Borbone ML, Becker RC, et al. Increased platelet 
reactivity and circulating monocyte-platelet aggregates in patients with stable coronary artery disease. J 
Am Coll Cardiol 1998;31:352-8. 
[12] Stork AD, Kemperman H, Erkelens DW, Veneman TF. Comparison of the accuracy of the HemoCue 
glucose analyzer with the Yellow Springs Instrument glucose oxidase analyzer, particularly in 
hypoglycemia. Eur J Endocrinol 2005;153:275-81. 
[13] Wang Y, Moss J, Thisted R. Predictors of body surface area. J Clin Anesth 1992;4:4-10. 
[14] Goodall AH, Appleby J. Flow-cytometric analysis of platelet-membrane glycoprotein expression and 
platelet activation. In: Gibbins JM, Mahaut-Smith MP, editors. Platelets and Megacaryocytes. Totowa, 
NJ: Human Press Inc. ; 2004, p. 225 - 53. 
[15] Aye MM, Kilpatrick ES, Aburima A, Wraith KS, Magwenzi S, Spurgeon B, et al. Acute 
hypertriglyceridemia induces platelet hyperactivity that is not attenuated by insulin in polycystic ovary 
syndrome. J Am Heart Assoc 2014;3:e000706. 
[16] Matthews JN, Altman DG, Campbell MJ, Royston P. Analysis of serial measurements in medical 
research. BMJ 1990;300:230-5. 
[17] Perneger TV. What's wrong with Bonferroni adjustments. BMJ 1998;316:1236-8. 
[18] Currie CJ, Peters JR, Tynan A, Evans M, Heine RJ, Bracco OL, et al. Survival as a function of 
HbA(1c) in people with type 2 diabetes: a retrospective cohort study. Lancet 2010;375:481-9. 
[19] Action to Control Cardiovascular Risk in Diabetes Study G, Gerstein HC, Miller ME, Byington RP, 
Goff DC, Jr., Bigger JT, et al. Effects of intensive glucose lowering in type 2 diabetes. N Engl J Med 
2008;358:2545-59. 
[20] Bonds DE, Miller ME, Bergenstal RM, Buse JB, Byington RP, Cutler JA, et al. The association 
between symptomatic, severe hypoglycaemia and mortality in type 2 diabetes: retrospective 
epidemiological analysis of the ACCORD study. BMJ 2010;340:b4909. 
[21] Miller ME, Bonds DE, Gerstein HC, Seaquist ER, Bergenstal RM, Calles-Escandon J, et al. The 
effects of baseline characteristics, glycaemia treatment approach, and glycated haemoglobin 
concentration on the risk of severe hypoglycaemia: post hoc epidemiological analysis of the ACCORD 
study. BMJ 2010;340:b5444. 
[22] Riddle MC, Ambrosius WT, Brillon DJ, Buse JB, Byington RP, Cohen RM, et al. Epidemiologic 
relationships between A1C and all-cause mortality during a median 3.4-year follow-up of glycemic 
treatment in the ACCORD trial. Diabetes Care 2010;33:983-90. 



