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Abstract

Ojectives

Thrombotic and antifibrinolytic influence of Diabetes mellitus type 1 (T1DM) on haemostasis
have been well demonstrated. There has been no research assessing the influence of poor
glycemic control on thrombus formation under flow conditions in vitro or in pregnant type 1
diabetic women to date.

Patients/Methods

This study compared singleton pregnant T1DM women (n = 21) and control pregnant sub-
jects without any metabolic disease (n = 15). The T1DM group was divided into two sub-
groups of sufficient (SGC-DM; Hba1c <6,5%,n = 15) and poor glycaemic control (PGC-DM;
Hba1c >6,5%,n = 6). Evaluation of the whole blood thrombogenicity we assessed using T-
TAS® at a shear rate of 240 s-1 (Total-Thrombus Analysis System, Zacros, Japan).

Results

Blood clot formation initiation time (T10) was significantly shortened in PGC-DM subgroup
when compared to SGC-DM subgroup (p = 0,03). The area under the curve (AUC30) of
blood clot time formation and the MPV (mean platelet volume) values were substantially
higher in the PGC-DM subgroup in comparison to the SGC-DM group (p = 0,03). Negative
correlations were noted between Hba ;. and T10 values (p = 0,02) and between T10 and
MPYV values in the T1DM group (p = 0,04).

Conclusions

Poor glycaemic control in T1DM subjects triggers a shift towards a prothrombotic and antifi-
brinolytic state. This phenomenon can be detected using the novel system for quantitative
assessment of the platelet thrombus formation process under flow conditions in vitro. The
alteration of T-TAS values in PGC-DM subgroup proves that a poor glycemic control-related
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shift of the equilibrium toward thrombogenesis occurs in this group of patients. Our findings
need a further elucidation in research on more massive data sets to be confirmed.

Introduction

Diabetes mellitus (DM) involves a group of chronic metabolic disorders with existing chronic
hyperglycemia, defects of insulin action, secretion or both; with altered fat, protein and carbo-
hydrate metabolism [1]. Diabetes is increasingly affecting the world’s population at an alarm-
ing rate. It is estimated that DM will affect 500 million people worldwide by 2035 [2]. Since
diabetes requires lifelong care and treatment, the urgent need to improve our understanding
of its pathophysiology and complications arises.

DM is a major risk factor for cardiovascular disease [3]. As mortality related to vascular dis-
ease such as coronary heart disease (CHD) in the general population decreases, conversely it
increases in diabetic patients [2]. It is associated with metabolic alterations such as hyperglyce-
mia, dyslipidemia, hypertension and hypercoagulability [4]. Diabetes is associated with macro-
vascular as well as with microvascular complications. Molecular mechanisms linked to
increased thrombogenicity with Diabetes are still elusive and poorly understood. The existence
of hypercoagulability in type 1 and type 2 diabetes mellitus has been known for a few decades
now [5]. The hypercoagulability may be related to poor glycemic control and that the hemo-
static disturbances precede demonstrable vascular complications [6]. Numerous factors are
triggering thrombogenicity in diabetic patients. Hyperglycemia and chronic hyperinsulinemia
in type 2 diabetes mellitus (T2DM), or related to exogenous insulin overdose in T1DM, play
an essential role in haemostasis alteration found in DM. Abnormalities in all phases of coagu-
lation occurring in those patients include platelet hyperreactivity, impaired fibrinolysis, endo-
thelial dysfunction, leukocyte activation, chronic low-grade inflammation, increased serum
coagulant factors concentration and microparticle involvement [2].

In DM serum concentrations of von Willebrand Factor (vWEF), clotting factor VII and
fibrinogen increase, while antithrombin, endothelial thrombomodulin and protein C concen-
trations decrease. Moreover, endothelium monocytes and platelets demonstrate increased
microparticle production [7,8].

In diabetic patients, platelet dysfunction and hyperreactivity have been demonstrated [7,8].
Processes of platelet adhesion, activation and aggregation in these groups of patients are aug-
mented [9,10].

In Diabetes, platelet dysfunction occurs due to intracellular hyperglycemia related to insu-
lin-independent glucose transporters in the platelet cell membrane [11]. It contributes to an
increase of intracellular calcium concentration. As a corollary, it promotes the process of plate-
let granule degranulation [12]. Hyperglycemia increases P-selectin expression, affects serum
osmotic values, promotes non-enzymatic glycosylation process and triggers activation of PKC
(protein kinase C) [2]. Surface platelet proteins glycoxidation result in membrane fluidity,
decrease and eventually increased platelet adhesion [13]. Defects of insulin action alter platelet
response to antiplatelet drugs [12,14]. In DM patients it is observed that there is an increase in
GplIb/IIIa expression and amplification of ADP/P2Y12 signaling and there is also an increase
in the production of derivatives of oxygen (ROS), which contributes to platelet dysfunction
[15].

Platelet size is an essential marker of platelet function. The mean platelet volume (MPV)
remains an indicator of platelet activation. Thus, MPV is also considered as an important
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biological variable predicting risk of DM vascular complications. Liu et. al showed an associa-
tion of MPV with the severity of diabetic retinopathy [16]. It has been evidenced that in DM
subjects platelet hyperreactivity may be observed at the stage of megakaryopoiesis. Moreover,
activation of leukocytes occurring in DM promotes interaction of those cells with endothelium
and formation of leukocyte-platelet aggregates [7]. In DM patients process of platelet-depen-
dent thrombin formation is augmented and thus plasma fibrinopeptide A concentration is
higher in diabetic subjects [17]. Moreover, there is a substantial body of evidence that fibrino-
lysis decreases in DM patients. However this process is only partially understood [18,19]. It is
evidenced that the main factors triggering hypofibrinolysis in DM are altered fibrin structure
and impairment of the fibrinolytic system. The structure of fibrin clots in DM is more com-
pact, thus more resistant to fibrinolysis. Elevated levels of thrombin and both qualitative and
quantitative alteration in fibrinogen cause probably this phenomenon. Impaired fibrinolysis
occurs due to elevated levels of plasminogen activator inhibitor (PAI-1), glycation of plasmino-
gen and antifibrinolytic proteins incorporation into fibrin clots such as complement C3 and
plasmin inhibitor [20].

