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The coagulation system can be assessed by the thrombin generation (TG) assay, and
increased TG peak height, endogenous thrombin potential (ETP), and velocity index are
associated with an increased risk of thrombosis. Obesity had been reported to increase
TG and is associated with dyslipidemia, which also predisposes to atherosclerotic
cardiovascular disease (CVD). However, the effect of the blood lipid profile on TG has
not been studied extensively. To gain more insight into the associations of TG, body
mass index (BMI) and lipid profile, we studied TG in relation to these parameters in a
large Italian population cohort, the Moli-sani study (N = 22,546; age > 35 years; 48%
men). TG was measured in plasma samples collected at the enrollment of subjects in the
Moli-sani study. TG was triggered with 1 or 5 pM tissue factor, and TG parameters lag
time, peak, ETP, time-to-peak (TTP) and velocity index (VI). Additionally, thrombomodulin
was added to assess the function of the activated protein C system during TG. In
both women and men, overweight (BMI 25-30 kg/m?) and obesity (BMI > 30 kg/m?)
were significantly associated with higher ETP, peak and VI (all p < 0.001). High total
cholesterol, triglycerides and LDL-cholesterol levels were significantly associated with
increased ETP and peak (all p < 0.001). Linear regression analysis revealed that the ETP
is positively associated with both plasma LDL and HDL cholesterol levels, whereas the
velocity index is positively associated with HDL cholesterol. Additionally, ETP, peak and
VI were significantly associated with the plasma triglycerides content. In conclusion, our
study shows significant associations of high BMI and blood lipid levels with increased TG
parameters, and this hypercoagulability may partly explain the increased risk of CVD in
individuals with obesity and/or dyslipidemia.
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INTRODUCTION

Cardiovascular disease (CVD) remains among the most
important chronic diseases, contributing to more than 17
million deaths per year globally (1). A major cause of CVD
is atherosclerosis, characterized by the formation of a plaque
or lesion in artery walls (2). One of the key risk factors for
atherosclerotic CVD events is the blood lipid profile: low-density
lipoprotein cholesterol (LDL-C) and high-density lipoprotein
cholesterol (HDL-C) have opposite effects on CVD risk,
consistent with the role of LDL and HDL particles in promoting
and protecting against atherosclerosis, respectively (3-5).
Overweight and obesity [defined as a body mass index (BMI) of
more than 25 or more than 30 kg/m?, respectively (6)] are key
risk factors for dyslipidemia (7) and independently associated
with an increased risk for arterial and venous thrombotic CVD
(8, 9). On the other hand, abnormalities in coagulation and
hemostasis represent a well-known link in the relationship
between increased BMI and thrombotic risk.

Interestingly, in many individuals with obesity, changes in
the hemostatic and fibrinolytic activity are observed that lead
to hypercoagulability. For instance, obesity has been associated
with elevated levels of tissue factor (TF), coagulation factor
(F)VII and FVIII, von Willebrand factor and fibrinogen (10,
11). Furthermore, obese patients present a hypofibrinolytic state
owing to higher levels of the plasminogen activator inhibitor 1
(12). Overall, the resulting pro-thrombotic state may contribute
to the development of CVD and venous thromboembolism
(VTE) in patients with obesity. A promising tool to assess
an individuals' coagulation potential is the measurement of
the in vitro thrombin generation (TG) profile. TG is a global
coagulation assay that describes the potential of a blood (13)
or plasma (14) sample to generate thrombin and promote
coagulation. It allows the quantification of the combined effects
of changes in pro- and anticoagulant factors, thus predicting if
there is an increased risk of bleeding or thrombosis (15, 16).
Indeed, increased TG was found to be associated with first- and
recurrent VTE (17, 18), and with myocardial infarction (19).

Obesity has been reported to increase TG in case-control
(20) and small cohort studies (21), and weight loss has been
shown to reduce TG (22). However, the effect of the blood lipid
profile on TG has not been studied extensively. Mechanistically,
LDL-C has been reported to support the assembly of the pro-
thrombinase complex, and thereby enables the generation of
thrombin (23, 24). Moreover, statins have been reported to lower
TG, but this antithrombotic effect might be not related to their
lipid-lowering properties, at least in part (25). A study by Kim
et al. (26) in healthy subjects (n = 448) reported significant
correlations between several TG parameters and levels of total
cholesterol, LDL-C, HDL-C and triglycerides. However, this
study did not include clinical data nor medical history, and
no data on well-known risk factors for hypercoagulable status-
such as obesity-was collected. Therefore, a large cohort study is
needed to gain further insights into the associations between TG,
lipids and BMI. The Moli-sani cohort consists of 24,325 subjects
from the general population of whom detailed information on
diet, lifestyle and information on morbidity and mortality was

collected. We measured TG profiles in plasma samples from the
participants of the Moli-sani cohort, with the aim to investigate
the association of BMI and blood lipids content with TG.

