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Abstract

:

Endothelial glycocalyx (EG) derangement has been associated with cardiovascular disease (CVD). Studies on EG integrity among people living with HIV (PLWH), are lacking. We conducted a prospective cohort study among treatment-naïve PLWH who received emtricitabine/tenofovir alafenamide, combined with either an integrase strand transfer inhibitor (INSTI, dolutegravir, raltegravir or elvitegravir/cobicistat), or a protease inhibitor (PI, darunavir/cobicistat). We assessed EG at baseline, 24 (±4) and 48 (±4) weeks, by measuring the perfused boundary region (PBR, inversely proportional to EG thickness), in sublingual microvessels. In total, 66 consecutive PLWH (60 (90.9%) males) with a median age (interquartile range, IQR) of 37 (12) years, were enrolled. In total, 40(60.6%) received INSTI-based regimens. The mean (standard deviation) PBR decreased significantly from 2.17 (0.29) μm at baseline to 2.04 (0.26) μm (p = 0.019), and then to 1.93 (0.3) μm (p < 0.0001) at 24 (±4) and 48 (±4) weeks, respectively. PBR did not differ among treatment groups. PLWH on INSTIs had a significant PBR reduction at 48 (±4) weeks. Smokers and PLWH with low levels of viremia experienced the greatest PBR reduction. This study is the first to report the benefit of antiretroviral treatment on EG improvement in treatment-naïve PLWH and depicts a potential bedside biomarker and therapeutic target for CVD in PLWH.
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1. Introduction


Despite the advent of potent and well-tolerated antiretrovirals, the human immunodeficiency virus (HIV) epidemic continues to be a major healthcare challenge, posing a significant socioeconomic burden for many countries around the world. It is estimated that 38.4 million people were living with HIV (PLWH) in 2021 [1]. The advances of HIV treatment and, especially, the modern combination antiretroviral therapy (cART) have revolutionized HIV treatment and have drastically decreased mortality and morbidity of PLWH. Over recent decades, HIV has been gradually transformed from a deadly infection to a chronic disease. In fact, acquired immunodeficiency syndrome (AIDS)-related deaths have been reduced by 68% since 2004 and by 52% since 2010 [1]. However, the increase in life expectancy has led to a progressively ageing HIV population which, in turn, faces an increasingly higher incidence of non-communicable diseases and age-related comorbidities that were, until recently, uncommon for PLWH, such as neurodegenerative disorders and cardiovascular disease (CVD).



CVD is among the leading causes of mortality and morbidity among PLWH and HIV infection is now recognized as a major cardiovascular risk factor [2,3]. In fact, PLWH have a 2-fold higher risk of CVD and a 1.5–2-fold higher risk of acute myocardial infarction compared to the general population [4,5,6]. Moreover, CVD-associated mortality among PLWH increased significantly between 1999 and 2013, albeit overall HIV-related mortality reduced during the same period [7]. These data point toward the significance/urgency of establishing an optimal framework for cardiovascular (risk) assessment in the HIV population, to reduce CVD-related mortality and morbidity. However, risk assessment tools and diagnostic approaches specific to PLWH remain remarkably limited, and the ones applicable to the general population are less accurate [8].



The exact pathogenesis of CVD in HIV infection is still unknown, but it is unambiguously a multi-factorial process which encompasses traditional risk factors (such as arterial hypertension, dyslipidemia, diabetes, smoking, etc.) and HIV-related factors, such as specific classes of antiretrovirals, the HIV-induced persistent immune and coagulation activation and microbial translocation [5]. However, the underlying common process is chronic inflammation, which represents a significant stimulus of atherosclerosis development among PLWH [9,10].



Vascular endothelium is a key target of several stimuli (including chronic inflammation) that eventually lead to atherosclerosis and CVD development [11]. Endothelial glycocalyx (EG) is a network of membrane-bound proteoglycans and glycoproteins, along with endothelium- and plasma-derived soluble proteins that cover the luminal surface of endothelium [12]. EG is an essential component of endothelium, and exerts pleiotropic effects on vascular homeostasis, like signaling, mechanotransduction, protection of endothelial cells, and regulation of the vascular barrier [12]. Data from micro-and macro-circulation studies show that several (acute and chronic) conditions, such as sepsis, ischemia and reperfusion, hypertension, hyperglycemia and diabetes, and acute and chronic renal dysfunction lead to EG disruption by reducing its thickness and deforming its structural components [13]. Importantly, EG thickness can be measured easily with non-invasive bed-side methods [14,15].



To our knowledge, there are currently no available studies assessing the integrity of EG in the HIV population within the context of CVD assessment. Based on the premise that all these inflammatory processes are associated with the breach of EG, we hypothesized that HIV infection can/could also lead to EG degradation. EG disruption, in turn, will induce endothelial dysfunction which signifies the first step of the pathway that leads to atherosclerosis and CVD development and may be an early indicator of cardiovascular impairment in PLWH. We also hypothesized that cART initiation and the associated reduction in viral replication, would restore EG integrity. Hence, loss of EG integrity may be an early indicator of cardiovascular impairment in PLWH.



The aim of this study is to evaluate the EG integrity before and after cART initiation and to investigate any potential associations between EG thickness and clinical parameters, including different cART regimens and inflammatory biomarkers.




2. Materials and Methods


2.1. Study Design and Participant Selection


We conducted a prospective observational study in persons with confirmed HIV infection in Attikon University Hospital, Athens, Greece between December 2017 and March 2020. PLWH were included in the evaluation following written informed consent. Inclusion criteria were age ≥ 18 years old, no prior exposure to cART and initiation of an eligible cART regimen was selected by the treating physician. Eligible cART regimens were emtricitabine (FTC)/tenofovir alafenamide (TAF) as a backbone, combined with either an integrase strand transfer inhibitor (INSTI), (i.e., dolutegravir (DTG), raltegravir (RAL) and elvitegravir/cobicistat (EVG/c)), or with cobicistat boosted darunavir (DRV/c). These regimens were selected based on the recommendations of the European AIDS Clinical Society for initial cART schemes in treatment-naïve PLWH [16,17,18].



Exclusion criteria included poorly controlled diabetes or hemoglobin A1c (HbA1c) ≥ 7.5% before cART initiation, poorly controlled hypertension and/or dyslipidemia requiring initiation or modification of medication before enrolment to the study, morbid obesity (body mass index, BMI > 40), and initiation of a non-eligible cART regimen.




2.2. Scheduled Visits


Visits were scheduled at three time points, including before cART initiation (baseline/visit 1), at 24 (±4) weeks (visit 2), and at 48 (±4) weeks (visit 3). Clinical data (such as body weight, BMI, and smoking history) collection, blood sampling for routine tests and assessment of endothelial glycocalyx thickness were performed in all three time points. However, blood for biomarker measurement was drawn only during the first and last visits.




2.3. Sample Collection


Blood samples were collected in BD Vacutainer® Ethylenediaminetetraacetic Acid (EDTA) tubes and one BD Vacutainer® Serum Tube, (Becton Dickinson, Oxford Science Park, Oxford, UK). The serum tube was allowed to clot for a minimum of 15 min. One EDTA tube was centrifuged at 3000 round per minutes (rpm) for 10 min at 20 °C, and plasma was subsequently aliquoted in Eppendorf tubes and stored at −80°C until further biomarker analysis. The second EDTA and the serum tubes were sent to the hospital laboratory for routine tests.




2.4. Routine Blood Tests


On visits 1, 2, and 3, routine blood tests were performed, including full blood count, high density lipoprotein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), total cholesterol, triglycerides, creatinine, liver function tests, CD4+ T-lymphocytes, CD4+/CD8+ lymphocyte ratio, and viral load. Viral loads <50 copies/mL were considered undetectable.




2.5. Biomarkers Measurement


We measured the levels of high sensitivity C-reactive protein (hsCRP), d-dimers, and interleukin (IL)-6 using commercially available Enzyme-Linked Immunosorbent Assays (ELISA) in cryopreserved plasma. Namely, for hsCRP we used the Human C-Reactive Protein/CRP Quantikine® ELISA Kit, R&D Systems, Inc., Minneapolis, MN, USA; for IL-6 quantification we used the Human IL-6 Standard ABTS ELISA Development Kit, PeproTech®, Thermo Fisher Scientific, Waltham, MA, USA; finally, for d-dimers we used the D-Dimer Human ELISA Kit, Thermo Fisher Scientific Inc., Waltham, MA, USA. Plasma samples were assayed in duplicates and according to the manufacturer’s instructions. Absorbance was measured at 450 or 405 nm, depending on the requirements of each kit. Biomarkers’ concentrations were then calculated in μg/mL based on the standard curve of each assay.




