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Sepsis is a clinical syndrome characterized by a dysregulated response to infection. It represents a leading cause of mortality in ICU patients worldwide. Although sepsis is in the point of interest of research for several decades, its clinical management and patient survival are improving slowly. Monitoring of the biomarkers and their combinations could help in early diagnosis, estimation of prognosis and patient's stratification and response to the treatment. Circulating soluble endoglin (sEng) is the cleaved extracellular part of transmembrane glycoprotein endoglin. As a biomarker, sEng has been tested in several pathologic conditions where its elevation was associated with endothelial dysfunction. In this study we have tested the ability of sEng to predict mortality and its correlation with other clinical characteristics in the cohort of septic shock patients (n = 37) and patients with severe COVID-19 (n = 40). In patients with COVID-19 sEng did not predict mortality or correlate with markers of organ dysfunction. In contrast, in septic shock the level of sEng was significantly higher in patients with early mortality (p = 0.019; AUC = 0.801). Moreover, sEng levels correlated with signs of circulatory failure (required dose of noradrenalin and lactate levels; p = 0.002 and 0.016, respectively). The predominant clinical problem in patients with COVID-19 was ARDS, and although they often showed signs of other organ dysfunction, circulatory failure was exceptional. This potentially explains the difference between sEng levels in COVID-19 and septic shock. In conclusion, we have confirmed that sEng may reflect the extent of the circulatory failure in septic shock patients and thus could be potentially used for the early identification of patients with the highest degree of endothelial dysfunction who would benefit from endothelium-targeted individualized therapy.
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Introduction

Under the current definition, sepsis is described as a life-threatening organ dysfunction that is caused by a deregulated immune response to infection (1). Sepsis may further develop into septic shock, a condition characterized by elevated blood lactate levels and persistent hypotension with adequate volume resuscitation. Sepsis/septic shock is increasing in incidence and has a continued high mortality rate (up to 40%); it represents the leading cause of death in ICU (intensive care unit) patients worldwide (2). The pathophysiological mechanisms leading to the development and progression of sepsis are very complex and have not yet been sufficiently clarified. The key role is played by the uncontrolled immunological response to the infection with the activation of pro-inflammatory and anti-inflammatory processes, which subsequently lead to the development of endothelial dysfunction, circulatory failure and results in organ dysfunction. However, many other mechanisms are involved in organ damage such as coagulopathy, oxidative stress, mitochondrial dysfunction, apoptosis, etc. (3, 4). The considerable number of factors involved, the range of different infectious agents and the different genotypes and phenotypes of patients determine the marked heterogeneity of sepsis. This heterogeneity accounts for the failures currently experienced in large randomized clinical trials testing new treatment options. Therefore, there is a great need to find appropriate biomarkers (and their combinations) to help stratify patients according to their prognosis and phenotypes into smaller groups that respond better to the tested medication (5).

COVID-19, caused by the SARS-CoV-2 virus, progresses in some patients to very severe respiratory failure due to ARDS (an incidence rate of ~5%) (6, 7). Although COVID-19 primarily damages lung tissue, it often manifests itself as a generalized disease showing endothelial damage, activation of inflammation and cytokine release, the development of disseminated intravascular coagulation, etc. (8). The severe course of COVID-19 falls within the definition of sepsis (9), and although it is a clinically distinct syndrome, many of the manifestations are the same as in sepsis: dysregulated immune response, cytokine storm, acute respiratory distress syndrome (ARDS), multiple organ dysfunction syndrome (MODS), hypercoagulable state, etc. (10, 11).