METHODS
Study Population

The Moli-sani cohort was randomly recruited in the Molise
region (Italy) from city hall registries, as previously described
(27, 28). The Moli-sani study complies with the Declaration
of Helsinki and was approved by the ethics committee of
the Catholic University of Rome, Italy. In total, 24, 325
subjects were enrolled between March 2005 and April 2010.
All participants provided written informed consent. For the
current study, TG was measured in a total of 22,866 subjects,
due to a lack of sufficient plasma volume for the remaining
participants (Figure 1). Additionally, subjects with incomplete
baseline questionnaires were excluded, as well as subjects
using anticoagulants, leaving 22,546 observations for statistical
analysis. At the time of enrollment in the study, none of the
subjects received direct oral anticoagulants.

Blood Collection, Plasma Preparation and
Storage

Venous blood samples were previously obtained by venipuncture
between 07:00 am and 09:00 am from participants who had
fasted overnight and had refrained from smoking for at least
6h (27). Citrated plasma samples for this study were stored in
straws containing the sample code and barcode in liquid nitrogen
in a dedicated biobank (http://www.neuromed.it/biobanking-
centre/) for 8.2 years (IQR: 7.2 to 9.2 years). Platelet poor
plasma was prepared by centrifugating twice at 2,821¢g for
10 min. The samples were express-shipped in 3 shipments on dry
ice to Synapse Research Institute, Maastricht, the Netherlands
on 27-10-2016, 08-05-2017 and 23-06-2017, where they were
immediately stored at—80°C. Levels of labile coagulation factors
(FV and FVIII) were determined in a subset of 144 randomly
chosen samples from the first shipment to confirm plasma
sample quality. FV and FVIII levels were measured on the
STA-R device using STA deficient FV and STA deficient
FVIII reagents, according to the manufacturer’s specifications
(Diagnostica Stago, Asniéres, France). All coagulation factor
levels measured were in line with the reference ranges, established
by the manufacturer.

Thrombin Generation Measurements

TG was determined in platelet-poor plasma (PPP) using the
Calibrated Automated Thrombinography (CAT) method (29).
Due to the number of samples in the cohort, every condition
was measured in a single well, for each sample. To standardize
the measurement procedure as much as possible, commercial
reagents from one batch were used to measure TG for all samples.
Commercial calibrator, PPP Reagent Low, PPP Reagent [with and
without thrombomodulin (TM)] and FluCa kits were purchased
from Diagnostica Stago (Asniéres, France). All reagents were
stored at 4°C, according to the manufacturer’s reccommendation.
Analyses were performed in 96-well round bottom microplates
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Invited partici
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Refusals = 10,425

|.7

| Recruited participantsat baseline = 24,325 |

——| Insufficient plasma volume for TG = 1,459

Sufficient plasma vo

lume for TG = 22,866

Incomplete questionnairesfor relevant
variables= 251

Complete questi

onnaires=22,615

Subjects using VKAs = 69

-

Final study sample = 22,546

FIGURE 1 | Flowchart of selection of the studied population among Moli-sani participants. The groups of eliminated participants (of the 24 325 recruited at baseline)
overlap and the scheme shows sequential exclusion criteria. Therefore, the patients in each eliminated group do not fulfill the previous elimination criteria, but it is
possible that patients on VKAs were previously eliminated because of e.g., insufficient plasma volume for thrombin generation.

(Immulon 2 HB plate, Fisher Scientific, Roskilde, Denmark).
Each well contained 20 pL PPP Reagent Low, PPP Reagent or
calibrator and 80 L plasma. The samples were preincubated for
10 min and analysis was performed at 37°C in a fluorescence plate
reader (Fluoroskan Ascent, Diagnostica Stago, Asniéres, France).
TG curves and calibration curves were measured immediately
after the automatic dispensing of 20 L FluCa. The TG curve was
monitored for 50 min, or shorter if all curves reached the baseline
level earlier, to ensure that the TG curves could be calculated
in a reliable way. TG curves were measured and analyzed by
the Thrombinoscope software (version 5.0), as specified by
the manufacturer (Diagnostica Stago, Asniéres, France). TG
parameters lagtime (time until the first trace of thrombin is
formed), peak height (maximum amount of active thrombin
present), time-to-peak (TTP, time until the maximum amount of
active thrombin is present), area-under-the-curve (endogenous
thrombin potential, ETP), and maximum slope of thrombin
formation (velocity index, VI) were quantified automatically by
the software.