In a Danish nationwide cohort study, Fangel et. al demonstrated that type 1 and type 2 DM
are associated with a similar risk of a thrombotic event [21]. Fangel et al. evidenced on the
basis of a large cohort (n = 5386) that VTE episode risk in DM patients with Hb4 ;. levels 49-
58 mmol/mol (6,6-7,5%) and with Hb 4 ;. levels more than 58 mmol/mol (7,5%) are 1,49 and
1,59 fold increased respectively in comparison to DM subjects characterized by Hb .
levels < 48 mmol/mol (<6,5%) [22]. Neergaard-Petersen et. al. showed a correlation of
increased levels of Hb ;. with increased platelet aggregation [23].

Pregnancy itself predisposes to a prothrombotic state. In pregnancy, the serum concentra-
tion of prothrombotic agents increases (clotting factors VII, VIII, X, von Willebrand Factor,
fibrinogen, plasminogen activator inhibitor type 1 (PAI-1) while the concentration of antico-
agulants, such as free protein S, is decreased [7,24].

There are numerous methods for assessing haemostasis, however, screening coagulation
assays are insensitive to detect hypercoagulation adequately and thus remain unable to evalu-
ate thrombotic risk.” Efforts have been made to use global, integral assays to mimic and reflect
aspects of haemostasis in vitro. An example of such is the Total Thrombus-formation Analysis
System (T-TAS)™. This system enables the evaluation of the i vitro thrombus formation pro-
cess under flow conditions. TTAS is an innovative microchip flow-chamber system enabling
quantitative assessment of the platelet thrombus formation process. This assay represents note-
worthy improvements over conventional platelet function assays [25].

While the thrombotic and antifibrinolytic influence of DM on haemostasis has been well
demonstrated in many previous studies, conventional coagulation assays remain insensitive to
detect hypercoagulation and to evaluate the risk of developing thrombosis. To date, there has
been no research assessing the influence of poor glycemic control in DM subjects on the pro-
cess of thrombus formation under flow conditions in vitro and no such data has been obtained
in diabetic pregnant women.

Our study aimed to evaluate if poorly controlled Type 1 Diabetes increases the risk of
changes in haemostasis in diabetic pregnant women and whether the T-TAS enables the evalu-
ation of these changes with higher sensitivity and predictivity than the standard methods.

Materials and methods
Subjects

We collected data of patients who were referred to the tertiary unit for diabetic pregnant
women in the Division of Reproduction, Poznan University of Medical Sciences, in 2017-
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2018. The analysed groups of women compared singleton type 1 diabetic women in the first
and early-2"? trimester of pregnancy (n = 21) with a comparable group of non-diabetic,
healthy pregnant women, matched with: age, BMI, blood pressure, week of gestation (n = 15),
hospitalized in our department. The diabetic group was divided into subgroups of sufficient
(SGC-DM, n = 15) and poor glycemic control (PGC-DM, n = 6) according to American Dia-
betes Association and Polish Society of Gynaecologists and Obstetricians guidelines. They
both recommend a sustained level of Hb ;. values < 6.5% in preconception counselling
[26,27]. Sufficient glycemic control group was characterized by Hb ;. values <6,5%, (48
mmol/mol) and poor glycemic control by Hb ;. values > 6,5%, (n = 6). In both groups the
same exclusion criteria were used: a prior episode of venous or arterial thrombosis, diagnosed
acquired or inherited thrombophilia, neoplasm and uncertain family history of thrombosis,
multiple pregnancy and hypertension.

Methods

The Ethics Committee approved the study protocol of Poznan University of Medical Sciences
(approval number 300/17, 2/3/2017). We took informed written consent from all patients.

We collected blood samples for standard conventional laboratory tests and for T-TAS at the
same time on a fasting state from the antecubital veins. All biochemical tests were performed
in the accredited laboratory of the academic hospital, holding certificates of quality manage-
ment ISO 9000.

Evaluation of whole blood thrombogenicity—thrombus formation under flow condition
was assessed immediately after taking the blood, using T-TAS™ at a shear rate of 240 s (Total
Thrombus Analysis System, Fujimori Kogyo, Zacros, Japan, AR-chip) equipped with AR
microchip and thrombogenic surfaces (collagen with thromboplastin). For each test, patient
blood samples were analysed for thrombus formation area under the flow pressure curve for
30 min (AUC30 indicates area under the flow pressure curve for the 30 min.), time of blood
clot formation initiation (T10) and OT or T80 (an occlusion time—time of complete thrombus
formation inside the AR-chip). T80-T'10 —time of growth of the thrombus on the AR chip,
(time between time of blood clot formation initiation and occlusion time). T10 is defined as
the time of the onset of a thrombus formation. It resembles the duration of the flow pressure
from baseline values to the 10 kPa pressure values. It is related with a partial occlusion of
microcapillary. T80 (OT) represents time of a complete occlusion of the microcappilary,
occurring with a pressure 80kPa. T80-T10 is the interval between T10 and OT or T80 and rep-
resents the rate of growth of a thrombus. AUC30 remains an area under the 80 kPa flow pres-
sure curve for 30 min after the start of assay in AR chip.