2.6. Assessment of Endothelial Glycocalyx Thickness


We indirectly assessed EG integrity by measuring the perfused boundary region (PBR), which is the penetrable by erythrocytes area of EG. A larger PBR indicates a deeper penetration of erythrocytes into the EG, which corresponds with a greater EG impairment [19]. Hence, PBR is inversely proportional to EG thickness.



We assessed the PBR in sublingual arterial microvessels with a diameter between 5 and 25 μm (PBR5–25), using a sidestream darkfield (SDF) video microscope (GlycoCheck & Microvascular Health Solutions Inc., Salt Lake City, UT, USA), enclosed in a sterile slipcover [14,20,21]. As previously described by Rick HGJ van Lanen et al. [22] “video microscope consists of a central light guide with a magnifying lens and concentric light emitting diodes. The diodes emit light at a wavelength of 530 nm, which is absorbed by (de)-oxyhemoglobin in erythrocytes. Consequently, erythrocytes appear black on a greyish background. The analysis is based on the principle of the erythrocyte-endothelial exclusion zone. The system measures the variation of the red blood cell (RBC) column’s penetration in the glycocalyx. This variation increases with a damaged or weaker glycocalyx. GlycoCheck software version 5.2 continues to collect videos until ~3000 microcirculatory vessel segments are successfully included. The complete measurements contain between 10 and 30 videos, depending on the number of vessel segments evaluated in each video. In each vessel segment, the RBC column width is measured, and vessels are automatically grouped into separate diameter classes at 1µm intervals, ranging from 5 to 25 µm in diameter.” This bedside mode of EG assessment is safe, easy to perform, and fast, as it requires only 3 min for the measurement of ~3000 sublingual microcirculatory vessel segments [14]. As higher PBR has been associated with higher prevalence of ischemic heart disease and cerebral atherosclerosis, PBR could represent a candidate bedside biomarker for CVD assessment [23].




2.7. Primary and Secondary Outcomes


Our primary outcome was defined as the detection of PBR changes in PLWH from baseline to 24 (±4) weeks and 48 (±4) weeks. Secondary outcomes included the comparison of baseline PBR5–25 between PLWH and the control group, as well as the subgroup analysis of PBR5–25 changes according to the sex, the treatment group, the nadir CD4+ count, the initial HIV load, the smoking status, and the illicit drug use, as well as the correlation of PBR5–25 changes with the kinetics of biomarkers and body weight.




2.8. Ethics Statement


This study was approved by the Research Ethics Committee of Attikon University Hospital (protocol number: 2887/13-12-2017) and was conducted and reported according to the “Strengthening the Reporting of Observational Studies in Epidemiology” (STROBE) Statement [24]. Participants’ data were collected and analyzed under strict anonymity in agreement with the Declaration of Helsinki.




2.9. Statistical Analysis


Mean ± standard deviation (SD) for normally distributed variables or median with interquartile range (IQR) for skewed data was calculated for descriptive statistics. The group comparisons were performed by the t-test or the non-parametric Mann–Whitney test, for two-group and ANOVA or Kruskal–Wallis for multiple groups. Qualitative variables associations were examined by the chi-square test. Quantitative variable correlations were performed by Spearman’s correlation coefficient. IBM SPSS statistical package, version 28 (IBM Software Group, New York, USA), and GraphPad Prism, version 8.0 (GraphPad Software) were used for the statistical analyses. All p values ≤ 0.05 were considered significant.





3. Results


3.1. Baseline Characteristics and Demographics


Demographics and characteristics are outlined in detail in Table 1. Briefly, 66 consecutive PLWH (60 (90.9%) males, 6 (9.1%) females, median age (IQR): 37 (12) years old) fulfilled the inclusion criteria and enrolled in the study. A total of 40 (60.6%) PLWH were initiated on an INSTI-based cART regimen (FTC/TAF combined with DTG or EVG/c or RAL), and 26 (39.4%) participants received a PI-based cART regimen (FTC/TAF combined with DRV/c) by the treating physician (Table 1). Baseline characteristics did not differ significantly among the two treatment groups, as shown in Table 2. Regarding follow up visits, 59 (89.4%) out of 66 PLWH attended visit 2, and 60 out of 66 (90.9%) PLWH attended visit 3.




3.2. Clinical Data and Routine Laboratory Results


As shown in Table 1, most of the participants (n=56, 84.8%) were at the second stage of HIV infection (i.e., chronic HIV infection/clinical latency, according to the classification by the Centers of Disease Control and Prevention, (CDC, [26]), with a mean (SD) nadir CD4+ T-lymphocyte count of 377.9 (244.7) cells/μL. On annual follow-up, only 4 (6.1%) PLWH had a CD4+ T-lymphocyte count of <200 cell/compared to 17 (25.8%) on visit 1. Moreover, the median (IQR) viral load before treatment initiation was 81,500 (217,695) copies/mL. Overall, 9 (13.6%) out of 66 PLWH had virological failure with detectable viral load at visit 3, potentially attributed to poor compliance with their daily medication.



The median (IQR) levels of LDL-c, HDL-c and triglycerides on enrollment visit were 108 (54) mg/dL, 40 (10) mg/dL, and 90 (68) mg/dL, respectively. Interestingly, the lipid levels increased in visit 3 by a median of 15 mg/dL (IQR 27, 95%CI: 1.2–17.9), 6.5 mg/dL (IQR 11, 95%CI: 3.9–8.7), and 26 mg/dL (IQR 58.3, 95%CI: 9.2–95.9) for LDL-c, HDL-c, and triglycerides, respectively. Of note, four participants required the initiation of lipid-lowering drugs after the 44th week of follow up; as the initiation of lipid-lowering drugs was very close to the final assessment (and thus, their effects on PBR were deemed as negligible) they were not excluded from the analysis. Finally, body weight significantly increased between the first and last visit by a median of 4 kg (IQR: 6.25, 95%CI: 3.6–6.6, p < 0.001).




3.3. Levels of Biomarkers


The median (IQR) levels of hsCRP, d-dimers and IL-6 at baseline were 2.71 μg/mL (4.09 μg/mL), 1.7 μg/mL (0.77 μg/mL), and 0.09 μg/mL (0.02 μg/mL), respectively. Additionally, we calculated the biomarker changes among 55 participants who completed both visit 1 and visit 3. We found that hsCRP levels decreased non-significantly at a median of −0.78 μg/mL (IQR: 2.47, 95%CI: (−1.51)−(+0.41)). IL-6 levels significantly dropped one year after cART initiation by a median of −0.004 μg/mL (IQR: 0.02, 95%CI: (−0.012)−(−0.003), p = 0.001). On the other hand, d-dimers significantly increased by 0.51 μg/mL (IQR: 0.25, 95%CI: 0.03–0.38, p = 0.008) one year after cART initiation.




3.4. Endothelial Glycocalyx Integrity Changes among All Participants after cART Initiation


Endothelial glycocalyx integrity improved significantly over the first year after cART initiation, when participants were examined as whole. Indeed, the mean PBR5–25 among all PLWH at baseline, 24 (±4) and 48 (±4) weeks after treatment initiation decreased significantly from 2.17 (SD: 0.29, 95%CI: 2.09–2.24) μm, to 2.04 (SD: 0.26, 95%CI: 1.97–2.11) μm (p = 0.019) and then to 1.93 (SD:0.30, 95%CI: 1.86–2.01) μm (p < 0.001), respectively (Figure 1).




3.5. Endothelial Glycocalyx Integrity according to Treatment Group


Neither PBR5–25 before treatment initiation nor PBR5–25 difference between the last and first visit was significantly different among the two treatment groups. Initial PBR5–25 was 2.13 μm (IQR 0.25, 95%CI: 2.08–2.27) among PLWH who initiated an INSTI-based regimen, while in those who started a PI-based regimen the median PBR5–25 was 2.18 μm (IQR 0.50, 95%CI: 2.02–2.27), (p = 0.16) (Figure 2). Although PBR5–25 decreased in both groups with a median difference of PBR5–25 for INSTIs and PI-based cART regimens of −0.35 (IQR: 0.54, 95% CI: (−0.45)−(−0.15)) and −0.25 (IQR: 0.67, 95% CI: (−0.34)−(+0.005)), respectively, a statistically significant drop (or otherwise a statistically significant EG improvement) was seen only in the INSTI-based treatment group (p < 0.001). Moreover, no significant differences were observed in PBR5–25 changes between the two treatment groups (p = 0.36).