Endoglin (Eng) is an adhesion molecule, a sub-unit of the receptor system for TGF-β. It is the most frequently localized on the surface of endothelial cells, but its expression has been demonstrated in many other cell types, such as the cells of innate and adaptive immunity (12, 13). Therefore, Eng might be a factor which helps to shape the immune response on multiple levels (14). In the early phase of inflammation, it plays a regulatory role in the transendothelial migration of leukocytes by binding to leukocyte integrins (15). Its function is also associated with the differentiation process of hematopoietic cells (14, 16). Eng is also one of the factors in angiogenesis (including hypoxic neo-angiogenesis), as evidenced by the well-described phenotype of patients with hereditary hemorrhagic telangiectasia (type 1 HHT), which is caused by a mutation in the gene for Eng. This disease is primarily characterized by damage to the endothelium. However, infectious complications are the most common cause of death in these patients (35%) (17). Under certain conditions (ischemia, oxidative stress), the extracellular part of Eng is cleaved by metalloproteinase 14 to form circulating soluble endoglin (sEng) (18, 19). sEng is speculated to have rather antiangiogenic effects (20, 21) (unlike Eng). In the endothelium, it activates a pro-inflammatory phenotype (22) and has been considered an indicator of endothelial dysfunction in some conditions (23, 24).

Recently, we proved that sEng can be potentially used as a prognostic biomarker in patients suffering from septic shock (25). In COVID-19 patients, sEng levels have only been tested a few times with inconclusive results. Vieceli Dalla Sega et al. reported that sEng is increased in non-surviving COVID-19 patients at admission (26) whereas others did not show any difference between survivors and those who died (26). We assume that Eng may play a role in endothelial dysfunction as well as in the modulation of the immune response in septic shock and in the severe course of COVID-19.

In this trial, we sought to test the prognostic potential (in prediction of early (D3), D28 and/or D90 mortality) of sEng in a larger and more precisely defined cohort of patients suffering from septic shock and the cohort of patients with a severe COVID-19 and compare the result between these two diagnoses. Secondly, we wanted to determine whether sEng levels are correlated with other laboratory and clinical characteristics of patients including the source of sepsis, and thus bring new insights into sEng pathophysiology and function in critical infectious states.



Methodology


Patient cohorts

The trial included patients admitted to the intensive care unit (ICU) of the Department of Anesthesiology and Intensive Care at St. Anne's University Hospital in Brno with sepsis requiring administration of catecholamines (the septic shock cohort) and with a severe course of COVID-19 (the COVID-19 cohort). The trial was approved by the local Ethics Committee and patients were enrolled on the basis of informed consent. A total of 37 consecutive septic shock patients hospitalized in year 2019 were included in the septic shock cohort. All patients were treated according to the current recommendations for sepsis treatment (27). Inclusion criteria were: the need of artificial ventilation, the need of continuous catecholamine infusion to maintain blood pressure, early sepsis onset (antibiotic therapy not longer than 48 h before ICU admission), sepsis as a primary reason for ICU admission.

A total of 40 patients were included in the COVID-19 cohort, who were admitted to the ICU with a severe course of COVID-19 during the 2021 global pandemic. All enrolled patients required artificial pulmonary ventilation at the time of admission. Exclusion criteria were the same for both cohorts: ongoing cancer, chronic immunosuppressive therapy, age under 18 years, and current pregnancy.



Sample processing

Venous blood samples were collected from patients during the first 24 h after ICU admission. Immediately after collection, the samples were transported to the laboratory and centrifuged. The plasma obtained in this manner was frozen and stored at −80°C until it was analyzed. The plasma sEng concentration was measured in triplicate using the Human Endoglin/CD105 Quantikine ELISA Kit (Sigma-Aldrich Ltd., Saint-Louis, Missouri, USA). The absorbance of the samples was measured using a Multiscan GO Microplate Spectrophotometer (Thermo Scientific) at 450 nm (wavelength correction of 540/570 nm) and the average value for three samples was calculated. Levels of routinely used biomarkers (C-reactive protein (CRP), creatinine, lactate, bilirubin) were analyzed by standard techniques in a hospital laboratory as part of routine daily patient diagnostics.



Statistical analysis

A statistical analysis was performed in the R programming language [version R-4.0.5; R Core Team (2021). R Foundation for Statistical Computing, Vienna, Austria] in the R studio environment (version 1.4.1106). The data are presented as the median (1st quartile−3rd quartile). The statistical significance was set at p < 0.05. Spearman's rank correlation coefficient was used to measure the strength of the relationship between the two variables [levels of sEng were correlated to: age, Sequential organ failure assessment score (SOFA)], noradrenalin dose, leukocytes, lactate, CRP, creatinine, bilirubin and oxygenation index. The Mann–Whitney U-test was used to test the difference in continuous variables between the two groups; the Kruskal-Wallis test was used for 3 or more groups; and Fisher's exact test was used to test for statistical dependence.