Page 17 of 21

Acc
ep

te
d 

M
an

us
cr

ip
t

 17 

[23] Pop-Busui R, Evans GW, Gerstein HC, Fonseca V, Fleg JL, Hoogwerf BJ, et al. Effects of cardiac 
autonomic dysfunction on mortality risk in the Action to Control Cardiovascular Risk in Diabetes 
(ACCORD) trial. Diabetes Care 2010;33:1578-84. 
[24] International Hypoglycaemia Study G. Glucose Concentrations of Less Than 3.0 mmol/L (54 
mg/dL) Should Be Reported in Clinical Trials: A Joint Position Statement of the American Diabetes 
Association and the European Association for the Study of Diabetes. Diabetes Care 2017;40:155-7. 
[25] Wright RJ, Frier BM. Vascular disease and diabetes: is hypoglycaemia an aggravating factor? 
Diabetes Metab Res Rev 2008;24:353-63. 
[26] Takeda H, Kishikawa H, Shinohara M, Miyata T, Suzaki K, Fukushima H, et al. Effect of alpha 2-
adrenoceptor antagonist on platelet activation during insulin-induced hypoglycaemia in type 2 (non-
insulin-dependent) diabetes mellitus. Diabetologia 1988;31:657-63. 
[27] Gogitidze Joy N, Hedrington MS, Briscoe VJ, Tate DB, Ertl AC, Davis SN. Effects of acute 
hypoglycemia on inflammatory and pro-atherothrombotic biomarkers in individuals with type 1 diabetes 
and healthy individuals. Diabetes Care 2010;33:1529-35. 
[28] Joy NG, Tate DB, Younk LM, Davis SN. Effects of Acute and Antecedent Hypoglycemia on 
Endothelial Function and Markers of Atherothrombotic Balance in Healthy Humans. Diabetes 
2015;64:2571-80. 
[29] Andre P. P-selectin in haemostasis. Br J Haematol 2004;126:298-306. 
[30] Adler GK, Bonyhay I, Failing H, Waring E, Dotson S, Freeman R. Antecedent hypoglycemia 
impairs autonomic cardiovascular function: implications for rigorous glycemic control. Diabetes 
2009;58:360-6. 
[31] Ratter JM, Rooijackers HM, Tack CJ, Hijmans AG, Netea MG, de Galan BE, et al. Proinflammatory 
Effects of Hypoglycemia in Humans With or Without Diabetes. Diabetes 2017;66:1052-61. 
[32] Anfossi G, Mularoni EM, Burzacca S, Ponziani MC, Massucco P, Mattiello L, et al. Platelet 
resistance to nitrates in obesity and obese NIDDM, and normal platelet sensitivity to both insulin and 
nitrates in lean NIDDM. Diabetes Care 1998;21:121-6. 
[33] Davi G, Guagnano MT, Ciabattoni G, Basili S, Falco A, Marinopiccoli M, et al. Platelet activation in 
obese women: role of inflammation and oxidant stress. JAMA 2002;288:2008-14. 
[34] Hajek AS, Joist JH, Baker RK, Jarett L, Daughaday WH. Demonstration and partial characterization 
of insulin receptors in human platelets. J Clin Invest 1979;63:1060-5. 
[35] Westerbacka J, Yki-Jarvinen H, Turpeinen A, Rissanen A, Vehkavaara S, Syrjala M, et al. Inhibition 
of platelet-collagen interaction: an in vivo action of insulin abolished by insulin resistance in obesity. 
Arterioscler Thromb Vasc Biol 2002;22:167-72. 

 

 

 

Table I. Study participants’ demographics and baseline characteristics. 

 

 T2DM (n=10) Controls (n=8) 

Age (year) 47.0 (42.0 – 51.5) 47.5 (40.8 – 52.8) 

Males (%) 8 (80%) 5 (62.5%) 

Weight (kg) 103.1 (87.0 – 109.1) 85.5 (71.7 – 99.2) 

BMI (kg/m 2) 35.8 (27.3 – 40.9) 28.2 (24.2 – 32.8)* 

Waist circumference 
(cm) 

117.0 (99.5 – 124.7) 91.0 (82.9 – 111.3)* 
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(cm) 

Hips circumference 
(cm) 

113.9 (105.8 – 128.2) 103.0 (99.5 – 113.7) 

Waist/hip 0.99 (0.91 – 1.1) 0.90 (0.83 – 0.98) 

Systolic BP (mmHg) 132 (111 – 142) 123 (116 – 132) 

Diastolic BP (mmHg) 74 (68 – 85) 76 (69 – 82) 

Cholesterol (mmol/L) 5.3 (4.4 – 5.7) 5.6 (4.2 – 5.7) 

Triglycerides (mmol/L) 1.3 (0.98 – 2.2) 1.3 (0.78 – 1.5) 

HDL (mmol/L) 1.2 (0.98 – 1.4) 1.3 (1.2 – 1.3) 

LDL (mmol/L) 3.2 (2.8 – 3.7) 3.5 (2.7 – 3.7) 

Chol/HDL 3.9 (3.6 – 5.8) 4.0 (3.4 – 4.3) 

HbA1C (mmol/mol) 45.5 (39 – 56.3) 34 (31 – 36)* 

HbA1C (%) 6.3 (5.7 – 7.3) 5.3 (5.0 – 5.4)* 

Data presented as median (25th/75th centiles). Waist/hip, waist to hip ration; BP, blood pressure; 

HDL, high density lipoprotein; LDL, low density lipoprotein; Chol/HDL, cholesterol to HDL 

ratio; HbA1C, haemoglobin A1C. * P < 0.05.  

 

Table II. Platelet sensitivity to prostacyclin. 