3.6. Endothelial Glycocalyx Integrity according to Sex


Female participants had a higher median PBR5–25 compared to males in all three time points, although none of these differences were statistically significant (Table 3, Figure 3). It is evident that PBR5–25 decreased (i.e., EG thickness improved) at 24 (±4) and at 48 (±4) weeks after cART initiation for both sexes, but in females this reduction was not statistically significant. The difference of PBR5–25 between the last and first visit did not differ statistically in males and females (p = 0.48) (Table 3, Figure 4).




3.7. Endothelial Glycocalyx Integrity according to Nadir CD4+ Count and HIV Viral Load


There were no significant changes of PBR5–25 before and one year after treatment initiation among the different levels of nadir CD4+ T-lymphocyte counts (<200, 200–500, and >500 cells/μL, p = 0.761, Table 3). In contrast, initial PBR5–25 was significantly higher in PLWH with low levels of baseline viremia (<1000 copies/mL) compared to PLWH with viral loads of 1000–500,000 and >500,000 copies/mL (p = 0.017, Table 3). Additionally, there was a trend for significantly greater PBR5–25 difference between visits 1 and 3 in these participants, compared to the latter two groups (p = 0.069, Table 3, Figure 5). Finally, we compared the PBR5–25 at 48 (±4) weeks and the PBR5–25 difference between the last and the first visit among PLWH with and without virological failure to test whether incomplete compliance with treatment could affect the EG integrity; we found no statistically significant difference in PBR5–25 and PBR5–25 difference between these two groups (p = 0.839 and p = 0.411, respectively).




3.8. Endothelial Glycocalyx Integrity according to Smoking Status and Illicit Drug Use


We assessed PBR5–25 according to smoking status (smoker, non-smoker, ex-smoker) on enrollment day. Smokers had the highest PBR5–25 (median: 2.17 μm, IQR: 0.22, 95%CI: 2.10–2.26), followed by non-smokers and ex-smokers (Table 3). The greatest PBR5–25 change was detected among smokers (median: −0.37 μm, IQR: 0.53, 95%CI: (−0.44)−(−0.17)); this statistically significant reduction in PBR5–25 (p <0.001), shows a definite improvement of EG over the first year of cART initiation in this group. Non-smokers and ex-smokers demonstrated a trend of PBR5–25 reduction over the first year, but it was not statistically significant (Table 3). However, the population of smokers was much larger than non-smokers and ex-smokers in our cohort (35 vs. 18 vs. 6, respectively, among those with available data for both first and last visits). Although we based this subgroup analysis on the baseline smoking status, it should be mentioned that smoking status remained unchanged for all participants during the study period.



In addition to smoking, we analyzed PBR5–25 according to the use of illicit/recreational drugs (including chemsex). Of the 66 participants, 22 (33.3%) reported using illicit/recreational drugs. Initial PBR5–25 thickness was comparable between PLWH who used and did not use illicit/recreational drugs, and the median progress of PBR5–25 did not differ between the two groups (Table 3).




3.9. Correlation between Reduction in PBR5–25 over the First Year and Other Variables


In this cohort, there was no correlation between the magnitude of PBR5–25 reduction over the first year of cART introduction and the baseline levels of hsCRP, d-dimers, and IL-6 (Spearman’s rho p values: 0.579, 0.920 and 0.221, respectively). Similarly, there was no correlation between PBR5–25 change in visits 1 and 3 and the kinetics of these biomarkers (Spearman’s rho p values: 0.254, 0.248 and 0.739, respectively).



As with biomarker levels, no correlation was found between the reduction in PBR5–25 thickness during the first year of cART and body weight increase (Spearman’s rho p = 0.962), nadir CD4+ count (Spearman’s rho p = 0.426), and baseline HIV viral load (Spearman’s rho p = 0.096).





4. Discussion


In this study, we demonstrated that PBR5–25 is significantly reduced (i.e., EG integrity is significantly improved) at both 6 and 12 months after cART initiation in treatment-naïve PLWH. Interestingly, smokers had the greatest benefit in terms of PBR5–25 reduction, compared to non-smokers and ex-smokers. Moreover, PLWH on an INSTI-based regimen experienced a statistically significant reduction in PBR5–25 at 48(±4) weeks, although no significant differences were observed between the two treatment groups in terms of initial PBR5–25 and PBR5–25 differences over the first year. However, subgroup analysis for sex, illicit drug use, initial HIV viral loads, and the level of nadir CD4+ count did not show statistically significant change of PBR5–25 among different groups. Finally, in this cohort we did not find any correlation between hsCRP, d-dimers and IL-6 kinetics and PBR5–25 evolution within the first year of cART initiation.



To our knowledge, this is the first study reporting on the trajectory of EG thickness in an HIV population after cART initiation, using side stream darkfield imaging. In 2017, Meneses et al. studied the association between the EG integrity and renal dysfunction in PLWH without overt renal disease by measuring the levels of syndecan-1, an indirect marker of glycocalyx damage [27]. Syndecan-1 was higher in PLWH compared with healthy controls, and especially in PLWH under cART (i.e., in those receiving tenofovir, followed by zidovudine, then by non-treated individuals), and was independently associated with higher serum creatinine and reduced glomerular filtration rate after adjustments for variables related with HIV infection in a multivariate analysis [27]. The authors concluded that PLWH on cART present endothelial glycocalyx damage which is associated with clinical markers of kidney dysfunction [27]. A more recent study by Cavalcante et al. reported similar results, with syndecan-1 showing a significant correlation with serum creatinine and glomerular filtration rate in PLWH under long-term cART over a 5-year follow up period [28].In contrast to these studies, our cohort showed a significant improvement of EG thickness after cART initiation over a longitudinal follow-up of 12 months, supporting the hypothesis that viral suppression and immunological reconstitution improves EG, at least during the first year since cART introduction. It should be highlighted that all participants were given a tenofovir alafenamide-based cART backbone regimen (FTC/TAF) to minimize potential confounder effects. Additionally, in both studies, treated individuals were on a cART regimen for at least 14 months. Whether the observed EG improvement in our study will be sustained beyond the first year of treatment, or other factors, such as the cumulative exposure to cART and/or the co-existing persistent immune activation, will contribute to a relapse of endothelial dysfunction and a new reduction in EG thickness, remains to be answered in future studies.



In our study we found that EG improves significantly within the first year of cART initiation in PLWH. However, it is very important to clarify whether this reduction represents a return to a “normal” EG integrity (or to PBR5–25 values that are comparable to these of general population) or EG derangement persists even after the initiation of cART initiation and the control of HIV viremia. Previous studies conducted in our center, have shown that PBR5–25 values in healthy adult controls (slightly older than our participants) ranges between 1.77 and 1.78 μm [29,30]. Similarly, a small observational study of healthy young adults measuring PBR5–25 before and after exercise, reported a baseline PBR5–25 of 1.86 μm [31]. Compared to the results of PBR5–25 at 48 ± 4 weeks (1.93 μm) in our cohort, these values show that EG integrity is not completely restored among PLWH after one year of cART. Hence, cART does improve the microvascular effects of HIV infection but only partially (at least within the first year of treatment), and other factors of endothelial damage (such as chronic immune activation) should also be taken under consideration in HIV infection.



Interestingly, our study showed that females had higher PBR5–25 measurements compared to men in all three time points; however, this difference did not reach statistical significance. Nevertheless, we cannot draw definite conclusions on the differences of EG integrity between the two sexes from our cohort, as the female sex was underrepresented. Evidence from both preclinical and clinical studies indicates that females may indeed have a higher degree of EG dysfunction compared to males. In a study comparing sublingual microvascular perfusion and glycocalyx barrier properties in people with coronary artery disease (CAD) and healthy controls showed that CAD was significantly associated with impaired sublingual microvascular glycocalyx barrier function in women but not in men [32]. Likewise, another study assessing the association of syndecan-4 levels with myocardial infarction, ischemic stroke, and all-cause mortality, found that syndecan-4 was associated with myocardial infarction only in women, suggesting a potential link between EG shedding and coronary artery disease in women [33]. Additionally, a murine model showed the presence of a gender difference in systemic glycocalyx volume, with female mice presenting a 50% reduction [34]. It is evident that sex affects EG both structurally and functionally, but data are still limited, and more studies are needed to evaluate the influence of sex on EG.