Statistical analysis was performed using PQ STAT® statistical software. Data was checked
for normality using the Shapiro-Wilk test and then appropriate parametric or nonparametric
post-hoc tests were used to assess differences between the parameters across the three groups.
For nonparametric ANOVA Kruskal-Wallis, Dunn-Bonferroni post-hoc tests were used and
for parametric One Way ANOV A, Fisher-LSD post hoc were used. To assess differences across
two groups U Mann-Whitney test was used. (There were only such 2 variables, both nonpara-
metric), variables values are presented as mean = 1 standard deviation or median (interquartile
range) appropriately to use of nonparametric and parametric, respectively. P-value <0.05 was
considered as statistically significant, with a Bonferroni correction used for a multiple group
testing. Pearson’s and Spearman’s correlation rank statistical tests were used.
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Results

In this particular study, we aimed to compare a whole blood thrombus formation

process under flow conditions in diabetes mellitus type 1 and non-diabetic pregnant indi-
viduals. Besides, we performed conventional standard laboratory investigations in all
groups.

Clinical characteristics and standard laboratory investigations

Comparable groups of patients were matched in basic demographic and clinical characteris-
tics. There were no differences in basic variables depicting patients’ age, BMI, systolic and dia-
stolic blood pressure, week of gestation, serum values of CRP, ALT, AspAT, lipids, creatinine,
electrolytes, APTT, PT, antithrombin, fibrinogen, INR, PLT, LEU, HGB, HCT and other
numerous laboratory investigations listed below. In diabetic patients, there were no differences
in the age of the disease diagnosis and known duration of the disease. Clinical characteristics
and the most important data are shown in Table 1. All variables obtained in the study are pre-
sented in S1 Table.

The T1DM group was divided into subgroups of sufficient glycaemic control (SGC DM,
n = 15) and poor glycaemic control (PGC DM, n = 6). Mean Hb . values were statistically sig-
nificantly different (p<0.000001, Fig 1) as were the fasting blood glucose levels between those
two diabetic groups (p = 0,002). Mean MPV value was significantly higher in the PGC DM
group in comparison to the SGC DM group (p = 0,03, Fig 2). We found differences in D-
dimers concentration between the groups. D-dimers concentration was significantly lower in
the PGC DM group in comparison to the SGC DM group (p = 0,01, Fig 3). There were no dif-
ferences between the sufficient glycemic control DM group and the healthy pregnant group
(p = 0,49).

Total thrombus analysis system results

We observed differences between diabetic groups in T10, AUC30 values (T-TAS) and we
found relations between T-TAS findings and other metabolic parameters: Hb, ., fasting blood
glucose, MPV and D-dimers (p<0,05). T10 values were significantly shortened in the poor gly-
caemic control DM group (p<0,05, Fig 4), but there was no difference in T10 values between
healthy pregnant women and the sufficient glycemic control DM group (p = 0,77). AUC values
were significantly higher in the poor glycemic DM group (p<0,05, Fig 5). We found a signifi-
cant correlation between Hb 4. cconcentration and T10 values (p = 0,02). However Hba;. and
MPV, as well as T10 and D-dimers values didn’t present a significant correlation (p>0.05).
Besides, we found a significant correlation between Hb ;. and D-dimers values (p = 0,0009).
We also have found a negative correlation between the MPV and T10 values in the entire dia-
betic group (p<0.05).

Discussion

In the present study, we investigated the prothrombotic influence of poor glycemic control
in pregnant women suffering from type 1 diabetes mellitus using a novel automated micro-
chip flow chamber system for the quantitative analysis of the thrombus formation Total
Thrombus-formation Analysis System (T-TAS™). T-TAS enables the assessment of the
whole blood thrombogenicity [25]. We designed this study to evaluate various antiplatelet
drugs prophylaxis against thrombosis, based on the phenomenon that platelets remain cru-
cial to initiate thrombus formation. This system further allows an evaluation of in vitro
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Table 1. Characteristics of the studied groups.