 Baseline Euglycaemia Hypoglycaemia 24 hours 

T2DM      

Fib PGI2 10nM  93.9 (70.2 – 95.5) 89.0 (74.1 – 94.8) 89.1 (76.9 – 93.8) 88.7 (84.6 – 93.7) 

Fib PGI2 1nM  50.8 (36.8 – 61.1) 36.5 (12.1 – 51.8)* 29.1 (10.5 – 64.2) 29.5 (10.3 – 43.8)^ 

Fib PGI2 0.1nM 12.5 (3.9 – 15.7) 3.2 (0 – 13.8)* 0.0 (0.0 – 12.9) 7.9 ( 1.6 – 13.3) 

     

P-selectin PGI2 10nM 95.5 (73.5 – 96.4) 90.2 (80.4 – 94.1) 90.7 (76.4 – 93.5) 91.3 (89.8 – 93.4) 

P-selectin PGI2 1nM 54.4 (42.5 – 67.5) 44.2 (16.5 – 60) 36.1 (13.9 – 64.5) 32.0 (16.1 – 47.6)^ 

P-selectin PGI2 0.1nM 18.1 (10.1 – 22.4) 15.3 (0 – 31.7) 4.3 (0 – 19.1) 13.4 (0.9 – 17.4) 
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Controls     

Fib PGI2 10nM  94 (91.1 – 96) 95.7 (91.6 – 96.6) 92 (76 – 95.3) 95.3 (87.6 – 96.4) 

Fib PGI2 1nM 41.8 (19.6 – 80) 43.4 (33.1 – 78.8) 49.9 (31.8 – 56.4) 35.3 (6.1 – 54.5) 

Fib PGI2 0.1nM 8.2 (0.8 – 45.5) 11.6 (1.7 – 30.1) 15.9 (6.5 – 22.3) 5.8 (0.7 – 13.5) 

     

P-selectin PGI2 10nM 90.3 (74.8 – 97.2) 92.4 (83.4 – 93.8) 87.3 (72.7 – 96.3) 95.1 (71.9 – 97) 

P-selectin PGI2 1nM  51.7 (22.1 – 75.7) 46.7 (44.6 – 67.7) 48.4 (31.1 – 65.9) 47.8 (13.3 – 65.5) 

P-selectin PGI2 0.1nM 13.9 (1.7 – 44.2) 15.4 (3.8 – 30.8) 21.3 (7.2 – 22.5) 14.6 (7.1 – 16.0) 

 

Whole blood samples were incubated with PGI2 (0.1 to 10nM) before stimulation with ADP 
1µM. Data presented as percentage inhibition of fibrinogen and P-selectin expression compared 
to ADP 1µM only samples (higher numbers indicate higher sensitivity to PGI2). Data presented 
as median (25th/75th centiles). T2DM, type 2 diabetes mellitus; Fib, fibrinogen binding; PGI2, 
PGI2; %inhib, percent inhibition. * P < 0.05 compared to baseline (non-adjusted). ^ P < 0.05 
compared to baseline (post-hoc comparisons Sidak test adjusted). 

 

Table III. A comparison of hormonal markers during insulin clamp. 

 

 Baseline Euglycaemia Hypoglycaemia 24 hours Comments 

T2DM      

Metanephrine (80 – 510) 
pmol/L 

86 (42 – 
122) 

121 (71 – 
147) 

284 (199 – 
308)*^ 

101 (58 
– 128) 

ANOVA ( P= 
0.001) 

Normetanephrine (120 – 
1180) pmol/L 

153 (127 – 
223) 

143.5 (81 – 
262) 

157 (128 – 282) 202 (133 
– 232) 

 

      

Controls      

Metanephrine (80 – 510) 
pmol/L 

153 (88 – 
225) 

150 (68 – 
222) 

415 (250 – 
607)*^^ 

107 (66 
– 183) 

ANOVA (P = 
0.048) 

Normetanephrine (120 – 
1180) pmol/L 

234 (157 – 
324) 

225 (183 – 
241) 

225 (154 – 358) 231 (177 
– 301) 
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Data presented as median (25th/75th centiles). T2DM, type 2 diabetes mellitus; All significant P 

values are highlighted. * P < 0.05 compared to any other time point (non-adjusted). ^ P < 0.05 

compared to any other time point (post-hoc comparisons Sidak test adjusted). ^^ P < 0.05 

compared to euglycaemia and 24 hours (post-hoc comparisons Sidak test adjusted). 

 

Table S1. Platelet activation and response to stimulation with ADP. 