In this study we found that smokers had the greatest degree of EG recovery one year after cART initiation. Smoking represents one of the most important modifiable cardiovascular risk factors [35]. Tobacco exposure has been associated with as many as 36 fatal and non-fatal subtypes of CVD [36]. Among PLWH, smoking augments the possibility of developing HIV-related and unrelated comorbidities [37]. PLWH are more likely to develop the habit of smoking, to smoke more cigarettes per day, and are less likely to quit tobacco use than the general population [38]. Yet, there are no studies in this population evaluating the impact of tobacco exposure on microvasculature. Expectedly, in our cohort, smokers had initially the most affected EG compared to non-smokers and former smokers. However, smokers showed the greatest PBR5–25 reduction at 48 (±4) weeks after cART initiation among all three subgroups. This outcome may be possibly explained by the fact that smokers’ microvasculature was initially “more affected” compared to the other subgroups, as endothelium was simultaneously exposed to two important insults (HIV and tobacco); by detracting a significant factor like active HIV replication and viremia in those exposed to tobacco may have resulted in a significant PBR reduction, as demonstrated in this study. Nonetheless, it should be highlighted that the population of all three subgroups was not equally distributed, with the vast majority being smokers. Hence, no definite conclusions can be drawn regarding the effects of smoking on EG integrity among PLWH after cART initiation.



In addition to smoking, HIV-related factors, such as cART exposure and HIV-induced immune activation, have also been associated with increased CVD risk in PLWH [5]. We examined the effects of two different cART groups on EG integrity; one group received a cobicistat-boosted PI and the other received three different INSTIs. In both groups, PI and INSTIs were combined with the same backbone of FTC/TAF. While PIs have a well-documented class-related toxicity on the cardiovascular system, INSTIs, a relatively new class of antiretrovirals, have a better cardiometabolic profile, despite their effect on bodyweight [5]. Based on these data, we hypothesized that EG would be more “severely affected” in the PI group, as well as that EG improvement would be greater in the INSTI group. However, our hypothesis was not confirmed by this study, as there was no statistically significant difference of PBR5–25 between the two groups. Although this can be explained by the small number of participants per cART group, one should keep in mind that the period of exposure to each cART regimen was not long enough to bring out any potential differences among the two groups. Hence, a longer follow up is warranted.



Based on increasing evidence showing that HIV-related injury of endothelial cells is associated with immune activation driven by HIV-infected cells [39,40,41], we hypothesized that EG thickness will be inversely proportional to the levels of hsCRP, d-dimers and IL-6. Even though this study failed to show any correlation between PBR5–25 and the kinetics of the biomarker levels, this line of inquiry should be further explored in larger studies.EG plays a pivotal role in protecting endothelium from various insults [42,43]. Several risk factors for atherosclerosis have been linked to EG derangement and shedding [44], while endothelial dysfunction has been associated with the development of CVD [45]. In this context, EG can represent both a biomarker of CVD [46], as well as a candidate therapeutic target for CVD [44]. In HIV infection, endothelium represents a key target of viral proteins and inflammatory molecules produced by the HIV-infected cells [47]; hence, HIV is associated with endothelial disruption and dysfunction, which, in turn, can lead to CVD development; however, the role of EG structure and function in HIV infection has been hugely neglected.



On the contrary, its central role in the pathogenesis of several other chronic or acute conditions, including other infections, has been documented in scientific literature. In a murine model studying the pathogenesis of malaria, researchers directly visualized in light microscopy a significant loss of EG in brain tissue by mice with cerebral malaria [48]. Although this phenomenon was absent in the brain tissue of mice with uncomplicated malaria, the researchers detected high plasma levels of EG components which may depict the degradation and shedding of EG in other organs [48,49]. Moreover, an ex vivo study on human umbilical vein endothelial cells demonstrated that H1N1 influenza virus induces endothelial dysfunction by causing EG degradation in a dose-dependent fashion [50]. This result underlines that not only the presence of the virus is important for EG destruction, but also that the degree of EG impairment is proportional to the circulating viral loads. In contrast to this study, we found that PLWH with the lowest levels of HIV viremia experienced the greatest PBR improvement over time after treatment initiation, showing that, within the context of HIV infection, the insult to EG may not be directly mediated from the virus itself, but from the associated activation of the immune system. Although this finding was statistically significant, it should be highlighted that the number of PLWH with the lowest (<1000 copies/mL) and highest (>500,000 copies/mL) initial viral loads was very small, and therefore a cautious interpretation of this result is warranted.



Additionally, a recent experimental study investigating the pathogenesis of coronavirus disease 2019 (COVID-19) by Targosz-Korecka et al., demonstrated that EG has a significant role in regulating the binding of Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) spike protein to the endothelial surface [51]. Finally, it has been shown that EG cleavage and shedding caused by several enzymes and mechanisms that are driven by the pro-inflammatory milieu plays an important role in the pathogenesis of sepsis [52]; EG components can be both surrogate markers of endothelial barrier damage and mechanistic contributors of multi-organ damage in sepsis [52].



Based on these data, EG derangement can either be the cause and/or the result of endothelial damage in these conditions. Hence, evaluating the magnitude of EG destruction (through measuring the PBR) is both clinically and biologically meaningful, as depicts the damage on a microvascular level. Although the role of glycocalyx in endothelial protection has long been acknowledged, there are very limited data demonstrating that the numerical quantification of EG impairment could correlate with outcomes, such as the disease severity, morbidity, mortality, etc., in non-HIV population. Hence, there is currently no numerical “cut off” value for PBR that could evoke certain clinical decisions. Further studies are warranted to establish whether there is a role of such “cut-offs” in clinical practice.



Various approaches for glycocalyx regeneration have been pursued in the context of reversing endothelium damage leading to atherosclerotic plaque formation. Most commonly, atherosclerotic plaque stabilizers (e.g., sulodexide and rosuvastatin), anti-diabetic drugs (metformin), anti-inflammatory therapies, anticoagulants, and dietary supplements have been investigated, both in animal and human studies, with some early but promising results [44,53]. Glycocalyx repeated measurements could also be employed to assess the response to existing treatments for CVD. However, there still are barriers in the widespread use of glycocalyx measurement, that are related to assay precision, clinical interpretation of findings, and lack of homogeneity between different assessment methods [54]. Hence, there is still a long way (in terms of research) before EG integrity evaluation could be established as a routine test for CVD assessment in PLWH.



Our study has several strengths. First and foremost, this is the first study assessing the integrity of EG in PLWH before and one year after cART initiation. Reporting the changes of EG in this population, not only sheds light into a possible pathophysiologic mechanism of CVD development among HIV positive people, but also provides data for a possible surrogate biomarker of CVD which can be easily and efficiently assessed. Moreover, the assessment of EG thickness was performed by side stream darkfield imaging that measures the dimensions of PBR in sublingual microvasculature. This method is simple, non-invasive, and fast, with a good intra- and inter-observer reproducibility and with practically no adverse effects or risks for the patient [55,56]. Compared to the measurement of the plasma levels of EG components, which indirectly assesses the degree of glycocalyx cleavage from several tissues, this technique is certainly more specific to endothelial glycocalyx; another benefit is that it quantifies the actual dimensions of PBR, while measurements of EG components plasma levels can only qualitatively be associated with the degree of EG destruction. However, side stream darkfield imaging can be used only in a handful of body areas to directly visualize and measure PBR dimensions. In addition to this disadvantage, the cost of the device and the training that is required to perform the measurements of PBR should also be kept in mind.



Another advantage of our study is the carefully selected inclusion and exclusion criteria that intended to eliminate as much as possible several confounders that may affect EG integrity, such as hyperglycemia and uncontrolled hypertension. Through this participant selection process, we aimed to examine the (net) effects of HIV infection and cART initiation on PBR. For the same reason we selected treatment-naïve PLWH who were put on two groups of cART regimens with the same backbone of FTC/TAF.



This study also has some limitations. First, the number of participants is relatively small; whilst results showed a statistically significant reduction in PBR when the study population was examined as a whole, most subgroup analyses failed to reach statistical significance due to the small number of participants. Furthermore, females were underrepresented in our study; as we recruited consecutive PLWH, it was inevitable that the proportion of females in this study followed the actual proportion of female participants in our unit (90% males and 10% females). Third, the PLWH were not equally distributed between the two treatment regimens, albeit baseline characteristics of both groups did not significantly differ. Additionally, the follow-up period in our study was short; although we identified significant changes of EG within the first year of cART introduction, the association of these changes with the development or regression of CVD, requires a much longer follow-up period. Finally, when this study protocol was designed, both INSTIs and PIs were proposed as first line agents. However, since 2020, PIs are no longer recommended as first line agents, but they still represent an alternative that can be used in specific cases [57,58].