Variable A CONTROL B SUFFICIENT GLYCAEMIC CPOOR GLYCAEMIC P AvsB |AvsCp*** |Bvs Cp***
NON-DM GROUP* | CONTROL T1DM GROUP * | CONTROL T1DM GROUP * P
n=15 n=15 n=6
Clinical characteristics
Age [years] 29,1 +4,6 28,67 £ 4,6 24,2 + 3,7 0,08 0,81 0,03 0,05
Body mass index, [kg/ 22,8 (20,6-25,2) 23,8 (22,3-24,9) 25,2 (21,0-28,0) 0,66 1,00 1,00 1,00
m2]
Systolic Blood Pressure 105,9 £ 12,0 108,6 £10,1 101,7 £ 14,2 0,55 0,53 0,45 0,23
[mmHg]
Diastolic Blood 66,5 + 8,3 70,7 £ 8,7 61,3 +6,3 0,05 0,15 0,20 0,02
Pressure [mmHg]
Known duration of the NA 12,00 (6-17,5) 9,00 (6,3-12,5) 0,37**** - - 0,37
disease [years]
Age of TIDM diagnosis NA 17,1+ 7,6 15,8 + 6,2 0,73***** - - 0,73
[years]
Week of gestation 12,00 (12-13,5) 12,00 11,00 (9,5-14,0) 0,31 0,85 0,48 1,00
(11,0-13,0)
Comparative T-TAS findings
T10 [s] 395,1 £ 158,4 419,3 + 154,9 224,7 + 34,1 0,03 0,77 0,01 0,01
AUC30 1804,0 1814,7 (1628,9-1906,7) 2024,0 (2003,2-2035,5) 0,03 1,00 0,09 0,03
(1738,4-1939,1)
OT [s] 528,0 (411,0-582,0) 510,0 (437,5-653) 329,0 (328,3-355,3) 0,09 1,00 0,25 0,08
T80-10 [s] 134,0 (99,5-140,5) 124,0 (105-158,5) 104,0 (93,5-117,5) 0,54 1,00 1,00 0,80
Comparative Standard laboratory investigations
HBA1C [%] 4,8+ 0,4 58+0,6 7,9£0,8 <0.000001 | 0,00001 | <0.000001 | <0.000001
Fasting Glucose, [mg 78,3 (99,5-140,5) 84,2 (54,4-92,9) 120,3 (114,2-147,1) 0,00 1,00 0,002 0,01
%]
CRP [mg/L] 3,7 (2,0-7,7) 1,6 (1,3-2,8) 3,4 (1,8-15,5) 0,17 0,24 1,00 0,59
MPV [fl] 10,9 £ 0,8 10,4 + 0,7 11,1 £ 0,5 0,04 0,04 0,48 0,03
ALT [U/L] 11,2 (8,3-12,5) 10,4 (9,7-12,2) 9,7(8,4-10,2) 0,34 1,00 0,58 0,47
AST [U/L] 14,5+ 3,1 14,0 £2,9 12,7 £3,2 0,49 0,62 0,24 0,41
Total cholesterol [mg/ 187,+£27,0 165,6 + 34,9 162,0£7,5 0,08 0,05 0,08 0,80
dLr]
HDL-C, [mg/dL] 81,8 (64,1-97,0) 78,20 (66,6-89,7) 77,4 (65,1-89,8) 0,84 1,00 1,00 1,00
LDL-C, [mg/dL] 80,0 + 34,1 70,4 + 28,3 61,4+ 14,7 0,39 0,37 0,20 0,53
Triglycerides, [mg/dL] 92,6 (75,7-127,7) 70,7 (59,9-88,1) 115,95 (65,0-164,2) 0,24 0,35 1,00 0,69
Serum creatinine, [mg/ 0,5 (0,5-0,6) 0,6 (0,5-0,6) 0,6 (0,5-0,6) 0,82 1,00 1,00 1,00
dLr]
Antithrombin, [%] 88,8+ 7,5 859+ 11,8 93,3+5,8 0,27 0,58 0,24 0,12
APTT [s] 26,6 (25,6-28,6) 29,2 (27,5-30,5) 28,7 (26,6-32,9) 0,11 0,13 0,49 1,00
D-dimers [ng/mL] 577,0 (425,0-999,5) 466,00 (359,0-585,5) 231,5 (191,0-246,5) 0,0004 0,46 0,0002 0,01
Fibrinogen [g/L] 4,1+0,9 4,5+ 0,8 4,6 £2,0 0,57 0,27 0,31 0,86
PT [s] 11,3 (11,0-11,4) 11,3 (11,0-11,9) 11,2 (10,9-11,7) 0,71 1,00 1,00 1,00
INR 1,0 (1,0-1,0) 1,0 (1,0-1,1) 1,0 (1,0-1,1) 0,71 1,00 1,00 1,00
Prothrombin index [%] 97,3 (96,5-100,0) 97,3 (92,8-100,5) 98,3 (94,4-100,9) 0,71 1,00 1,00 1,00
Leucocytes [G/L] 8,3 (7,4-9,9) 7,9 (7,1-9,0) 8,8 (7,9-9,2) 0,61 1,00 1,00 1,00
Erythrocytes [T/L] 4,2+0,2 4,3+0,4 43+0,3 0,48 0,32 0,74 0,68
Platelet count [G/L] 223,8 £44,5 248,7 £ 56,6 274,2 + 82,6 0,18 0,24 0,08 0,36
HGB [mmol/L] 7,7 £ 0,5 7,7+ 0,5 7,8+ 0,4 0,93 0,94 0,83 0,79
HCT [L/L] 0,4 £ 0,02 0,4 £ 0,02 0,4 £ 0,02 0,75 0,50 0,57 0,95
(Continued)
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Table 1. (Continued)

Variable A CONTROL
NON-DM GROUP*
n=15
MCYV [fL] 85,1+4,3

B SUFFICIENT GLYCAEMIC CPOOR GLYCAEMIC P AvsB |AvsCp*** |Bvs Cp***
CONTROL T1DM GROUP * | CONTROL T1DM GROUP * P
n=15 n=6
83,8 £ 6,1 84,8+2,5 0,77 0,46 0,90 0,67

* Mean with SD (standard deprivation) are presented for parametric data. Median with 1st and 3rd quartile are reported for non-parametric data.
** For parametric: One Way ANOVA and for nonparametric: ANOVA Kruskal-Wallis tests were used.

*** Fisher LSD and Dunn-Bonferroni post-HOC tests were used for parametric and non-parametric data, respectively.

**** U Mann-Whitney test.
e t-student.

NA—not applicable.

https://doi.org/10.1371/journal.pone.0237843.t001

thrombus formation process under flow conditions. It may be also used to assess clot forma-
tion in haemostasis alteration such as factor VIII deficiency (mouse model) [28]. Previous
research on T-TAS showed that the system may be useful in assessing antithrombotic agents
effects [25,29]. So far, the impact of poor glycemic control in diabetic pregnancies on hae-
mostasis using T-TAS®™ and the impact of diabetes in pregnancy itself on this process had
not been analysed yet.

We have documented that poor glycemic control in diabetic pregnancies is associated with
increased thrombogenicity. It is also known that augmented blood clotting in those patients
could not be recognizable by using standard clotting test such as the prothrombin time and
activated partial thrombin time (APTT).

Hence our data strongly suggests that T-TAS might be a sensitive diagnostic tool to detect a
prothrombotic state, especially in high-risk patients predisposed to develop thrombosis, such
as pregnant women with poorly controlled type 1 diabetes mellitus.

