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Chapter 7 

  



 

 

 

 

 

Summary, general discussion,and 
future perspectives 

  



 

Thromboinflammation, which is a main trigger for endothelial dysfunction, has emerged 

as a new term to describe the interconnection between the simultaneous activation of the 

coagulation pathway and immune response. In the present thesis, the role of 

thromboinflammation in different high-risk populations, such as women vs. men in the 

general Dutch population, patients with T2DM from different ethnicities, and COVID-19 

patients are highlighted. 

 

Thromboinflammation, gender differences, and cardiovascular disease 

Thromboinflammation exhibits sex differences, contributing to the risk of cardiovascular 

disease. Endothelial glycocalyx, a key regulator of thromboinflammation, is also involved 

in various vascular complications. 

In the present thesis, in Chapter 2, we observed an association between early (pre-clinical) 

microvascular health changes measured by SDF imaging and coagulation factor activation 

and discovered a striking sex difference in microvascular health, in which women showed 

a perturbed endothelial glycocalyx concomitant with a more procoagulable endothelial 

surface, and this association was not observed in men. Based on previous studies [1-3], 

specifically in women, an increase in endothelial glycocalyx is associated with an increased 

risk of CHD. These findings highlight the importance of sex differences in microcirculatory 

perturbation in CHD, suggesting the potential clinical utility of monitoring microcirculatory 

change specifically in women to prevent the development of CHD. In line with these 

findings are earlier studies revealing that women who were suspected of or had confirmed 

clinical ischaemic heart disease have less atherosclerosis than men and a lower prevalence 

of obstructive coronary artery disease (CAD), especially when they are young [4]. 

Additionally, more than 50% of women with angina tested negative for coronary 

angiography, further indicating sex differences in CHD development [5]. Therefore, based 



 

on these previous findings, accumulating evidence shows that perturbation of the 

microcirculation is more evident to contribute to CHD in women [6]. 

Perturbation of the endothelial glycocalyx could lead to procoagulant status [7], and 

together with previous studies demonstrating that the underlying systemic presence of a 

hypercoagulable state was associated with the incidence of CHD [8-10], hints toward an 

association between endothelial glycocalyx health and CHD which is mediated by 

coagulation activation. From the Tromsø Study, a case-cohort design with 1495 

participants included, revealed that Syndean-4, one of the core proteins of endothelial 

glycocalyx, was associated with myocardial infarction incidence. The observed association 

was also stronger in women than men, indicating the link between endothelial glycocalyx 

and CHD as well as gender differences [11]. Interestingly, such a sex-dependent 

association between CHD and impaired sublingual microvascular glycocalyx barrier 

function in women was also found in a study by Brands et al. [12]. 

 

Thromboinflammation, diabetes in different ethnicities, and HDL function and 

dyslipidemia 

HDL exhibits functions including anti-inflammatory and anti-thrombotic capacities, which 

can regulate thromboinflammation in pathophysiological conditions [13]. In chronic 

situations such as CHD, diabetes, and chronic kidney disease, HDL could lose its protective 

function and even gain adverse functionality further exacerbating the disease progression 

[14-17]. 

The mechanism of T2DM disease progression varies in different ethnicities [18] and recent 

studies showed that changes in HDL function may be one of the underlying mechanisms 

resulting in disease development and progression. Given that reduction of low-density 

lipoproteins (LDL) by statin use is associated with insulin resistance and an increased risk 



 

of hyperglycemic complications in T2DM, particularly HDL functionality, may therefore be 

a better candidate to monitor diabetes progression [19-21]. 

A study comparing HDL function in Dutch South Asians to Dutch white Europeans within 

three age groups (neonates, adolescents, and adults), reported that in the absence of 

T2DM, only the ability of HDL to prevent LDL oxidation was decreased in overweight Dutch 

South Asians when compared to obese Dutch white Caucasians [22]. Another single-center 

study in Rotterdam assessing the relation between the development of dyslipidemia and 

glucose intolerance found that small HDL fractions were associated with insulin resistance 

and beta-cell dysfunction in South Asian families at risk of T2DM [15]. 

In Chapter 3, we compared HDL composition in healthy individuals and patients with 

T2DM of Dutch South Asian and Dutch white Caucasian ethnicity. Here we observed that 

between both ethnic groups, HDL composition differed. The impaired HDL functionality 

found in Dutch South Asians with T2DM might be because of loss of the smallest HDL 

subfractions; while in Dutch white Caucasians with T2DM, increased triglyceride content in 

the smallest HDL fraction contributes to HDL dysfunction. In line with these findings, small 

and dense HDL particles have been shown to play a vital role in multiple functions, such as 

cellular cholesterol efflux mediation, anti-oxidative, anti-thrombotic, anti-inflammatory, 

and anti-apoptotic capacities [16]. In our current study, we found that concentrations of 

the smallest HDL subfractions except triglyceride content were negatively associated with 

disease duration in Dutch South Asians with T2DM rather than in Dutch white Caucasian, 

suggesting a more vulnerable HDL composition phenotype. Moreover, T2DM patients in 

both ethnic groups showed significantly reduced anti-thrombotic capacity due to impaired 

HDL function. Consistent with an earlier finding, impaired HDL function in T2DM patients 

in terms of the capacity to suppress TNF-induced vascular cell adhesion molecule-1 

(VCAM-1) expression in endothelial cells in vitro was observed [23]. According to our 

findings, HDL dysfunction induced thromboinflammation deregulation might contribute to 

a higher risk of disease development and progression in South Asians with T2DM. 