5. Conclusions


EG plays a cardinal role in protecting endothelial cells’ function and prosperity. Hence, insults affecting the structure and the function of EG inevitably affect endothelium, a phenomenon that has been associated with CVD development in the long term [59]. In this study, we showed for the first time that EG thickness progressively improves one year after cART introduction in treatment-naïve PLWH. This outcome not only depicts a potential pathogenetic mechanism of CVD among PLWH, but also reveals a candidate biomarker and a possible therapeutic target for (micro)vascular disease in the specific population. However, large longitudinal studies are certainly needed to further explore and establish the multifaceted role of EG in HIV infection.







Author Contributions


Conceptualization, P.C.F., H.T., A.A., D.K., S.T. and A.P.; Methodology, P.C.F. and H.T.; Software, P.C.F., H.T. and D.B.; Validation, H.T., I.I., A.A., D.K. and A.P.; Formal Analysis, P.C.F. and P.G.; Investigation, P.C.F., D.B., D.M., J.T. and G.K.; Resources, H.T., I.I., V.G.G. and A.P.; Data Curation, P.C.F., G.T., C.D.M., K.P., C.O., I.G. and M.T.; Writing—Original Draft Preparation, P.C.F.; Writing—Review and Editing, all authors; Visualization, P.C.F.; Supervision, A.P., A.A. and S.T.; Project Administration, P.C.F. and H.T.; Funding Acquisition, P.C.F. All authors have read and agreed to the published version of the manuscript.




Funding


For P.C.F.: This research is co-financed by Greece and the European Union (European Social Fund—ESF) through the Operational Program «Human Resources Development, Education and Lifelong Learning» in the context of the project “Strengthening Human Resources Research Potential via Doctorate Research—2nd Cycle” (MIS-5000432), implemented by the State Scholarships Foundation (ΙΚΥ) (Grant number: 2018-050-0502-14473). This funding does not support a publication fee. None of the other authors received any funding for this project.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Ethics Committee of Attikon University Hospital, Athens, Greece (protocol number: 2887/13-12-2017, 13 December 2017).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data can be provided upon reasonable request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Global HIV & AIDS Statistics—Fact Sheet|UNAIDS. Available online: https://www.unaids.org/en/resources/fact-sheet (accessed on 27 April 2023).

	



Shah, A.S.V.; Stelzle, D.; Ken Lee, K.; Beck, E.J.; Alam, S.; Clifford, S.; Longenecker, C.T.; Strachan, F.; Bagchi, S.; Whiteley, W.; et al. Global Burden of Atherosclerotic Cardiovascular Disease in People Living with HIV Systematic Review and Meta-Analysis. Circulation 2018, 138, 1100–1112. [Google Scholar] [CrossRef]

	



Hsue, P.Y.; Waters, D.D. Time to Recognize HIV Infection as a Major Cardiovascular Risk Factor. Circulation 2018, 138, 1113–1115. [Google Scholar] [CrossRef]

	



Triant, V.A.; Lee, H.; Hadigan, C.; Grinspoon, S.K. Increased Acute Myocardial Infarction Rates and Cardiovascular Risk Factors among Patients with Human Immunodeficiency Virus Disease. J. Clin. Endocrinol. Metab. 2007, 92, 2506–2512. [Google Scholar] [CrossRef]

	



Fragkou, P.C.; Moschopoulos, C.D.; Dimopoulou, D.; Triantafyllidi, H.; Birmpa, D.; Benas, D.; Tsiodras, S.; Kavatha, D.; Antoniadou, A.; Papadopoulos, A. Cardiovascular Disease and Risk Assessment in People Living with HIV: Current Practices and Novel Perspectives. Hellenic. J. Cardiol. 2023, 71, 42–54. [Google Scholar] [CrossRef]

	



Sabin, C.A.; Worm, S.W.; Weber, R.; Reiss, P.; El-Sadr, W.; Dabis, F.; De Wit, S.; Law, M.; D’Arminio Monforte, A.; Friis-Møller, N.; et al. Use of Nucleoside Reverse Transcriptase Inhibitors and Risk of Myocardial Infarction in HIV-Infected Patients Enrolled in the D:A:D Study: A Multi-Cohort Collaboration. Lancet 2008, 371, 1417–1426. [Google Scholar] [CrossRef]

	



Feinstein, M.J.; Bahiru, E.; Achenbach, C.; Longenecker, C.T.; Hsue, P.; So-Armah, K.; Freiberg, M.S.; Lloyd-Jones, D.M. Patterns of Cardiovascular Mortality for HIV-Infected Adults in the United States: 1999 to 2013. Am. J. Cardiol. 2016, 117, 214–220. [Google Scholar] [CrossRef]

	



Schulz, C.A.; Mavarani, L.; Reinsch, N.; Albayrak-Rena, S.; Potthoff, A.; Brockmeyer, N.; Hower, M.; Erbel, R.; Jöckel, K.H.; Schmidt, B.; et al. Prediction of Future Cardiovascular Events by Framingham, SCORE and AsCVD Risk Scores Is Less Accurate in HIV-Positive Individuals from the HIV-HEART Study Compared with the General Population. HIV Med. 2021, 22, 732–741. [Google Scholar] [CrossRef]

	



Perkins, M.V.; Joseph, S.B.; Dittmer, D.P.; Mackman, N. Cardiovascular Disease and Thrombosis in HIV Infection. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 175–191. [Google Scholar] [CrossRef]

	



Nou, E.; Lo, J.; Grinspoon, S.K. Inflammation, Immune Activation, and Cardiovascular Disease in HIV. AIDS 2016, 30, 1495–1509. [Google Scholar] [CrossRef]

	



Alexander, Y.; Osto, E.; Schmidt-Trucksäss, A.; Shechter, M.; Trifunovic, D.; Duncker, D.J.; Aboyans, V.; Bäck, M.; Badimon, L.; Cosentino, F.; et al. Endothelial Function in Cardiovascular Medicine: A Consensus Paper of the European Society of Cardiology Working Groups on Atherosclerosis and Vascular Biology, Aorta and Peripheral Vascular Diseases, Coronary Pathophysiology and Microcirculation, and Thrombosis. Cardiovasc. Res. 2021, 117, 29–42. [Google Scholar] [CrossRef]

	



Reitsma, S.; Slaaf, D.W.; Vink, H.; Van Zandvoort, M.A.M.J.; Oude Egbrink, M.G.A. The Endothelial Glycocalyx: Composition, Functions, and Visualization. Pflugers. Arch. 2007, 454, 345–359. [Google Scholar] [CrossRef]

	



Suzuki, A.; TOMITA, H.; OKADA, H. Form Follows Function: The Endothelial Glycocalyx. Transl. Res. 2022, 247, 158–167. [Google Scholar] [CrossRef]

	



Triantafyllidi, H.; Benas, D.; Vlachos, S.; Vlastos, D.; Pavlidis, G.; Schoinas, A.; Varoudi, M.; Birmpa, D.; Moutsatsou, P.; Lekakis, J.; et al. HDL Cholesterol Levels and Endothelial Glycocalyx Integrity in Treated Hypertensive Patients. J. Clin. Hypertens. 2018, 20, 1615–1623. [Google Scholar] [CrossRef]

	



Belousoviene, E.; Kiudulaite, I.; Pilvinis, V.; Pranskunas, A. Links between Endothelial Glycocalyx Changes and Microcirculatory Parameters in Septic Patients. Life 2021, 11, 790. [Google Scholar] [CrossRef]

	



European AIDS Clinical Society GUIDELINES Version 9.0. Available online: https://www.eacsociety.org/media/guidelines_9.0-english.pdf (accessed on 27 April 2023).

	



European AIDS Clinical Society (EACS) GUIDELINES Version 9.1. Available online: https://www.eacsociety.org/media/2018_guidelines-9.1-english.pdf (accessed on 27 April 2023).

	



European AIDS Clinical Society GUIDELINES Version 10. Available online: https://www.eacsociety.org/media/2019_guidelines-10.0_final.pdf (accessed on 27 April 2023).