Determination of CVD Risk Factors at

Baseline

Blood glucose, serum lipids and C-reactive protein (CRP) were
measured within 3 h from blood sampling by enzymatic reaction
methods using an automatic analyzer (ILab 350, Milano, Italy).
LDL-C level was calculated according to the Friedewald formula
(30). Height and weight were measured at baseline, and body
mass index (BMI) was calculated as kg/m?. For specific analyses,
BMI was grouped into three categories as normal (<25 kg/m?),
overweight (25-30 kg/m?) or obese (>30 kg/m?), according to

WHO guidelines (6). A status of “current smoker” was defined as
smoking 1 or more cigarettes per day on a regular basis. Waist
and hip circumferences were measured according to the WHO
guidelines (31) and used to calculate the waist-to-hip (WH) ratio.

Statistical Analyses

The normality of continuous variables was assessed graphically
in histograms and normality Q-Q plots (data not shown).
Distributions of serum triglycerides, blood glucose, and
serum CRP concentrations were skewed and are therefore
presented as median and interquartile range (IQR). Values for
continuous non-skewed variables are presented as means £ SD.
Categorical variables are presented as frequencies. Comparisons
of continuous variables between two groups or more than two
groups were performed using the Student’s f-test or Mann-
Whitney U test and analysis of variance F test, respectively.
Associations between continuous variables were tested using the
Spearman’s rank correlation coefficient.

The effect of blood lipid levels (total cholesterol, triglycerides,
LDL-C, HDL-C) and BMI on TG parameters was evaluated
by linear regression analyses. Crude linear regression
models stratified by gender were generated with the TG
parameters ETP/Peak/LT/TTP/VI as main outcomes and BMI
or the different types of lipid parameters (total cholesterol,
LDL-C, HDL-C, triglycerides) as exposures. To build the
multivariate models, the following strategy was applied: (1)
simple univariate regression (UVR) analysis was used to
identify independent/predictor variables associated with the
dependent/outcome variable (ETP, peak, VI) at the level P <
0.05; (2) all the variables identified in the univariate analysis were
inserted in a multiple regression (MR) analysis. For all models,
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TABLE 1| General characteristics of the Moli-sani cohort, stratified by sex.

Variable Women (n = 11,766) Men (n = 10,780) P-value
Age, y 551 +£11.7 56.1 £11.9 <0.001
Current smoker, % 20.4 26.1 <0.001
BMI, kg/m? 27.9+563 282+ 4.0 <0.001
Waist:hip ratio 0.89 + 0.09 0.95 £+ 0.06 <0.001
Total cholesterol, mg/dL 216.5+41.6 210.1 £41.8 <0.001
LDL-C, mg/dL 1314+ 354 129.1 £ 34.9 <0.001
HDL-C, mg/dL 62.8 + 14.7 51.9+12.9 <0.001
Triglycerides, mg/dL 97 (63) 124 (88) <0.001
Blood glucose, mg/dL 93 (16) 100 (19) <0.001
CRP, mg/L 1.56 (2.36) 1.47 (2.00) 0.002

Data are presented as the mean + SD or median (IQR) for normally distributed and
skewed continuous variables, respectively, and as a percentage for categorical variables.
Statistical differences between men and women were analyzed using a Student’s t-
test or Mann-Whitney U test for normally distributed and skewed continuous variables,
respectively, and a Pearson’s x2 test for categorical variables. BMI, Body Mass Index;
LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol;
CRR, C-reactive protein.

the normality of residuals and homoscedasticity were evaluated
by plotting standardized residuals against the predicted values. In
case of violation of one or both of these conditions, the variable
was not included in the model. The presence of collinearity
among independent variables was tested by the variance inflation
factor (VIF). A VIF of >10 indicates that the variable under
consideration is almost a perfect linear combination of the
independent variables already in the equation, in which case the
variable is not added to the regression equation.

Further associations between TG parameters and general
laboratory results and patient characteristics were performed
by dividing the TG parameters into quartiles and performing
ANOVA analysis on the groups to detect significant differences
between high and low parameter values.

A two-sided P-value < 0.05 was considered statistically
significant for all analyses. IBM Statistical Package for Social
Sciences (SPSS) version 25 software was used for all statistical
analyses (SPSS Incorporated, Chicago, USA). Figures were
prepared using GraphPad Prism version 5.00 (GraphPad
Software, San Diego, USA).

RESULTS

Moli-sani Population

We first determined baseline general characteristics for the
subsection of the Moli-sani cohort in which we studied TG
(Table 1). Our study population consisted of slightly more
women (n = 11,766; 52.2%) than men (n = 10,780; 47.8%).
On average, male subjects were older, more frequently smoking
and had a slightly higher BMI than female subjects. Men had
lower total cholesterol, LDL-C as well as HDL-C levels than
women, although these differences were small. In contrast, male
subjects had substantially higher triglyceride levels than female
subjects. Blood glucose was higher in men, whereas CRP levels
were slightly higher in women.

TABLE 2 | Thrombin generation (TG) parameters in the Moli-sani cohort, stratified

by sex.