 

In oxidative stress-induced cardiovascular disease, oxidized lipids can activate platelets via 

CD36, demonstrating a link between dysregulated lipoprotein metabolism, oxidative 

stress, and thrombus formation [24]. Lipids are involved in both the intrinsic and extrinsic 

pathways of prothrombin activation and dyslipidemia is one of the hallmarks of T2DM. In 

Chapter 4, using a novel targeted quantitative LC/MS-based Shotgun Lipidomics Assistant 

(SLA) platform, we generated a comprehensive mapping of the circulating lipidome in 

Dutch South Asians and Dutch white Caucasians with or without T2DM. Based on 

lipidomics phenotyping, we observed detailed insight into the complexity of lipid 

metabolism and the interindividual variations within the various ethnic groups. It is worth 

noting that there were distinct differences in the lipidome mainly related to the 

metabolism of cholesteryl esters (CEs), diacylglycerides (DGs), phosphatidylethanolamines 

(PEs), sphingomyelins (SMs), and triglycerides (TGs) between T2DM and healthy controls 

in our study population, which were consistent with previous findings observed in the 

case-cohort study nested within the PREDIMED trial [25] and the longitudinal METSIM 

study [26]. However, with conflicting results as reported in these two studies based on 

Chinese populations that FFA, SM, and LPC lipid species were higher in Chinese with 

T2DM, whereas we found opposite results in Dutch with T2DM, the high variability in 

lipidomics profile between ethnicities is further indicated. 

 

Thromboinflammation and diabetes-related complications 

Lipoprotein and lipid metabolism in patients with T2DM could lead to the deregulation of 

thromboinflammation and further affect the development or exacerbation of diabetes-

related complications. Several studies discovered that dyslipidemia was linked to an 

increased risk of diabetes-related microvascular complications such as neuropathy and 

retinopathy [27-29]. South Asians have a higher prevalence of diabetic retinopathy than 

white Caucasians and a shorter aggravation time, and the diabetic retinopathy lesions [30] 

tend to be distributed more centrally [31]. In Chapter 3, we specifically observed that 



 

lower ApoA2 and HDL-4 subclass concentrations in Dutch South Asian individuals with 

T2DM were associated with higher odds of having diabetes-related pan-microvascular 

complications such as retinopathy and neuropathy.  

In addition to diabetic neuropathy and retinopathy, South Asian patients with T2DM are 

more likely to develop microvascular complications such as diabetic nephropathy, with a 

higher incidence of micro- and macroalbuminuria in South Asians as compared to white 

European Caucasians with T2DM and a faster progression to end-stage renal disease [32, 

33]. This could be because these patients have a higher burden of systemic and glomerular 

inflammation. Additionally, South Asians have a unique body composition, with a more 

abdominally obese phenotype and a high percentage of visceral fat, which is dominant in 

the production and secretion of certain inflammatory cytokines, that contribute to the 

chronic low-grade inflammatory state [34]. Meanwhile, in Chapter 4, we identified a 

unique lipid species, DG, which was associated with diabetic nephropathy and renal 

functions. The DG- protein kinase C (PKC)/ protein kinase D (PKD) signaling network could 

regulate redox balance and induce oxidative stress [35]. In T2DM, DG concentration 

increases and the accumulation of DG further activates the PKC/PKD, thus resulting in 

diabetic nephropathy [36]. It was notable that DG 18:1_18:2 was higher in diabetic 

nephropathy, particularly in South Asians with T2DM, and had the most correlations with 

various clinical parameters. Even in an external cohort of Chinese subjects with IgA 

nephropathy, the correlations with renal function persisted. Future studies concerning 

diabetic nephropathy in multiple ethnic groups with large sample sizes are needed to 

verify our findings. 

 

Thromboinflammation and COVID-19 

Hyperinflammation is a hallmark of COVID-19, and the inflammatory response to SARS-

CoV-2 infection frequently causes remarkable activation of the coagulation cascade. The 



 

subsequent process called thromboinflammation is characterized by systemic endothelial 

damage and loss of proper anti-coagulant properties [37, 38]. 

Hyperinflammation induced by COVID-19 could disrupt vascular integrity. The glycocalyx is 

capable of regulating endothelial cell integrity and homeostasis through vascular barrier 

permeability protective function, anti-inflammation, and anti-coagulation capacity. 

Buijsers et al. observed that the activity of endothelial glycocalyx-degrading enzyme 

heparanase, which was involved in vascular leakage and inflammation, was increased in 

COVID-19 patients and was associated with disease severity [39]. Additionally, Kümpers et 

al. revealed that non-anticoagulant heparin fragments could inhibit the activity of 

heparanase and prevent endothelial glycocalyx injury in response to COVID-19 serum [40]. 