Results

A total of 37 patients were enrolled in the septic shock cohort and 40 in the COVID-19 cohort. Patient characteristics are described in Tables 1, 2. Briefly, the septic shock cohort was predominantly male (56.8%) with a median age of 73.0 (68.0–77.0), and the D28 mortality rate was 48.6%.


TABLE 1 Demographic and clinical characteristics of patients in septic shock cohort.
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TABLE 2 Demographic and clinical characteristics of patients in COVID-19 cohort.
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The deceased patients were significantly older p74.5 (72.3–79.5) vs. 68.0 (66.0–75.5)] and had more pronounced leukocytosis [18.7 (12.3–23.7) vs. 13.3 (6.9–17.8) × 109/L] and elevated lactate levels [2.7 (2.0–4.8) vs. 1.6 (1.2–2.1) mmol/L] at admission. There were no other statistically significant differences between the groups. All patients were mechanically ventilated upon admission and the SOFA score at admission was 11 (10–14). The most common comorbidities were obesity, diabetes mellitus, and ischemic heart disease and peripheral ischemic disease. The most common source of sepsis was pneumonia (40.5%; n = 15).

Similarly, in the COVID-19 cohort, males were overrepresented (72.5%), the median age was 63.5 years (53.8–70.0), and D28 mortality was 40.0%. There were no statistically significant differences between the patients who survived and those who died. Again, all patients were mechanically ventilated when admitted and the SOFA score at admission was 9 (7–11). The most common comorbidities were diabetes mellitus, asthma, and ischemic heart disease. Compared with the septic shock cohort, the patients were younger and had slightly fewer comorbidities [1.0 (0–3) vs. 2.0 (1–4); a non-significant difference].

The sEng level was not statistically significantly elevated in those septic shock patients who died within 28 or 90 days compared to the survivors (p = 0.210; p = 0.514, respectively; Figure 1A; Table 3); however, the patients with very early mortality (within 3 days of admission) had statistically higher sEng levels than others [5.28 (5.14–7.81) vs. 3.46 ng/mL (2.98–4.38); p = 0.019]. The sEng level did not correlate with most clinical data (age, gender, comorbidities, SOFA, creatinine, oxygenation index, CRP etc.; Table 3 and Figure 1D). However, we found a statistically significant correlation between sEng, the lactate level and the required catecholamine dose (p = 0.016 and 0.002, respectively; Figures 1B,C; Table 4). The level of sEng also varied according to the source of sepsis (p = 0.015); urosepsis and soft tissue infections had a higher median sEng than pneumonia, abdominal and chest infections (Figure 1E). The highest sEng levels were found in patients with urosepsis (8.63 ng/mL in non-survivors and 5.31 ng/mL in survivors).
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FIGURE 1
 Septic shock cohort. Relationship of patient survival and level of sEng [blue color survivors; black color non-survivors; (A)]. Correlations of sEng and lactate (B), noradrenalin dose (C), and CRP [(D); blue dots survivors; black squares non-survivors]. Relation of sEng level and sepsis source (E). Statistical difference between various source of sepsis (Kruskal-Wallis test; p = 0.014) and statistical significance between urosepsis and pneumonia (Wilcox test with Holm correction; p = 0.007). Receiver operating curve of sEng with calculated AUC for prediction of 3 days mortality (F). *Indicates statistical significance (p < 0.05). sEng, soluble endoglin; SOFA, sequential organ failure assessment; CRP, c-reactive protein; AUC, area under the curve. **Indicates statistical significance between urosepsis and pneumonia (Wilcox test with Holm correction; p = 0.007).