TG parameter Women (n = 11,766) Men (n = 10,780) P-value
PPP Reagent low

ETP, nM min 1754.7 £ 419.3 1685.4 £+ 400.2 <0.001
Peak, nM 370.6 + 89.9 356.8 + 86.4 <0.001
Lag time, min 3.94 (1) 4(1) <0.001
Time-to-peak, min 6.00 (1) 6.33 (2) <0.001
VI, nM/min 166.2 + 64.8 160.4 £ 61.6 <0.001
PPP Reagent

ETP, nM min 1766.9 + 433.5 1698.4 £ 412.3 <0.001
Peak, nM 374.8 £ 83.4 355.7 £79.8 <0.001
Lag time, min 2.67 (1) 2.67 (1) <0.001
Time-to-peak, min 5.00 (1) 5.00 (1) <0.001
VI, nM/min 167.8 £ 57.3 166.9 + 54.7 <0.001
PPP Reagent + Thrombomodulin

ETP inhibition, % 12.24 (9) 12.63 (11) <0.001
Peak inhibition, % 0.84 (4) 1.83 (5) <0.001

Data are presented as the mean + SD or median (IQR) for normally distributed and skewed
continuous variables, respectively. PPP, platelet poor plasma; ETF, endogenous thrombin
potential; TTR, time to peak; VI, velocity index.

TG [as well as the risk for bleeding and thrombosis (32, 33)]
is known to be influenced by age (34) and sex (35). Table 2
presents TG parameters measured in platelet poor plasma with
the two types of TF concentrations, stratified by sex. For both
the PPP reagent low and PPP reagent, women had significantly
higher TG ETP, peak and VI, in combination with a shorter
lagtime and TTP, compared to men. The inhibition of the ETP
by thrombomodulin (TM) was significantly reduced in women
(ETPrM— = 1,764 &+ 436 nM-min vs. ETPryy = 1,426 £ 536
nM-min) compared to men (ETPp— = 1,692 £ 418 nM-min vs.
ETPrM4+ = 1,346 £ 518 nM-min). This difference was slightly
larger when considering only women taking oral contraceptives
(n = 934), with an ETP inhibition of 12.11% (IQR 9%) and peak
inhibition of 0.66% (IQR 4%), compared to male subjects (p <
0.001) (data not shown).

The relationship of the ETP with age was also explored. Both
in PPP reagent low and PPP reagent-induced TG, subjects in the
lowest quartile of the ETP values were significantly (p < 0.001)
younger (mean age 54.5 = 11.1 and 54.4 &+ 11.1 years) compared
to the individuals in the highest quartile of the ETP values (mean
age 57.5 4+ 12.7 and 57.4 £ 12.7 years), respectively. Additionally,
the inhibition of the ETP by the anticoagulant actions of TM was
inversely associated with age: subjects in the lowest quartile of
ETP inhibition by TM were significantly older [median age 58
(IQR 21)] than the subjects whose ETP responded more to the
inhibitory effect of TM [median age 53 (IQR 16)]. The other
TG parameters were not significantly associated with age in the
current Moli-sani cohort.

Obesity Is Associated With Increased TG

In both women and men, overweight (BMI 25-30 kg/m?) and
obesity (BMI>30 kg/m?) were associated with an increased TG,
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characterized by increased ETP, peak and VI and prolonged
lagtime and TTP (Supplementary Table 1). Inhibition of the
ETP by the anticoagulant actions of TM was on average lower
in obese men compared to men in the other BMI categories,
while no significant differences were observed for TM-dependent
inhibition in women.

These differences were further confirmed in linear regression
models, where higher BMI was significantly associated with
higher ETP and VI. The BMI of subjects in the upper quartile
of the ETP was on average 8% higher than that of subjects in the
lowest ETP quartile (p < 0.001). The same trend was observed for
VI, where BMI was 4% higher in individuals in the upper quartile
of VI distribution, compared to those in the lowest quartile (p <
0.001). Finally, a high BMI was associated with a more coagulable
state of the blood, as measured by TG.

The Relation Between TG Parameters and

Blood Lipid Levels

Since high BMI is related to altered blood lipid composition,
we next studied the relationship between lipid profiles and TG
in our study population. Blood lipid levels were divided into
two groups according to the National Cholesterol Education
Program (NCEP) guidelines (36), see Supplementary Table 2.
Older individuals had significantly higher (>240 mg/dL and
>190 mg/dL) total cholesterol and LDL-C levels, respectively.
Whereas, subjects with high triglyceride levels (>200 mg/dL)
were more frequently men, the groups with high total cholesterol
(>240 mg/dL), high LDL-C (>190 mg/dL) and high HDL-
C (=60 mg/dL) contained more women. BMI, proportion of
smokers, WH-ratio, CRP and glucose levels were all significantly
higher in individuals with lipid levels above the cutoft threshold,
except for HDL-C >60 mg/dL, which contained on average
fewer smokers and more subjects with lower BMI, WH-ratio,
CRP and glucose levels. Similarly, TG parameters were generally
significantly increased in individuals with lipid levels above the
cutoft, except for HDL-C, for which most differences in TG
parameters between the two lipid level categories were non-
significant (except for the time-dependent parameters).