Meanwhile, the MYSTIC study revealed that glycocalyx health, as measured by perfused 

boundary region (PBR), an inversed reflection of endothelial glycocalyx layer, was a 

prognostic predictor for COVID-19 and disease severity [41]. In Chapter 5, we showed that 

loss of endothelial glycocalyx in response to serum from ICU COVID-19 patients induced 

endothelial dysfunction through increased IL-6, ICAM1, ANG2, and HPSE1 gene expression 

and activation of the NF-κB signaling pathway. In addition, damaged endothelial glycocalyx 

resulted in vascular leakage and disturbed cell-cell contact.  

Inhibition of the protective ANG1/TIE2 signaling cascade by ANG2 is a central regulator in 

protecting the vasculature against thrombus formation and vascular stabilization [42, 43]. 

A number of studies indicated that circulating ANG2 levels were increased in COVID-19 

and associated with a worse prognosis [44-46]. In line with these findings, we also found 

that ANG2 levels were increased in ICU COVID-19 patients (Chapter 5). The presence of 

endothelial glycocalyx is required for anti-coagulation property and maintenance of 

endothelial quiescence. We also showed that loss of endothelial glycocalyx in response to 

serum from ICU COVID-19 patients could form a pro-coagulant cell surface through 

increased tissue factor expression and increased secretion of ANG2 and vWF (Chapter 5). 

To further validate our hypothesis that glycocalyx damage contributed to 

thromboinflammation in COVID-19, we tested whether preservation of the endothelial 



 

glycocalyx might be an effective intervention to improve vascular health. We found that 

the heparan sulfate mimetic fucoidan could restore endothelial functionality including 

restoration of the endothelial glycocalyx, ameliorating endothelial activation, and leading 

to protection of the endothelial barrier function and induced anti-thrombotic effects 

(Chapter 5). 

Michalick et al. discovered that plasma mediators in patients with severe COVID-19 could 

lead to lung endothelial barrier failure [47]. Meanwhile, Stahl et al. showed that blood 

composition in critically ill COVID-19 patients could cause endothelial injury involving 

glycocalyx integrity loss and vascular destabilization [48]. A number of cytokines and 

chemokines were increased in COVID-19 patients; however, the observed cytokine storm 

in COVID-19 patients was lower than observed in non-COVID-19 severe cases with ARDS, 

sepsis, and influenza virus infection [49, 50]. The discrepancy suggests that other 

mediators such as oxidized lipids or dysfunctional lipoproteins might contribute to COVID-

19 pathogenesis. Given that COVID-19, in the end, is an endothelial disease, in Chapter 6, 

we fulfill the missing puzzle of blood mediators leading to endothelial dysfunction in 

COVID-19. We found that increased levels of HDL triglyceride content and decreased 

levels of the smallest HDL subclass were associated with endothelial dysfunction and 

COVID-19 disease severity. Besides, dysfunctional HDL in COVID-19 patients had less anti-

thrombotic capacity than healthy individuals, suggesting a higher risk of 

thromboinflammation. These findings were also in line with our previous observations 

that a disturbed endothelial glycocalyx in COVID-19 patients resulted in the formation of a 

pro-coagulant cell surface (Chapter 5).  

 

  



 

Future perspectives and open questions 

In this thesis, we emphasize thromboinflammation in high-risk populations such as 

females, South Asians, T2DM, and COVID-19 patients. We also show that perturbation of 

endothelial glycocalyx, dysfunction of HDL, and dysregulation of lipid metabolism can lead 

to thromboinflammation, which all can play a critical role in acute or chronic disease 

development. 

In Chapter 2, we showed that glycocalyx function together with pro-coagulation factors 

could contribute to early CHD development in women. However, we still lack a detailed 

mechanism and follow-up information on non-obstructive CHD, which needs to be 

investigated. In Chapter 3, we showed the HDL compositional and functional changes in 

South Asians with T2DM. HDL function depended on both lipidome and proteome. 

Therefore, specific determination of the proteome in isolated HDL particles is the next 

step in unraveling the underlying mechanisms in HDL functional changes. In Chapter 4, we 

found a specific lipid that only appeared in renal diseases (diabetic nephropathy and IgA 

nephropathy). However, the concentration of this lipid is quite low, necessitating a more 

precise and in-depth measurement and analysis method on a renal disease cohort with a 

larger sample size. In Chapter 5 and Chapter 6, we only compared healthy individuals with 

ICU COVID-19 patients; however, whether our findings were specifically characteristic of 

COVID-19 is still unknown, emphasizing the need for the inclusion of non-COVID-19 ICU 

patient samples. 

We showed a reduction of HDL subfractions in diabetes and COVID-19. However, it is still 

unknown whether supplementation of HDL mimetic or HDL-raising agents could be a 

potential therapeutic strategy for COVID-19, diabetes, and diabetes-related complications, 

which needs to be explored further. 
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