In our study, we have also found significantly higher MPV in the poor glycemic control
DM subjects. Our results are consistent with previous research published by Colak et al. who
established that MPV values were higher in gestational diabetes (GDM) in comparison with a
non-GDM control group. They concluded that MPV can be used to predict GDM in the first
trimester of pregnancy [30]. Coban et al. had also found suggestively higher MPV values in
obese patients [31]. As mentioned in the introduction, it has been shown that MPV remains
an indicator of platelet activation. Consequently, MPV is considered as an important biological
variable predicting risk of DM vascular complications, which is equivalent to insulin resistance
and with the prothrombotic state.

A mean platelet volume increase is associated with increased insulin resistance [32]. A
study conducted by Varol et al. had shown a linkage between MPV values and insulin resis-
tance. In this study, an upsurge in MPV values had been observed in insulin-resistant non-
obese, non-diabetic CAD (coronary artery disease) patients in comparison to insulin-sensi-
tive non-obese, non-diabetic CAD patients [33]. Radha and Selvam had established
increased MPV values in uncontrolled DM patients, and a more frequent occurrence of DM
complications in this group of patients [34]. We found a negative Pearson correlation
between MPV and T10 in DM patients, which remains consistent with previously cited
research.

There is a considerable body of evidence that increased MPV values are associated with
increased risk of an ischemic vascular episode such as myocardial infarction [35,36]. Increas-
ing MPV may serve as a predictor for VTE, particularly VTE of unprovoked origin [37].
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p<0.000001

ST p<0.000001

p=0,00001

4+ | | |
CONTROL NON-DM SUFFICIENT GLYCAEMIC POOR GLYCAEMIC
CONTROL CONTROLT1DM

T1DM GROUP

Fig 1. Hb,, values in the control group and in the sufficient and the poor glycaemic control DM groups, p<0.000001 (One Way ANOVA, Fisher LSD).
https://doi.org/10.1371/journal.pone.0237843.9001

Conversely, it has been shown that a low MPV remains an independent risk factor for
increased blood loss during surgery, such as radical hysterectomy [38].

In our study, the duration of Diabetes was not different in the compared SCG and PGC dia-
betic groups. Thus the length of the disease does not appear to be the main factor that differen-
tiates these groups in relation to diabetic complications. A study based on a nationwide
Danish registry revealed that in patients with atrial fibrillation, a longer duration of diabetes
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Fig 2. MPV values in the control group and in the sufficient and the poor glycaemic control DM groups, p = 0,04 (One Way ANOVA, Fisher LSD).
https://doi.org/10.1371/journal.pone.0237843.9002

was associated with a higher risk of thromboembolism. Nevertheless, most of the patients
from this cohort had type 2 diabetes [39].

In this study, we documented that conventionally used coagulation measurements are not
adequately sensitive to detect moderate coagulation abnormalities, but using T-TAS system we
are able to detect a significant difference in time of initiation of thrombus formation. Our
results remained consistent with other research on hypercoagulability in Diabetes. Tripodi
et al. revealed higher thrombin generation and an increased number of circulating microparti-
cles in DM in comparison to the control cohort, whilst obtaining conventional coagulation
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Fig 3. D-dimers values in the control group and in the sufficient and the poor glycaemic control DM groups, p = 0,0004 (Kruskall-Wallis ANOVA, Dunn-
Bonferroni).

https://doi.org/10.1371/journal.pone.0237843.9g003

0+

tests that difference was not detected [40]. The only difference between well and poorly con-
trolled groups that was detected with standard coagulation measurements was a decreased D-
dimers concentration, which might have been related to hypofibrinolysis.

In conclusion, our findings strongly support the thesis that poor glycemic control in DM
subjects triggers a shift toward a pro-thrombotic and anti-fibrinolytic state. Results obtained
by this system have shown that a relatively small increase in Hb ;. values in DM pregnant
patients predisposes to the prothrombotic state during pregnancy, which cannot be detected
using conventional coagulation tests. Nevertheless, it does appear to be detectable using a
novel microchip flow-chamber system for quantitative assessment of the platelet thrombus for-
mation process under flow conditions in vitro.
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Fig 4. T10 values in the control group and in the sufficient and the poor glycaemic control DM groups, p = 0,03 (One Way ANOVA, Fisher LSD).
https://doi.org/10.1371/journal.pone.0237843.9g004

Another predictor of increased thrombogenicity in deficient glycemic control in pregnant
women with Diabetes is elevated mean platelet volume values which correlates with T-TAS
measurements. Thus MPV is an easily measurable parameter that might be helpful in predict-
ing thrombotic state in diabetic pregnant women with poor glycemic control. Likewise, we
observed a significant decrease in d-dimers concentration in the PGC DM group. Due to lim-
ited data and limited sample size of our study, the role of MPV, D-dimer and T-TAS alter-
ations in poor glycemic control DM pregnant patients need to be further elucidated with more
massive data sets in order to confirm our important findings.
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Bonferroni).
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Supporting information

S1 Table. Full characteristics of the studied groups.
(XLSX)

Author Contributions

Conceptualization: Maciej Osinski, Malgorzata Kedzia, Pawel Gutaj, Ewa Wender-
Ozegowska.

Data curation: Maciej Osinski, Urszula Mantaj, Ewa Wender-Ozegowska.

PLOS ONE | https://doi.org/10.1371/journal.pone.0237843  October 8, 2020 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0237843.s001
https://doi.org/10.1371/journal.pone.0237843.g005
https://doi.org/10.1371/journal.pone.0237843

PLOS ONE

Poor glycaemic control contributes to a shift towards prothrombotic and antifibrinolytic state in type 1 DM

Formal analysis: Maciej Osinski.

Funding acquisition: Maciej Osinski, Pawel Gutaj.

Investigation: Maciej Osinski, Malgorzata Kedzia, Ewa Wender-Ozegowska.
Methodology: Maciej Osinski, Ewa Wender-Ozegowska.

Project administration: Maciej Osinski.

Resources: Maciej Osinski, Malgorzata Kedzia, Pawel Gutaj.