The relation between lipids and TG was further explored in
an association analysis, based on quartiles of the TG parameters
ETP and peak (Table 3). LDL-C and HDL-C showed different
associations with TG: individuals in the lowest quartile for ETP
and peak had the lowest plasma LDL-C levels, whereas the HDL-
C content did not differ between the quartiles. LDL-C levels were
9% higher in subjects in the highest compared to the lowest
quartile of peak TG (p < 0.001), and 14% higher in those in the
highest compared to the lowest quartile of the ETP (p < 0.001).

Finally, linear regression analyses were performed to
investigate to what degree lipid levels contribute to the (normally
distributed) TG parameters ETP, peak and VI (Table 3). In
simple UVR, most lipid parameters were significantly associated
with each of the TG parameters. Exceptions were HDL-C levels,
which were not significantly associated with TG peak height in
PPP reagent low-induced TG and with ETP in PPP reagent-
induced TG, and LDL-C which was not associated with the VI
in PPP reagent-induced TG. Triglyceride levels significantly

contributed to PPP reagent low and PPP reagent-induced TG
parameters. Total cholesterol had limited added predictive value
for TG parameters (also due to collinearity) and was hence not
included in most of the final MR models. ETP and peak were
mainly affected by triglycerides and LDL-C, whereas VI was
also influenced by HDL-C for both TG conditions. Overall, R?
values of the final models were low, indicating that only a small
proportion of the variance in TG parameters could be explained
by lipid levels.

The Contribution of BMI, Lipids and

Related Factors to TG

Many factors are known to influence TG, besides the blood lipid
profile. Table 1 summarizes the most important variables that
affect TG parameters. To adjust for these variables, multiple
linear regression analysis was performed for all TG variables
to investigate whether, and to what degree the lipid profile
influences TG results, adjusting for other differences related to
the lipid profile between the subjects (Table 4).

Total cholesterol levels are associated with a slightly prolonged
lag time and time-to-peak, an elevated ETP and a reduced
velocity index (Table 4). Triglycerides are positively associated
with the lag time and time-to-peak, whereas the ETP and peak
height significantly increase with increased triglyceride levels.
LDL-C is posivitly associated with a prolonged lag time and time-
to-peak, and an increased ETP, whereas HDL-C is associated with
areduced lag time and time-to-peak, and a lower TG peak height.

Additionally, as expected, age, sex and BMI were important
influencers of TG parameters, especially, ETP, time-to-peak and
velocity index. Smoking was associated with a significantly
shorter lag time, and higher levels of acute phase reactant C-
reactive protein were associated with a higher TG peak height and
velocity index.

DISCUSSION

TG is a promising tool to assess blood coagulability, as it
allows quantification of the global hemostatic potential of blood
and/or plasma (37). Hence, TG provides information about
an individual’s hemorrhagic or thrombotic tendency (38-41).
Over the past decades, associations between TG and the risk of
bleeding or thrombosis have been reported in both prospective
and case-control studies. For instance, studies have found an
association of increased TG with myocardial infarction (19),
coronary artery disease (42) and VTE (15, 17, 43, 44). The
increased risk of cardiovascular disease (CVD)-related morbidity
and mortality associated with obesity is known to reduce
after weight loss (45-48). Other classical risk factors for the
increased risk of CVD in individuals with high BMI are systemic
inflammation (CRP), dyslipidemia and glucose intolerance (49).
However, up to 20% of all coronary events occur in the absence
of these risk factors, suggesting that hypercoagulability might
play an important role in the relation between BMI and the
occurrence of a cardiovascular event (49).

This is, to the best of our knowledge, the first large
cohort study investigating the association between BMI and
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TABLE 3 | Linear regression and quartile analysis of lipid levels as determinants for TG parametersdetermined using PPP reagent.