	



Ikonomidis, I.; Vlastos, D.; Andreadou, I.; Gazouli, M.; Efentakis, P.; Varoudi, M.; Makavos, G.; Kapelouzou, A.; Lekakis, J.; Parissis, J.; et al. Vascular Conditioning Prevents Adverse Left Ventricular Remodelling after Acute Myocardial Infarction: A Randomised Remote Conditioning Study. Basic. Res. Cardiol. 2021, 116, 9. [Google Scholar] [CrossRef]

	



Nieuwdorp, M.; Meuwese, M.C.; Mooij, H.L.; Ince, C.; Broekhuizen, L.N.; Kastelein, J.J.P.; Stroes, E.S.G.; Vink, H. Measuring Endothelial Glycocalyx Dimensions in Humans: A Potential Novel Tool to Monitor Vascular Vulnerability. J. Appl. Physiol. 2008, 104, 845–852. [Google Scholar] [CrossRef]

	



Ikonomidis, I.; Pavlidis, G.; Lambadiari, V.; Kousathana, F.; Varoudi, M.; Spanoudi, F.; Maratou, E.; Parissis, J.; Triantafyllidi, H.; Dimitriadis, G.; et al. Early Detection of Left Ventricular Dysfunction in First-Degree Relatives of Diabetic Patients by Myocardial Deformation Imaging: The Role of Endothelial Glycocalyx Damage. Int. J. Cardiol. 2017, 233, 105–112. [Google Scholar] [CrossRef]

	



Van Lanen, R.H.; Haeren, R.H.; Staals, J.; Dings, J.T.; Schijns, O.E.; Hoogland, G.; van Kuijk, S.M.; Kapsokalyvas, D.; van Zandvoort, M.A.; Vink, H.; et al. Cerebrovascular Glycocalyx Damage and Microcirculation Impairment in Patients with Temporal Lobe Epilepsy. J. Cereb. Blood Flow Metab. 2023; 0271678X2311794. [Google Scholar] [CrossRef]

	



Gorshkov, A.Y.; Klimushina, M.V.; Boytsov, S.A.; Kots, A.Y.; Gumanova, N.G. Increase in Perfused Boundary Region of Endothelial Glycocalyx Is Associated with Higher Prevalence of Ischemic Heart Disease and Lesions of Microcirculation and Vascular Wall. Microcirculation 2018, 25, e12454. [Google Scholar] [CrossRef]

	



von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Statement: Guidelines for Reporting Observational Studies. Lancet 2007, 370, 1453–1457. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention (CDC) about HIV/AIDS|HIV Basics|HIV/AIDS|CDC. Available online: https://www.cdc.gov/hiv/basics/whatishiv.html (accessed on 28 April 2023).

	



Centers for Disease Control and Prevention about HIV/AIDS|HIV Basics|HIV/AIDS|CDC. Available online: https://www.cdc.gov/hiv/pdf/library/consumer-info-sheets/cdc-hiv-consumer-info-sheet-hiv-101.pdf (accessed on 27 April 2023).

	



Meneses, G.C.; Cavalcante, M.G.; Da Silva Junior, G.B.; Martins, A.M.C.; Da Justa Pires Neto, R.; Libório, A.B.; De Francesco Daher, E. Endothelial Glycocalyx Damage and Renal Dysfunction in HIV Patients Receiving Combined Antiretroviral Therapy. AIDS Res. Hum. Retrovir. 2017, 33, 703–710. [Google Scholar] [CrossRef]

	



Cavalcante, M.G.; de Carvalho Gomes, P.E.A.; de Sá Roriz Parente, M.; Meneses, G.C.; da Silva Junior, G.B.; da Justa Pires Neto, R.; Martins, A.M.C.; Daher, E.D.F. Monitoring Renal Function in HIV Patients Without Kidney Disease Using Endothelial Biomarkers: A Prospective Pilot Study. AIDS Res. Hum. Retrovir. 2023. [Google Scholar] [CrossRef]

	



Ikonomidis, I.; Pavlidis, G.; Lambadiari, V.; Rafouli-Stergiou, P.; Makavos, G.; Thymis, J.; Kostelli, G.; Varoudi, M.; Katogiannis, K.; Theodoropoulos, K.; et al. Endothelial Glycocalyx and Microvascular Perfusion Are Associated with Carotid Intima-Media Thickness and Impaired Myocardial Deformation in Psoriatic Disease. J. Hum. Hypertens. 2021, 36, 1113–1120. [Google Scholar] [CrossRef] [PubMed]

	



Ikonomidis, I.; Voumvourakis, A.; Makavos, G.; Triantafyllidi, H.; Pavlidis, G.; Katogiannis, K.; Benas, D.; Vlastos, D.; Trivilou, P.; Varoudi, M.; et al. Association of Impaired Endothelial Glycocalyx with Arterial Stiffness, Coronary Microcirculatory Dysfunction, and Abnormal Myocardial Deformation in Untreated Hypertensives. J. Clin. Hypertens. 2018, 20, 672–679. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, A.; Neumann, T.; Drinhaus, H.; Herrmann, A.; Vink, H.; Annecke, T. Effects of a Single Aerobic Exercise on Perfused Boundary Region and Microvascular Perfusion: A Field Study. J. Clin. Monit. Comput. 2022, 36, 371–377. [Google Scholar] [CrossRef] [PubMed]

	



Brands, J.; Hubel, C.A.; Althouse, A.; Reis, S.E.; Pacella, J.J. Noninvasive Sublingual Microvascular Imaging Reveals Sex-Specific Reduction in Glycocalyx Barrier Properties in Patients with Coronary Artery Disease. Physiol. Rep. 2020, 8, 14351. [Google Scholar] [CrossRef] [PubMed]

	



Solbu, M.D.; Kolset, S.O.; Jenssen, T.G.; Wilsgaard, T.; Løchen, M.L.; Mathiesen, E.B.; Melsom, T.; Eriksen, B.O.; Reine, T.M. Gender Differences in the Association of Syndecan-4 with Myocardial Infarction: The Population-Based Tromsø Study. Atherosclerosis 2018, 278, 166–173. [Google Scholar] [CrossRef] [PubMed]

	



van Teeffelen, J.; Jansen, C.; Spaan, J.; Vink, H. Gender Difference in Systemic Glycocalyx Volume in Mice. FASEB J. 2007, 21, A491. [Google Scholar] [CrossRef]

	



Centers for Disease Control and Prevention (CDC) Smoking and Cardiovascular Disease. Available online: https://www.cdc.gov/tobacco/sgr/50th-anniversary/pdfs/fs_smoking_cvd_508.pdf (accessed on 27 April 2023).

	



Banks, E.; Joshy, G.; Korda, R.J.; Stavreski, B.; Soga, K.; Egger, S.; Day, C.; Clarke, N.E.; Lewington, S.; Lopez, A.D. Tobacco Smoking and Risk of 36 Cardiovascular Disease Subtypes: Fatal and Non-Fatal Outcomes in a Large Prospective Australian Study. BMC Med. 2019, 17, 128. [Google Scholar] [CrossRef]

	



Centers for DIsease Control and Prevention (CDC) Smoking and HIV|Overviews of Diseases/Conditions|Tips from Former Smokers|CDC. Available online: https://www.cdc.gov/tobacco/campaign/tips/diseases/smoking-and-hiv.html (accessed on 27 April 2023).

	



De Socio, G.V.; Pasqualini, M.; Ricci, E.; Maggi, P.; Orofino, G.; Squillace, N.; Menzaghi, B.; Madeddu, G.; Taramasso, L.; Francisci, D.; et al. Smoking Habits in HIV-Infected People Compared with the General Population in Italy: A Cross-Sectional Study. BMC Public Health 2020, 20, 1–10. [Google Scholar] [CrossRef]

	



Temu, T.M.; Polyak, S.J.; Zifodya, J.S.; Wanjalla, C.N.; Koethe, J.R.; Masyuko, S.; Nyabiage, J.; Kinuthia, J.; Gervassi, A.L.; Oyugi, J.; et al. Endothelial Dysfunction Is Related to Monocyte Activation in Antiretroviral-Treated People with HIV and HIV-Negative Adults in Kenya. Open Forum Infect. Dis. 2020, 7, ofaa425. [Google Scholar] [CrossRef]

	



Sereti, I.; Altfeld, M. Immune Activation and HIV: An Enduring Relationship. Curr. Opin. HIV AIDS 2016, 11, 129. [Google Scholar] [CrossRef]

	



Zhu, Z.; Li, T.; Chen, J.; Kumar, J.; Kumar, P.; Qin, J.; Hadigan, C.; Sereti, I.; Baker, J.V.; Catalfamo, M. The Role of Inflammation and Immune Activation on Circulating Endothelial Progenitor Cells in Chronic HIV Infection. Front. Immunol. 2021, 12, 663412. [Google Scholar] [CrossRef] [PubMed]

	



Gouverneur, M.; Van Den Berg, B.; Nieuwdorp, M.; Stroes, E.; Vink, H. Vasculoprotective Properties of the Endothelial Glycocalyx: Effects of Fluid Shear Stress. J. Intern. Med. 2006, 259, 393–400. [Google Scholar] [CrossRef] [PubMed]