Software: Maciej Osinski.

Supervision: Maciej Osinski, Urszula Mantaj, Malgorzata Kedzia, Ewa Wender-Ozegowska.
Validation: Maciej Osinski.

Visualization: Maciej Osinski, Malgorzata Kedzia, Pawel Gutaj.

Writing - original draft: Maciej Osinski.

Writing - review & editing: Maciej Osiniski, Ewa Wender-Ozegowska.

References

1. Alberti KG, Zimmet PZ. Definition, diagnosis and classification of diabetes mellitus and its complica-
tions. Part 1: diagnosis and classification of diabetes mellitus provisional report of a WHO consultation.
Diabet Med J Br Diabet Assoc. 1998; 15:539-553.

2. Picard F, Adjedj J, Varenne O. [Diabetes Mellitus, a prothrombotic disease]. Ann Cardiol Angeiol
(Paris). 2017; 66:385-392.

3. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. Empagliflozin, Cardiovascular
Outcomes, and Mortality in Type 2 Diabetes. N Engl J Med. 2015; 373:2117-2128. https://doi.org/10.
1056/NEJMoa1504720 PMID: 26378978

4. Mazzone T, Chait A, Plutzky J. Cardiovascular disease risk in type 2 diabetes mellitus: insights from
mechanistic studies. Lancet Lond Engl. 2008; 371:1800—-1809.

5. HoriY, Gabazza EC, Yano Y, Katsuki A, Suzuki K, Adachi Y, et al. Insulin resistance is associated with
increased circulating level of thrombin-activatable fibrinolysis inhibitor in type 2 diabetic patients. J Clin
Endocrinol Metab. 2002; 87:660—665. https://doi.org/10.1210/jcem.87.2.8214 PMID: 11836301

6. ElKhawand C, Jamart J, Donckier J, Chatelain B, Lavenne E, Moriau M, et al. Hemostasis variables in
type | diabetic patients without demonstrable vascular complications. Diabetes Care. 1993; 16:1137—
1145. https://doi.org/10.2337/diacare.16.8.1137 PMID: 8375244

7. Lipets EN, Ataullakhanov Fl. Global assays of hemostasis in the diagnostics of hypercoagulation and
evaluation of thrombosis risk. Thromb J [Internet]. 2015 [cited 2019 Jun 11]; 13. Available from: https://
www.ncbi.nlm.nih.gov/pmc/articles/PMC4310199/.

8. Vinik Al, Erbas T, Park TS, Nolan R, Pittenger GL. Platelet dysfunction in type 2 diabetes. Diabetes
Care. 2001; 24:1476—-1485. https://doi.org/10.2337/diacare.24.8.1476 PMID: 11473089

9. Brown A, Reynolds LR, Bruemmer D. Intensive glycemic control and cardiovascular disease: an
update. Nat Rev Cardiol. 2010; 7:369-375. https://doi.org/10.1038/nrcardio.2010.35 PMID: 20404853

10. Angiolillo DJ, Fernandez-Ortiz A, Bernardo E, Ramirez C, Sabaté M, Jimenez-Quevedo P, et al. Plate-
let function profiles in patients with type 2 diabetes and coronary artery disease on combined aspirin
and clopidogrel treatment. Diabetes. 2005; 54:2430-2435. https://doi.org/10.2337/diabetes.54.8.2430
PMID: 16046311

11. Babik B, Petak F, Agdcs S, Blaskovics I, Alacs E, Bodd K, et al. [Diabetes mellitus: endothelial dysfunc-
tion and changes in hemostasis]. Orv Hetil. 2018; 159:1335—1345. https://doi.org/10.1556/650.2018.
31130 PMID: 30099904

12.  Winocour PD, Watala C, Perry DW, Kinlough-Rathbone RL. Decreased platelet membrane fluidity due
to glycation or acetylation of membrane proteins. Thromb Haemost. 1992; 68:577-582. PMID: 1455404

13. Assert R, Scherk G, Bumbure A, Pirags V, Schatz H, Pfeiffer AF. Regulation of protein kinase C by
short term hyperglycaemia in human platelets in vivo and in vitro. Diabetologia. 2001; 44:188—195.
https://doi.org/10.1007/s001250051598 PMID: 11270675

PLOS ONE | https://doi.org/10.1371/journal.pone.0237843  October 8, 2020 13/15


https://doi.org/10.1056/NEJMoa1504720
https://doi.org/10.1056/NEJMoa1504720
http://www.ncbi.nlm.nih.gov/pubmed/26378978
https://doi.org/10.1210/jcem.87.2.8214
http://www.ncbi.nlm.nih.gov/pubmed/11836301
https://doi.org/10.2337/diacare.16.8.1137
http://www.ncbi.nlm.nih.gov/pubmed/8375244
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4310199/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4310199/
https://doi.org/10.2337/diacare.24.8.1476
http://www.ncbi.nlm.nih.gov/pubmed/11473089
https://doi.org/10.1038/nrcardio.2010.35
http://www.ncbi.nlm.nih.gov/pubmed/20404853
https://doi.org/10.2337/diabetes.54.8.2430
http://www.ncbi.nlm.nih.gov/pubmed/16046311
https://doi.org/10.1556/650.2018.31130
https://doi.org/10.1556/650.2018.31130
http://www.ncbi.nlm.nih.gov/pubmed/30099904
http://www.ncbi.nlm.nih.gov/pubmed/1455404
https://doi.org/10.1007/s001250051598
http://www.ncbi.nlm.nih.gov/pubmed/11270675
https://doi.org/10.1371/journal.pone.0237843

PLOS ONE

Poor glycaemic control contributes to a shift towards prothrombotic and antifibrinolytic state in type 1 DM

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Henry P, Vermillet A, Boval B, Guyetand C, Petroni T, Dillinger J-G, et al. 24-hour time-dependent aspi-
rin efficacy in patients with stable coronary artery disease. Thromb Haemost. 2011; 105:336-344.
https://doi.org/10.1160/TH10-02-0082 PMID: 21136023

Schuette C, Steffens D, Witkowski M, Stellbaum C, Bobbert P, Schultheiss H-P, et al. The effect of clo-
pidogrel on platelet activity in patients with and without type-2 diabetes mellitus: a comparative study.
Cardiovasc Diabetol [Internet]. 2015 [cited 2019 May 27]; 14. Available from: https://www.ncbi.nim.nih.
gov/pmc/articles/PMC4324649/.