TABLE 3 Levels of sEng of survived and deceased patients 3, 28, and 90 days after ICU admission.
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TABLE 4 Correlations and its significance of sEng to other characteristics.
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In COVID-19 patients, there was no statistically significant difference in sEng levels in relation to D28 and D90 mortality (p = 0.282; p = 0.116, respectively; Figure 2A; Table 3). The only variable that was statistically correlated with sEng level was C-reactive protein (CRP; p = 0.001; Figures 2B–D; Table 4).
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FIGURE 2
 COVID-19 cohort. Relationship of patient survival and level of sEng. None of the patients died within the first 3 days of admission [blue color survivors; black color non-survivors; (A)]. Correlations of sEng and lactate (B), noradrenalin dose (C), and CRP [(D); blue dots survivors; black squares non-survivors]. sEng, soluble endoglin; SOFA, sequential organ failure assessment; CRP, c-reactive protein.




Discussion

The deregulation of endothelial activation in sepsis leads to increased permeability and endothelial barrier dysfunction and is a key mechanism in the development of septic shock. Soluble endoglin, which is released in the increased quantities from endothelial cells during hypoxia and oxidative stress (18) (i.e., factors strongly expressed in septic shock) has been considered by some authors as a marker of the degree of endothelial activation and dysfunction (18, 22–24, 28). Faiotto et al. were the first to describe that sEng is significantly increased in patients experiencing septic shock compared to healthy individuals (29). Moreover, we have recently published that sEng can potentially predict a poor outcome in heterogeneous group of patients with septic shock (25). Here, we report data from a larger and better defined cohort of patients with early onset septic shock. These are patients whose dominant problem is the infection itself and the subsequent reaction to it. Patients from our previous article are not included in this cohort. These were various patients who had often septic shock as a complication of different primary disease (trauma, cardiac arrest, etc.) or have been fighting the infection for a longer time already (25). This is most likely why the results are different. Evaluation with respect to D3, D28, and D90 mortality have proven good prediction of fulminant sepsis (D3 mortality Figure 1F) despite prediction of later mortality.

As noted above, Eng is also expressed in immune cells and has numerous functions in regulating the immune response. It has not been determined whether the increase of sEng in sepsis and septic shock is primarily the result of endothelial activation or a generalized immune response or a different involved factor. Therefore, in the present study, we tested the correlations between sEng and other biomarkers in an attempt to estimate for the first time a link between elevated sEng and other factors [infection (leukocytes, CRP); organ failure (creatinine, bilirubin, the Horowitz index); circulatory failure (catecholamine dose, lactate); severity of condition (SOFA, Lung injury severity score)]. Similarly to sepsis, a severe course of COVID-19 represents a generalized response to infection. However, a shock condition, in the sense of circulatory failure with hypotension and the need for higher doses of catecholamines and severe endothelial dysfunction, is usually not manifested here. Our data show that in the septic cohort, sEng level correlated with the degree of circulatory failure. Therefore, we suggest that in septic shock, sEng primarily reflects the degree of circulatory failure based on endothelial dysfunction and is released mainly from endothelium. Moreover, in patients with a fulminant course of sepsis (D3 mortality), refractory circulatory failure is usually the dominant clinical problem. This is consistent with our finding of significantly higher sEng levels in the early deceased patients. Conversely, in the COVID-19 cohort, sEng did not correlate with mortality, lactate or the catecholamine dose (Figures 2A–C). In septic shock, lactate levels and its change are considered a good prognostic marker (30). In contrast, patients with severe COVID-19 with artificial ventilation do not have high lactate levels and its prognostic value is low (31) which corresponds with our data. We hypothesize that the reason is a lower degree of endothelial dysfunction in COVID-19 patients compared to patients with septic shock. However, elevation of some other markers associated with endothelial function have been already reported in COVID-19 patients with a poor outcome (32). Interestingly, in COVID-19 cohort, sEng levels correlated with CRP levels. For that reason, it is possible that in a situation where endothelial dysfunction is not the main problem, the slight increase in sEng is more likely due to the degree of host-response to infection and or inflammation.