	



Alphonsus, C.S.; Rodseth, R.N. The Endothelial Glycocalyx: A Review of the Vascular Barrier. Anaesthesia 2014, 69, 777–784. [Google Scholar] [CrossRef] [PubMed]

	



Milusev, A.; Rieben, R.; Sorvillo, N. The Endothelial Glycocalyx: A Possible Therapeutic Target in Cardiovascular Disorders. Front. Cardiovasc. Med. 2022, 9, 1215. [Google Scholar] [CrossRef] [PubMed]

	



Little, P.J.; Askew, C.D.; Xu, S.; Kamato, D. Endothelial Dysfunction and Cardiovascular Disease: History and Analysis of the Clinical Utility of the Relationship. Biomedicines 2021, 9, 699. [Google Scholar] [CrossRef] [PubMed]

	



Kim, Y.H.; Nijst, P.; Kiefer, K.; Tang, W.H.W. Endothelial Glycocalyx as Biomarker for Cardiovascular Diseases: Mechanistic and Clinical Implications. Curr. Heart Fail Rep. 2017, 14, 117–126. [Google Scholar] [CrossRef]

	



Anand, A.R.; Rachel, G.; Parthasarathy, D. HIV Proteins and Endothelial Dysfunction: Implications in Cardiovascular Disease. Front. Cardiovasc. Med. 2018, 5, 185. [Google Scholar] [CrossRef]

	



Hempel, C.; Hyttel, P.; Kurtzhals, J.A.L. Endothelial Glycocalyx on Brain Endothelial Cells Is Lost in Experimental Cerebral Malaria. J. Cereb. Blood Flow Metab. 2014, 34, 1107–1110. [Google Scholar] [CrossRef]

	



Hempel, C.; Pasini, E.M.; Kurtzhals, J.A.L. Endothelial Glycocalyx: Shedding Light on Malaria Pathogenesis. Trends Mol. Med. 2016, 22, 453–457. [Google Scholar] [CrossRef]

	



Taghavi, S.; Abdullah, S.; Shaheen, F.; Mueller, L.; Gagen, B.; Duchesne, J.; Steele, C.; Pociask, D.; Kolls, J.; Jackson-Weaver, O. Glycocalyx Degradation and the Endotheliopathy of Viral Infection. PLoS ONE 2022, 17, e0276232. [Google Scholar] [CrossRef]

	



Targosz-Korecka, M.; Kubisiak, A.; Kloska, D.; Kopacz, A.; Grochot-Przeczek, A.; Szymonski, M. Endothelial Glycocalyx Shields the Interaction of SARS-CoV-2 Spike Protein with ACE2 Receptors. Sci. Rep. 2021, 11, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, R.C.; Rockstrom, M.D.; Schmidt, E.P.; Hippensteel, J.A. Endothelial Glycocalyx Degradation during Sepsis: Causes and Consequences. Matrix Biol. Plus 2021, 12, 100094. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, S.; Mwangi, J.G.; Stanley, T.K.; Mitra, R.; Ebong, E.E. Regeneration and Assessment of the Endothelial Glycocalyx to Address Cardiovascular Disease. Ind. Eng. Chem. Res. 2021, 60, 17328–17347. [Google Scholar] [CrossRef]

	



Valerio, L.; Peters, R.J.; Zwinderman, A.H.; Pinto-Sietsma, S.J. Sublingual Endothelial Glycocalyx and Atherosclerosis. A Cross-Sectional Study. PLoS ONE 2019, 14, e0213097. [Google Scholar] [CrossRef]

	



Rovas, A.; Lukasz, A.H.; Vink, H.; Urban, M.; Sackarnd, J.; Pavenstädt, H.; Kümpers, P. Bedside Analysis of the Sublingual Microvascular Glycocalyx in the Emergency Room and Intensive Care Unit—The GlycoNurse Study. Scand J. Trauma. Resusc. Emerg Med. 2018, 26, 1–8. [Google Scholar] [CrossRef]

	



Lekakis, J.; Abraham, P.; Balbarini, A.; Blann, A.; Boulanger, C.M.; Cockcroft, J.; Cosentino, F.; Deanfield, J.; Gallino, A.; Ikonomidis, I.; et al. Methods for Evaluating Endothelial Function: A Position Statement from the European Society of Cardiology Working Group on Peripheral Circulation. Eur. J. Cardiovasc. Prev. Rehabil. 2011, 18, 775–789. [Google Scholar] [CrossRef]

	



European AIDS Clinical Society (EACS) GUIDELINES Version 11.1. Available online: https://eacs.sanfordguide.com/ (accessed on 28 April 2023).

	



Centers for Disease Control and Prevention (CDC) Guidelines and Recommendations|Clinicians|HIV|CDC. Available online: https://www.cdc.gov/hiv/clinicians/guidelines/index.html (accessed on 28 April 2023).

	



Ikonomidis, I.; Thymis, J.; Katsanos, S.; Kousathana, F.; Varoudi, M.; Triantafyllou, C.; Kostelli, G.; Triantafyllidi, H.; Lambadiari, V.; Papadavid, E.; et al. The Predictive Role of Endothelial Glycocalyx in Primary Prevention of Cardiovascular Events: A 6 Year Follow-up Study. Eur. Heart J. 2020, 41, ehaa946.3780. [Google Scholar] [CrossRef]








[image: Viruses 15 01505 g001 550] 





Figure 1. The slope chart shows the PBR5–25 (in μm) of each individual participant at baseline, at 24 (±4) weeks and at 48 (±4) weeks after initiation of antiretroviral treatment. PBR5–25 decreased in the majority of the participants in both timepoints, compared to baseline (66% and 70%, for 24 (±4) and 48 (±4) weeks, respectively). Sex, age, antiretroviral treatment, body weight, and smoking status did not differ significantly between the two groups (i.e., those whom PBR5–25 increased and those whom PBR5–25 decreased compared to the baseline) in both timepoints. PBR5–25: Permeability boundary region in sublingual microvessels with dimeter between 5 and 25 μm. 
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Figure 2. Box plot shows the difference of PBR5–25 (in μm) between the last (48 ± 4 weeks after treatment initiation) and the baseline visit among the two different treatment groups. INSTI: Integrase strand transfer inhibitors, PBR5–25: Permeability boundary region in sublingual microvessels with dimeter between 5 and 25 μm, PI: Protease inhibitor. 
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Figure 3. Box plot shows the PBR5–25 thickness (in μm) at baseline, 24 (±4) weeks and 48 (±4) weeks after initiation of antiretroviral treatment in male and female participants. PBR5–25: permeable boundary region of sublingual microvessels with diameter between 5 and 25 μm. 
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Figure 4. Box plot shows the difference of PBR5–25 thickness (in μm) between the last (48 ± 4 weeks after treatment initiation) and the baseline visit in male and female participants. PBR5–25: permeable boundary region of sublingual microvessels with diameter between 5 and 25 μm. 
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Figure 5. Box plot shows the PBR5–25 (in μm) at baseline, 24 (±4) weeks and 48 (±4) weeks after initiation of antiretroviral treatment among participants with different initial levels of HIV viremia. PBR5–25: permeable boundary region of sublingual microvessels with diameter between 5 and 25 μm. 
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Table 1. Demographics and baseline characteristics.






Table 1. Demographics and baseline characteristics.