LiuJ, Liu X, Li Y, Quan J, Wei S, An S, et al. The association of neutrophil to lymphocyte ratio, mean
platelet volume, and platelet distribution width with diabetic retinopathy and nephropathy: a meta-analy-
sis. Biosci Rep. 2018; 38.

Ishii M, Kameyama M, Inokuchi T, Isogai S. Plasma fibrinopeptide A levels during insulin-induced
plasma glucose falls in diabetics. Diabetes Res Clin Pract. 1987; 4:45-50. https://doi.org/10.1016/
s0168-8227(87)80032-3 PMID: 3319468

Ajjan RA, Gamlen T, Standeven KF, Mughal S, Hess K, Smith KA, et al. Diabetes is associated with
posttranslational modifications in plasminogen resulting in reduced plasmin generation and enzyme-
specific activity. Blood. 2013; 122:134-142. https://doi.org/10.1182/blood-2013-04-494641 PMID:
23699598

Lados-Krupa A, Konieczynska M, Chmiel A, Undas A. Increased Oxidation as an Additional Mechanism
Underlying Reduced Clot Permeability and Impaired Fibrinolysis in Type 2 Diabetes. J Diabetes Res
[Internet]. 2015 [cited 2019 May 21]; 2015. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC4556060/.

Kearney K, Tomlinson D, Smith K, Ajjan R. Hypofibrinolysis in diabetes: a therapeutic target for the
reduction of cardiovascular risk. Cardiovasc Diabetol[Internet]. 2017 [cited 2019 Jun 20]; 16. Available
from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5345237/.

Fangel MV, Nielsen PB, Larsen TB, Christensen B, Overvad TF, Lip GYH, et al. Type 1 versus type 2
diabetes and thromboembolic risk in patients with atrial fibrillation: A Danish nationwide cohort study. Int
J Cardiol. 2018; 268:137-142. https://doi.org/10.1016/j.ijcard.2018.05.037 PMID: 30041778

Fangel MV, Nielsen PB, Kristensen JK, Larsen TB, Overvad TF, Lip GYH, et al. Glycemic Status and
Thromboembolic Risk in Patients With Atrial Fibrillation and Type 2 Diabetes Mellitus. Circ Arrhythm
Electrophysiol. 2019; 12:e007030. https://doi.org/10.1161/CIRCEP.118.007030 PMID: 30995869

Neergaard-Petersen S, Hvas A-M, Grove EL, Larsen SB, Gregersen S, Kristensen SD. The Influence
of Haemoglobin A1c Levels on Platelet Aggregation and Platelet Turnover in Patients with Coronary
Artery Disease Treated with Aspirin. PLoS ONE [Internet]. 2015 [cited 2019 May 27]; 10. Available
from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4493028/.

Bremme KA. Haemostatic changes in pregnancy. Best Pract Res Clin Haematol. 2003; 16:153—168.
https://doi.org/10.1016/s1521-6926(03)00021-5 PMID: 12763484

Hosokawa K, Ohnishi T, Kondo T, Fukasawa M, Koide T, Maruyama |, et al. A novel automated micro-
chip flow-chamber system to quantitatively evaluate thrombus formation and antithrombotic agents
under blood flow conditions. J Thromb Haemost JTH. 2011; 9:2029-2037. https://doi.org/10.1111/j.
1538-7836.2011.04464.x PMID: 21827607

American Diabetes Association. 13. Management of Diabetes in Pregnancy. Diabetes Care. 2017; 40:
S$114-S119. https://doi.org/10.2337/dc17-S016 PMID: 27979900

Wender-Ozegowska E, Bomba-Opon D, Brazert J, Celewicz Z, Czajkowski K, Gutaj P, et al. Standards
of Polish Society of Gynecologists and Obstetricians in management of women with diabetes. Ginekol
Pol. 2018; 89:341-350. https://doi.org/10.5603/GP.a2018.0059 PMID: 30010185

Ogawa S, Szlam F, Dunn AL, Bolliger D, Ohnishi T, Hosokawa K, et al. Evaluation of a novel flow cham-
ber system to assess clot formation in factor VllI-deficient mouse and anti-factor [Xa-treated human
blood. Haemoph Off J World Fed Hemoph. 2012; 18:926-932.

Hosokawa K, Ohnishi T, Fukasawa M, Kondo T, Sameshima H, Koide T, et al. A microchip flow-cham-
ber system for quantitative assessment of the platelet thrombus formation process. Microvasc Res.
2012; 83:154—161. https://doi.org/10.1016/j.mvr.2011.11.007 PMID: 22166857

Colak E, Ozcimen EE, Ceran MU, Tohma YA, Kulaksizoglu S. Role of mean platelet volume in preg-
nancy to predict gestational diabetes mellitus in the first trimester. J Matern-Fetal Neonatal Med Off J
Eur Assoc Perinat Med Fed Asia Ocean Perinat Soc Int Soc Perinat Obstet. 2019;1-6.