Group Sample Baseline Euglycaemia Hypoglycaemia 24 hours 

T2DM Fib unstimulated 2.6 (1.8 – 
3.2) 

3.0 (2.3 – 3.6) 2.8 (1.9 – 5.0) 1.9 (1.5 – 
2.6) 

 Fib ADP 0.1µM 6.1 (3.6 – 
9.8) 

4.2 (2.9 – 9.1) 3.1 (2.7 – 10.8) 4.9 (3.4 – 
14.0) 

 Fib ADP 1µM 52.6 (41.2 – 
78) 

40.6 (31.3 – 
66.2) 

46.0 (23.9 – 
74.2) 

51.3 (43.5 
– 71.6) 

 Fib ADP 10µM 75.3 (66.9 – 
88.1) 

72.5 (60.9 – 
80.8) 

70.0 (59.7 – 
93.2) 

79.1 (70.4 
– 83.8) 

      

 P-selectin 
unstimulated 

1.5 (1.2 – 
3.0) 

2.0 (1.8 – 2.5) 2.6 (1.6 – 3.4) 1.5 (1.0 – 
3.3) 

 P-selectin ADP 
0.1µM 

3.9 (2.8 – 
7.1) 

2.7 (2.2 – 4.6) 3.9 (2.9 – 5.6) 4.9 (3.7 – 
7.7) 

 P-selectin ADP 
1µM 

47.4 (33.5 – 
67.3) 

41.9 (27.8 – 
54.8) 

47.2 (22.4 – 
60.2) 

49.2 (36.8 
– 61.4) 

 P-selectin ADP 
10µM 

74.6 (59.2 – 
81.0) 

66.1 (57.9 – 
77.5) 

74.6 (61.5 – 
85.3) 

74.1 (64.5 
– 79.6) 

      

 PMA 
unstimulated (%) 

7 (4.1 – 
15.6) 

13.8 (11.2 – 
18.3) 

11.5 (8.9 – 18.9) 10.8 (7.0 – 
14.5) 

 PMA ADP 1µM 
(%) 

17.5 (11.7 – 
34.9) 

27.1 (24.7 – 
29.5) 

26.9 (19.1 – 
32.9) 

26.8 (15.3 
– 43.7) 

      

Controls Fib unstimulated 2.1 (1.8 – 
2.7) 

3.3 (1.7 – 7.4) 2.4 (1.7 – 6.5) 2.1 (1.7 – 
4.0) 

 Fib ADP 0.1µM 5.1 (3.3 – 
8.2) 

5.8 (2.7 – 10.3) 5.9 (2.9 – 22.4) 8.5 (3.6 – 
18.3) 
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8.2) 18.3) 

 Fib ADP 1µM 59.4 (34.1 – 
70.1) 

54.8 (38.3 – 
76.4) 

62.8 (33.9 – 
78.2) 

60.0 (46.6 
– 80.2) 

 Fib ADP 10µM 80.8 (70.1 – 
87.2) 

82.0 (63.0 – 
92.0) 

81.9 (61.3 – 
91.5) 

81.0 (68.9 
– 91.6) 

      

 P-selectin 
unstimulated 

3.2 (1.8 – 
2.7) 

3.3 (2.5 – 4.4) 3.1 (1.5 – 5.0) 1.9 (1.4 – 
4.5) 

 P-selectin ADP 
0.1µM 

6.5 (3.3 – 
8.3) 

5.4 (3.1 – 6.5) 6.2 (4.1 – 13.2) 6.6 (4.6 – 
10.0) 

 P-selectin ADP 
1µM 

50.0 (39.3 – 
58.8) 

44.6 (33.0 – 
52.9) 

52.4 (32.4 – 
64.5) 

46.4 (40.0 
– 60.5) 

 P-selectin ADP 
10µM 

76.2 (64.8 – 
80.0) 

71.2 (63.8 – 
82.5) 

71.9 (61.8 – 
84.5) 

71.7 (62.8 
– 78.1) 

Fibrinogen binding and P-selectin expression on platelets’ surface (% of positive cells) were 

measured in unstimulated samples (basal activation) and in response to stimulation with ADP 1-

10µM. Data were presented as median (25th/75th centiles). All changes were not significant, P > 

0.05. T2DM, type 2 diabetes mellitus; Fib, fibrinogen binding; ADP, Adenosine 5ガ-diphosphate; 

PGI2, prostacyclin.  

 

 