Cholesterol mg/dL) Triglycerides (mg/dL) LDL cholesterol (mg/dL) HDL cholersterol (mg/dL)
Lag time p-coef. UVR 0.002*** 0.001*** 0.003*** —0.005"**
B-coef. MR CoL 0.001*** 0.003"** - 0.005**
Q1 203 (52) 97 (67) 121 (43) 58 (20)
Q2 211 (54)~ 107 (73)** 128 (44)* 57 (20)**
Q3 216 (56)"** 115 (79)™** 134 (45)** 55 (19)**
Q4 221 (59)** 127 (90 137 (49)** 52 (18)**
ETP B-coef. UVR 1,97 0.50"** 217
B-coef. MR 1,13 0.51"** 0.80"*
Q1 200 (52) 98 (68) 120 (44) 56 (19)
Q2 209 (54)** 107 (73)** 126 (43)** 56 (20)
Q3 215 (63)™* 112 (79)** 132 (45)** 56 (19)
Q4 220 (58)*** 117 (82 136 (48)** 56 (19)
Peak B-coef. UVR 0.29"* 0.10™* 0.27* 0.15™*
B-coef. MR COL 0.20"** 0.22"** 0.38"**
Qi 204 (56) 99 (70) 124 (47) 55 (20)
Q2 208 (53)*** 105 (74)™ 126 (44)™** 56 (19)
Q3 212 (54) 111 (74)™ 129 (44)** 56 (20)
Q4 219 (56)* 119 (84)™** 134 (47)** 56 (19)
Time-to-peak B-coef. UVR 0.003*** 0.001*** 0.004*** —0.006"*
B-coef. MR CoL 0.001*** 0.005"** —0.006"*
Q1 202 (50) 101 (70) 119 (42) 57 (20)
Q2 211 (54)™ 107 (74)** 128 (45)* 57 (19)*
Q3 214 (55)* 111 (77)* 132 (46)"* 55 (20)***
Q4 220 (59)** 120 (88)™* 137 (49)™** 54 (19
Velocity index B-coef. UVR 0.05*** 0.04** 0.06*
B-coef. MR 0.01 0.06"** 0.15™*
Q1 211 (57) 128 (47) 105 (74) 55 (19)
Q2 210 (55) 128 (45) 104 (73) 56 (20)**
Q3 209 (54) 127 (45) 108 (75)** 56 (20)*
Q4 214 (54)** 130 (45)™** 117 (82) 56 (19)

Linear regression results are presented as B-coefficients and their associated p-values. Lipid levels were quantified as the median and IQR for the quartiles of each TG parameter.
(Bonferroni corrected) p-values were indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Sex was coded as “0” for men and 1" for women, hence a negative B-coefficient indicates
a decrease in outcome (TG) variable in women compared to men. Smoking was coded as “'0” for non-smokers and "'1” for current smokers, hence a negative B-coefficient indicates
a decrease in outcome (TG) variable in smokers compared to non-smokers. Significant variables shown in the table were included in the final model. B-coef., B-coefficient; ETR,
Endogenous thrombin potential; UVR, univariate regression analysis; MR, multiple regression analysis; COL, variable excluded from the model because of collinearity (VIF > 10), Q,

quartile.

hypercoagulability, through TG parameters. Our findings
demonstrate that overweight and obesity are associated with
higher TG ETP, peak and VI. As these changes reflect
hypercoagulability (29), they may thus provide an additional
explanation for the increased cardiovascular risk in obese
individuals. Our results are in accordance with previous studies
showing that obesity is associated with alterations in the
coagulation and fibrinolytic system (50). For instance, elevated
levels of procoagulant factors FVII, FVIII, and fibrinogen were
found in obese patients, which could explain the increased ETP
(51, 52). Previously, Ay et al. found that bariatric surgery and
consequent weight loss resulted in a significant reduction in TG
in morbidly obese adults (22). Extrapolating these findings, it
could be hypothesized that underweight (BMI < 18.5 kg/m?)
may be associated with significantly decreased TG parameters.

However, in the current study population there were <0.5% (n
= 87) underweight individuals, hence they were categorized as a
“normal” BMI (i.e., up to 25).

Remarkably, the TG lag time was significantly prolonged
in overweight and obese individuals compared to individuals
with a normal BMI, but only for the PPP reagent low-
induced TG. This is surprising, as an increased TG is often
accompanied by a shortened lag time (53). The lagtime is
predominantly determined by levels of tissue factor pathway
inhibitor (TFPI), protein S (PS), factor VII (FVII), FIX and
fibrinogen. Interestingly, a correlation between TFPI levels
and BMI has been previously reported, demonstrating that an
increased obesity index is associated with elevated TFPI levels
(54). TFPI downregulates tissue factor-induced TG, which is
reflected in a slower onset of TG, hence a prolonged lag time.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

June 2022 | Volume 9 | Article 897733


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

de Laat-Kremers et al.

Thrombin Generation in the Moli-sani Cohort

TABLE 4 | Determinants for TG parameters in linear regression analysis.

Lag time ETP

Peak Time-to-peak Velocity index

B-coefficient B-coefficient

B-coefficient B-coefficient B-coefficient

PPP reagent low UVR MR UVR MR UVR MR UVR MR UVR MR
Age, y 0.003** 0.001* —3.51" —4.93"* —0.005"* —0.005"** 0.47 0.24
Sex 0.7 0.092*** —69.4"* —55.5* —13.9" —15.0"* 0.168™* 0.148* —5.74" —9.88"*
BMI, kg/m2 0.025"** 0.008*** 14.07 12.47 2.65"* 1.46™* 0.017* 0.013* 2.65"* 0.47"
Smoking 0.038"** —14.6"* —3.19" 0.026*