Coban E, Ozdogan M, Yazicioglu G, Akcit F. The mean platelet volume in patients with obesity. IntJ
Clin Pract. 2005; 59:981-982. https://doi.org/10.1111/j.1742-1241.2005.00500.x PMID: 16033624

Hekimsoy Z, Payzin B, Ornek T, Kandogan G. Mean platelet volume in Type 2 diabetic patients. J Dia-
betes Complications. 2004; 18:173-176. https://doi.org/10.1016/S1056-8727(02)00282-9 PMID:
15145330

PLOS ONE | https://doi.org/10.1371/journal.pone.0237843  October 8, 2020 14/15


https://doi.org/10.1160/TH10-02-0082
http://www.ncbi.nlm.nih.gov/pubmed/21136023
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4324649/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4324649/
https://doi.org/10.1016/s0168-8227%2887%2980032-3
https://doi.org/10.1016/s0168-8227%2887%2980032-3
http://www.ncbi.nlm.nih.gov/pubmed/3319468
https://doi.org/10.1182/blood-2013-04-494641
http://www.ncbi.nlm.nih.gov/pubmed/23699598
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4556060/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4556060/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5345237/
https://doi.org/10.1016/j.ijcard.2018.05.037
http://www.ncbi.nlm.nih.gov/pubmed/30041778
https://doi.org/10.1161/CIRCEP.118.007030
http://www.ncbi.nlm.nih.gov/pubmed/30995869
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4493028/
https://doi.org/10.1016/s1521-6926%2803%2900021-5
http://www.ncbi.nlm.nih.gov/pubmed/12763484
https://doi.org/10.1111/j.1538-7836.2011.04464.x
https://doi.org/10.1111/j.1538-7836.2011.04464.x
http://www.ncbi.nlm.nih.gov/pubmed/21827607
https://doi.org/10.2337/dc17-S016
http://www.ncbi.nlm.nih.gov/pubmed/27979900
https://doi.org/10.5603/GP.a2018.0059
http://www.ncbi.nlm.nih.gov/pubmed/30010185
https://doi.org/10.1016/j.mvr.2011.11.007
http://www.ncbi.nlm.nih.gov/pubmed/22166857
https://doi.org/10.1111/j.1742-1241.2005.00500.x
http://www.ncbi.nlm.nih.gov/pubmed/16033624
https://doi.org/10.1016/S1056-8727%2802%2900282-9
http://www.ncbi.nlm.nih.gov/pubmed/15145330
https://doi.org/10.1371/journal.pone.0237843

PLOS ONE

Poor glycaemic control contributes to a shift towards prothrombotic and antifibrinolytic state in type 1 DM

33.

34.

35.

36.

37.

38.

39.

40.

Varol E, Akcay S, Ozaydin M, Erdogan D, Dogan A, Altinbas A. Mean platelet volume is associated with
insulin resistance in non-obese, non-diabetic patients with coronary artery disease. J Cardiol. 2010;
56:154—158. https://doi.org/10.1016/j.jicc.2010.03.005 PMID: 20430587

Radha RKN, Selvam D. MPV in Uncontrolled & Controlled Diabetics- Its Role as an Indicator of Vascu-
lar Complication. J Clin Diagn Res JCDR. 2016; 10:EC22—-EC26.

Bray PF. Platelet Hyperreactivity: Predictive and intrinsic properties. Hematol Oncol Clin North Am.
2007; 21:633~vi. https://doi.org/10.1016/j.hoc.2007.06.002 PMID: 17666282

Endler G, Klimesch A, Sunder-Plassmann H, Schillinger M, Exner M, Mannhalter C, et al. Mean platelet
volume is an independent risk factor for myocardial infarction but not for coronary artery disease. BrJ
Haematol. 2002; 117:399-404. https://doi.org/10.1046/].1365-2141.2002.03441.x PMID: 11972524

Braekkan SK, Mathiesen EB, Njglstad I, Wilsgaard T, Starmer J, Hansen JB. Mean platelet volume is a
risk factor for venous thromboembolism: the Tromsg Study, Tromsg, Norway. J Thromb Haemost JTH.
2010; 8:157-162. https://doi.org/10.1111/j.1538-7836.2009.03498.x PMID: 19496920

Xu XH, YuJW, Yu XR, Huang YG. Low mean platelet volume is an independent risk factor for increased
blood loss in radical hysterectomy. BrJ Anaesth. 2019; 122:e40.

Overvad TF, Skjgth F, Lip GYH, Lane DA, Albertsen IE, Rasmussen LH, et al. Duration of Diabetes Mel-
litus and Risk of Thromboembolism and Bleeding in Atrial Fibrillation: Nationwide Cohort Study. Stroke.
2015; 46:2168-2174. https://doi.org/10.1161/STROKEAHA.115.009371 PMID: 26152296

Tripodi A, Branchi A, Chantarangkul V, Clerici M, Merati G, Artoni A, et al. Hypercoagulability in patients
with type 2 diabetes mellitus detected by a thrombin generation assay. J Thromb Thrombolysis. 2011;
31:165-172. https://doi.org/10.1007/s11239-010-0506-0 PMID: 20640482

PLOS ONE | https://doi.org/10.1371/journal.pone.0237843  October 8, 2020 15/15


https://doi.org/10.1016/j.jjcc.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/20430587
https://doi.org/10.1016/j.hoc.2007.06.002
http://www.ncbi.nlm.nih.gov/pubmed/17666282
https://doi.org/10.1046/j.1365-2141.2002.03441.x
http://www.ncbi.nlm.nih.gov/pubmed/11972524
https://doi.org/10.1111/j.1538-7836.2009.03498.x
http://www.ncbi.nlm.nih.gov/pubmed/19496920
https://doi.org/10.1161/STROKEAHA.115.009371
http://www.ncbi.nlm.nih.gov/pubmed/26152296
https://doi.org/10.1007/s11239-010-0506-0
http://www.ncbi.nlm.nih.gov/pubmed/20640482
https://doi.org/10.1371/journal.pone.0237843