	
GENERAL CHARACTERISTICS






	
Sex (n (%))

	




	
Male

	
60 (90.9)




	
Female

	
6 (9.1)




	
Age (years) (median (IQR))

	
37 (12.0)




	
Antiretroviral regimen (n (%))

	




	
INSTIs

	
40 (60.6)




	
DTG

	
24 (36.4)




	
RAL

	
7 (10.6)




	
EVG/c

	
9 (13.6)




	
PI

	
26 (39.4)




	
DRV/c

	
26 (39.4)




	
HIV stage (n (%)) a

	




	
Stage 1

	
7 (10.6)




	
Stage 2

	
42 (63.6)




	
Stage 3

	
17 (25.8)




	
Nadir CD4+ T-lymphocytes (cells/μL) (mean (SD))

	
377.9 (244.7)




	
Nadir CD4+ T-lymphocytes (cells/μL) (n (%))

	




	
<200

	
17 (25.8)




	
200–500

	
29 (43.9)




	
>500

	
20 (30.3)




	
Peak viral load (copies/mL) (n (%)) b

[Participants with available data: N = 53]

	




	
<1000

	
5 (9.4)




	
1000–500,000

	
41 (77.4)




	
>500,000

	
7 (13.2)




	
Race (n (%))

	




	
Caucasian

	
61 (92.4)




	
African

	
3 (4.6)




	
Other

	
2 (3.0)




	
Mode of HIV transmission (n (%))

	




	
MSM

	
41 (62.1)




	
Heterosexual

	
21 (31.8)




	
IVDU

	
3 (4.5)




	
Other/Unknown

	
1 (1.5)




	
Educational stage (n (%))

	




	
Unknown

	
3 (4.5)




	
Primary school

	
7 (10.6)




	
Secondary school

	
13 (19.7)




	
Higher education/University

	
43 (65.2)




	
BMI (kg/m²) (median (IQR)) c

	
24.2 (3.86)




	
TRADITIONAL CVD RISK FACTORS




	
Smoking status (n (%)) c

	




	
Yes

	
40 (60.6)




	
No

	
19 (28.8)




	
Ex smoker

	
7 (10.6)




	
Family history of premature CVD (n (%))

	




	
Yes

	
10 (15.2)




	
No

	
56 (84.8)




	
Hypertension (n (%)) c

	




	
Yes

	
2 (3.0)




	
No

	
64 (97.0)




	
Diabetes mellitus (n (%)) c

	




	
Yes

	
0 (0.0)




	
No

	
66 (100.0)




	
Dyslipidemia (n (%)) c

	




	
Yes

	
3 (4.5)




	
No

	
63 (95.5)








BMI: body mass index; CVD: cardiovascular disease; DRV/c: cobicistat boosted darunavir; DTG: dolutegravir; EVG/c: cobicistat boosted elvitegravir; HIV: human immunodeficiency virus; INSTIs: integrase strand transfer inhibitors; IQR: interquartile range; IVDU: intravenous drug users; MSM: men having sex with men; PIs: protease inhibitors; RAL: raltegravir; SD: standard deviation, VL: viral load. a. Based on the classification by the Centers for Disease Control and Prevention (CDC) [25]. b. Percentages have been calculated in the population with available data. c. Data from visit 1 (enrollment visit). Italics denote specific types of antiretrovirals used in combination with tenofovir alafenamide and emtricitabine.
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Table 2. Participants’ characteristics per treatment group.
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INSTIs

N = 40

	
PI

N = 26

	
p Value






	
Age (years) (median (IQR))

	
37.0 (13.0)

	
37.5 (13.0)

	
0.595




	
Sex (n (%))

	

	

	
0.202




	
Male

	
38 (95.0)

	
22 (84.6)




	
Female

	
2 (5.0)

	
4 (15.4)




	
Smoking status (n (%)) *

	

	

	
0.521




	
Yes

	
26 (65.0)

	
14 (53.8)




	
No

	
11 (27.5)

	
8 (30.8)




	
Ex smoker

	
3 (7.5)

	
4 (15.4)




	
LDL-c (mg/dL) (mean (SD)) *

	
119.6 (40)

	
105.4 (38.5)

	
0.158




	
HDL-c (mg/dL) (median (IQR)) *

	
41.0 (14)

	
38.0 (7)

	
0.205




	
Triglycerides (mg/dL) (median (IQR)) *

	
91.0 (64)

	
89.0 (70)

	
0.634




	
Body weight (kg) (mean (SD)) *

	
74.2 (10.4)

	
77.2 (16.7)

	
0.417




	
BMI (kg/m²) (mean (SD)) *

	
24.0 (2.3)

	
25.0 (5.5)

	
0.397




	
Nadir CD4+ T-lymphocytes (cells/μL) (mean (SD)) *

	
412.5 (240.9)

	
324.8 (245.6)

	
0.157




	
Viral load before cART initiation (copies/mL) (median (IQR)) *

	
41,100

(228,020)

	
111,000

(192,250)

	
0.467




	
Lost to follow up (n (%))

	

	

	
-




	
24 (±4) weeks

	
4 (10.0)

	
3 (11.5)




	
48 (±4) weeks

	
3 (7.5)

	
3 (11.5)








BMI: body mass index; cART: combination antiretroviral therapy; HDL-c: high density lipoprotein cholesterol; INSTIs: integrase strand transfer inhibitors; IQR: interquartile range; LDL-c: low density lipoprotein; PI: protease inhibitor; SD: standard deviation. * Data form visit 1 (enrollment visit).
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Table 3. Subgroup analyses of median PBR5–25 according to sex, nadir CD4+ count, initial viral load, smoking, and illicit drug use.
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Subgroups

	
Median PBR5–25 (IQR) in μm at Baseline

(95% CI)

	
Median PBR5–25 (IQR) in μm at 24 (±4) Weeks

(95% CI)

	
Median PBR5–25 (IQR) in μm at 48(±4) Weeks

(95% CI)

	
Median PBR5–25 (IQR) Difference in μm

(95% CI) *






	
Sex




	
Male

	
2.13 (0.28)

(2.09–2.22)

	
2.08 (0.35)

(1.96–2.10)

	
1.96 (0.36)

(1.85–1.99)

	
−0.28 (0.51)

[(−0.35)–(−0.15)]




	
Female

	
2.38 (0.98)

(1.68–2.82)

	
2.21 (0.50)

(1.76–2.50)

	
2.15 (0.64)

(1.46–2.58)

	
−0.07 (1.27)

[(−1.15)–(+0.68)]




	
Nadir CD4+ count (cells/μL)




	
<200

	
2.21 (0.40)

(2.02–2.40)

	
2.13 (0.30)

(1.96–2.26)

	
2.11 (0.40)

(1.86–2.22)

	
−0.15 (0.68)

[(−0.39)–(+0.04)]




	
200–500

	
2.07 (0.20)

(1.96–2.21)

	
2.03 (0.50)

(1.91–2.18)

	
1.97 (0.33)

(1.85–2.05)

	
−0.28 (0.57)

[(−0.33)–(−0.01)]




	
>500

	
2.24 (0.68)

(2.05–2.45)

	
2.11 (0.36)

(1.87–2.19)

	
1.97 (0.34)

(1.71–2.08)

	
−0.33 (0.55)

[(−0.67)–(−0.11)]




	
Initial viral load (copies/mL)




	
<1000

	
2.52 (0.37)

(2.26–2.71)

	
1.96 (0.62)

(1.52–2.59)

	
1.92 (0.45)

(1.66–2.24)

	
−0.56 (0.30)

[(−0.71)–(−0.31)]




	
1000–500,000

	
2.11 (0.37)

(2.01–2.21)

	
2.12 (0.45)

(1.98–2.15)

	
2.01 (0.33)

(1.87–2.05)

	
−0.18 (0.52)

[(−0.31)–(−0.06)]




	
>500,000

	
2.12 (0.27)

(1.85–2.34)

	
2.06 (0.49)

(1.57–2.23)

	
1.94 (0.62)

(1.66–2.29)

	
−0.12 (0.93)

[(−0.67)–(+0.45)]




	
Smoking Status




	
Smokers

	
2.17 (0.22)

(2.10–2.26)

	
2.03 (0.42)

(1.87–2.08)

	
1.89 (0.39)

(1.77–1.99)

	
−0.37 (0.53)

[(−0.44)–(−0.17)]




	
Non-smokers

	
2.13 (0.53)

(1.99–2.36)

	
2.10 (0.35)

(1.98–2.26)

	
2.05 (0.19)

(1.91–2.18)

	
−0.27 (0.73)

[(−0.45)–(+0.03)]




	
Ex smokers

	
2.02 (0.32)

(1.82–2.25)

	
2.33 (0.51)

(1.87–2.59)

	
2.08 (0.29)

(1.93–2.31)

	
−0.04 (0.39)

[(−0.23)–(+0.26)]




	
Illicit drug use




	
Yes

	
2.12 (0.21)

(1.99–2.21)

	
1.96 (0.51)

(1.82–2.17)

	
1.89 (0.45)

(1.71–2.02)

	
−0.33 (0.54)

[(−0.40)–(−0.11)]




	
No

	
2.22 (0.36)

(2.10–2.29)

	
2.12 (0.41)

(1.99–2.18)

	
2.01 (0.28)

(1.91–2.09)

	
−0.12 (0.57)

[(−0.40)–(−0.05)]








CI: confidence interval; IQR: interquartile range; PBR5–25: permeable boundary region of sublingual microvessels with diameter between 5 and 25 μm. * Difference refers to the difference of PBR5–25 at 48(±4) weeks (visit 3) and at baseline (visit 1).
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