Waist:hip ratio 11917 111 68.7"* 21.3" 0.334* —0.645"* 65.7" 29.9"
Total cholesterol, mg/dL. 0.003** —0.006"** 2.02"* COL 0.34** COL 0.003** COoL 0.10" COL
LDL-C, mg/dL 0.004* 0.009"** 2.24™ 1.87 0.33* COL 0.005** 0.005** 0.07*** COoL
HDL-C, mg/dL —0.009"* COL 0.45* 1.79 —0.009"** —0.007** —0.09* —0.49"*
TGL, mg/dL 0.002" 0.002*** 0.49" 0.63"* 0.14* 0.08"** 0.001** 0.001** 0.08"**

Blood glucose, mg/dL 0.001* —0.001** —0.32*" —0.93"* 0.16" —0.001** —0.003* 0.18" 0.04*
CRP, mg/L 0.042* 0.033*** 20.0"* 17.0" 47 3.33 0.022** 0.018 2.90 2.28"
PPP reagent UVR MR UVR MR UVR MR UVR MR UVR MR
Age,y 0.003** 0.001** —3.41™ —4.77* —0.19" —0.47" —0.003*** —0.003** 0.27" 0.11*
Sex 0.096"* 0.047+ —68.5"* —52.8"* 19.06™ —-19.6"* 0.162* 0.129" —10.9"* —12.8™*
BMI, kg/m2 0.017 0.005*** 14.07 12.4 2.05™ 1.247 0.016* 0.01** 1.04 0.34**
Smoking 0.023* —0.021* —-16.5"* —4.63" 0.026™* —2.14"

Waist:hip ratio 0.894* 0.132* 93.4* 28.86" 20.2* 0.5683** —0.29" 28.4 22.6"
Total cholesterol, mg/dL 0.002*** 0.003*** 1.97 1.67 0.29"* COL 0.003** 0.004* 0.06" —0.02*
LDL-C, mg/dL 0.003*** 2147 COL 0.27** COL 0.004**

HDL-C, mg/dL —0.005*** —0.006"** 0.15"** —0.63"* —0.006"** —0.008"** 0.06* 0.16™*
TGL, mg/dL 0.001** 0.60"** 0.30"** 0.10* 0.001** 0.04* 0.05"**
Blood glucose, mg/dL. 0.001* —0.001*** —0.34™ —0.96"* 0.06™* —0.05" —0.002*** 0.10" 0.04*
CRP, mg/L 0.031* 0.025"** 20.2" 1747 3.75* 3.24™ 0.019"* 0.015" 2.49" 2,13

Linear regression results are presented as B-coefficients and their associated p-values. P-values were indicated as *p < 0.05, **p < 0.01, ***p < 0.001. Sex was coded as “0” for men
and "'1” for women, hence a negative B-coefficient indicates a decrease in outcome (TG) variable in women compared to men. Smoking was coded as 0" for non-smokers and “'1”
for current smokers, hence a negative B-coefficient indicates a decrease in outcome (TG) variable in smokers compared to non-smokers. Abbreviations: B-coef., B-coefficient; ETR,
Endogenous thrombin potential; UVR, univariate regression analysis; MR, multiple regression analysis; COL, variable excluded from the model because of collinearity (VIF > 10); BMI,
Body Mass Index; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol; CRR, C-reactive protein.

The effect of TFPI is larger when PPP reagent low. Indeed, we
only detected the prolonged lag time in obese patients when
PPP reagent low, but not when a higher TF trigger was applied.
This is in line with the reports that the PT assay, which uses
a high amount of TF, does not show changes in clotting time
in obese individuals (55). In addition to elevated TFPI levels in
obese individuals, increased fibrinogen levels can contribute to a
prolonged lag time as well. Previous reports suggest that initial
traces of thrombin formed at the start of the TG measurement
can bind to fibrinogen/fibrin, and thereby hinder the feedback
activation of upstream coagulation factors by thrombin, and
subsequently contribute to a prolongation of the lag time (56).
Regarding the blood lipid profile, we found that TG
parameters were significantly higher in individuals with high
total cholesterol, triglycerides and LDL-C, and low HDL-C.
This is in accordance with the known effects of LDL-C and
HDL-C on the risk of CVD: LDL-C is considered to be a
risk factor for atherothrombosis, whereas HDL-C is reported
to be protective (57), although there is controversy whether
the latter applies to certain patient subgroups (58). Triglyceride

levels were found to contribute significantly to both PPP
reagent low and PPP reagent-induced TG parameters. It has
been shown that patients with hypertriglyceridemia had higher
FVII and FVIII (59) levels than patients with normal levels
of triglycerides. Another study found significant correlations of
total cholesterol and triglyceride levels with all procoagulant
factors II, VII, IX, and X (26). Of note, in these studies,
plasminogen, antithrombin levels (59), protein C and PS (26)
were also significantly associated with triglyceridemia. Hence,
high triglyceride levels may induce both elevated procoagulant
factors and increased anticoagulant factors, suggesting a natural
compensatory mechanism for the lipid-associated increase in
blood coagulability. From a clinical perspective, the effect of
statins in reducing the risk of CVD is known to be not only
related to their capacity to normalize hyperlipidemia, but also
among others to their antithrombotic effect (60). Indeed, Tripodi
et al. (25) previously showed that statins reduce TG in patients
with hyperlipidemia. Our data corroborate this association of
hyperlipidemia with hypercoagulability, through evidence in a
large population cohort.
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In conclusion, our study showed significant associations of
BMI and blood lipid levels with TG results. These findings
aid in interpreting the results of TG in individuals with
high lipid levels. Moreover, they underline the importance of
hemostatic abnormalities, in addition to metabolic abnormalities,
in explaining the increased risk of thrombosis in obese
individuals with obesity and/or dyslipidemia. Our results indicate
that there is an interplay between the altered blood lipid profile,
reported alterations in coagulation factor levels, and TG, even
after adjustment with the reported effect of obesity on TG (51,
52). Further studies are needed to confirm the added value of
measuring TG to predict the risk of thrombosis, both in healthy
individuals and subjects with obesity and dyslipidemia. As
clinical follow-up data from the Moli-sani cohort are available, we
are currently conducting analyses to determine the relationship
between TG and clinical outcome in terms of myocardial
infarction, stroke and other thrombotic events.
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APPENDIX

Moli-sani Study Investigators

The enrolment phase of the Moli-sani Study was conducted at the
Research Laboratories of the Catholic University in Campobasso
(Italy), the follow up of the Moli-sani cohort is being conducted
at the Department of Epidemiology and Prevention of the IRCCS
Neuromed, Pozzilli, Italy.

Steering Committee: Licia Iacoviello*°(Chairperson), Giovanni
de Gaetano™ and Maria Benedetta Donati*.

Scientific secretariat: ~Marialaura Bonaccio®, Americo
Bonanni*, Chiara Cerletti*, Simona Costanzo*, Amalia
De Curtis*, Augusto Di  Castelnuovo®,  Francesco
Gianfagna®, Mariarosaria Persichillo*, Teresa Di Prospero*
(Secretary).

Safety and Ethical Committee: Jos Vermylen (Catholic
Univesity, Leuven, Belgio) (Chairperson), Ignacio De Paula
Carrasco (Accademia Pontificia Pro Vita, Roma, Italy), Antonio
Spagnuolo (Catholic University, Roma, Italy).

External Event adjudicating Committee: Deodato Assanelli
(Brescia, Italy), Vincenzo Centritto (Campobasso, Italy).
Baseline and Follow-up data management: Simona Costanzo™
(Coordinator), Marco Olivieri (Associazione Cuore Sano,
Campobasso, Italy), Teresa Panzera™.

Data Analysis: Augusto Di Castelnuovo® (Coordinator),
Marialaura ~ Bonaccio®,  Simona  Costanzo®,  Simona
Esposito®, Alessandro Gialluisi*, Francesco Gianfagna°§,
Emilia Ruggiero*.

Biobank and biochemical laboratory: Amalia De Curtis*
(Coordinator), Sara Magnacca®.

Genetic laboratory: Benedetta Izzi* (Coordinator), Annalisa
Marotta*, Fabrizia Noro*, Roberta Parisi*, Alfonsina Tirozzi*.
Recruitment staff: Mariarosaria Persichillo* (Coordinator),
Francesca Bracone®, Francesca De Lucia (Associazione Cuore
Sano, Campobasso, Italy), Cristiana Mignogna®, Teresa
Panzera®, Livia Rago™.

Communication and Press Office: Americo Bonanni*.
Regional Health Institutions: Direzione Generale per la Salute
- Regione Molise; Azienda Sanitaria Regionale del Molise
(ASReM, Italy); Molise Dati Spa (Campobasso, Italy); Offices of
vital statistics of the Molise region.

Hospitals: Presidi Ospedalieri ASReM: Ospedale A. Cardarelli
- Campobasso, Ospedale F. Veneziale - Isernia, Ospedale
San Timoteo - Termoli (CB), Ospedale Ss. Rosario -
Venafro (IS), Ospedale Vietri - Larino (CB), Ospedale San
Francesco Caracciolo - Agnone (IS); Casa di Cura Villa Maria -
Campobasso; Ospedale Gemelli Molise - Campobasso; IRCCS
Neuromed - Pozzilli (IS).

*Department of Epidemiology and Prevention, IRCCS
Neuromed, Pozzilli, Italy

°Department of Medicine and Surgery, University of Insubria,
Varese, Italy

SMediterranea Cardiocentro, Napoli, Italy

Baseline Recruitment staff is available at https://www.moli-sani.

org/?page_id=173
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