Neither from our data nor from the existing evidence, we are able to say unequivocally that the elevation of sEng accurately reflects the degree of endothelial dysfunction. Undoubtedly, there are multiple mechanisms that can increase sEng levels in such a complex syndrome as sepsis (33). For example, the presence of sepsis-induced cardiomyopathy may also contribute (34).

The fact that sEng is elevated in early deceased septic patients raises the important question whether it is released only as a consequence of the severe condition or it plays some specific role in the increased mortality and could be a potential target for new therapies. To date we are not able to answer this clearly. However, there is evidence that sEng could have a detrimental effect. For example, sEng reduces the activity of the endothelial nitric oxide synthetase (eNOS) and subsequently the natural production of nitric oxide (NO), reduces endothelial turnover, increases the capillary permeability in lungs, kidneys and liver and increases leucocyte adhesion (20, 35). Moreover, not only sEng itself but also the loss of Eng from the endothelium may have its own pathophysiological consequences (33). Regarding the potential pharmacological influence, substances with antioxidant effect such as resveratrol and metformin can reduce the production of sEng (36, 37). In addition, both of these substances have a confirmed protective effect on mortality in sepsis (38, 39).

Changes in sEng levels have been described in association with a variety of comorbidities, in particular, higher comorbidities associated with atherosclerosis, hypertension, diabetes mellitus (DM), obesity, and dyslipidemia (40). In contrast, some studies have described a decrease in obese patients (41). In our data sEng levels did not correlate with age, sex, body mass index (BMI), the number of comorbidities, or the presence of certain chronic disease in either of our two cohorts (Tables 1–3). Moreover, sEng levels were not statistically significantly elevated in patients with any chronic condition associated with persistent endothelial damage and atherosclerosis (DM, ischemic heart disease, peripheral artery disease and ischemic stroke). This means that we did not find any clear bias in our data. Obviously, this may be due to the error associated with the relatively small numbers of patients included in the cohorts.

The dependence of sEng levels on the source of sepsis in the septic cohort is the novel and also interesting result. Patients with a urinary tract infection had the highest sEng levels. The expression of Eng by the urothelium has not been found in any published study to date, but an increased expression by the endothelium has been found in cases of urothelial carcinoma, for example (42). In general, urosepsis has a better survival rate compared to other sources of sepsis (43). In our cohort, the mortality rate of urosepsis was 50%. Therefore, this result is probably not influenced by the severity of sepsis itself.

One limitation of the trial is its monocentric nature and the relatively small numbers of patients included in each cohort. Although the primary objective was not to compare the cohorts with each other, the differences in patients in the septic vs. COVID-19 cohorts pose a limitation too. The COVID-19 patients were younger and had fewer comorbidities compared to the patients with bacterial sepsis. In the COVID-19 patients, severe respiratory failure with a worse oxygenation index was evident (87.5 vs. 143.5); however, the dysfunction of other organs was already expressed to a much lesser extent than in those patients with bacterial sepsis (e.g., creatinine 82 vs. 169 μmol/L; leukocytosis 10.7 vs. 14.6 × 109/L; CRP 151.1 vs. 237.5 mg/L).

In conclusion, our results suggest that soluble endoglin does not predict long-term mortality in patients suffering from septic shock. It is able to predict the fulminant course of sepsis with early (D3) mortality (Figure 1F, AUC 0.801). Its level increases with the severity of circulatory failure or the degree of acute endothelial dysfunction. Therefore, this biomarker could be valuable to identify patients for whom enhanced endothelial dysfunction is a dominant pathophysiological factor in sepsis progression and who would benefit from treatment targeted in this direction (28, 44, 45). However, further studies are necessary to confirm these results and to clarify the role of endoglin in the pathophysiology of sepsis.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Local Ethics Committee of the Saint Anne's University Hospital in Brno, Czech Republic. The patients/participants provided their written informed consent to participate in this study.



Author contributions

VT, MH, and KH: study preparation and design. VT and MH: patient recruitment and sample collection. MS and MŠ: data curation. AM, MHK, and OM: lab analyses. VT and AM: writing—original draft preparation. MH, JF, VŠ, and JP: writing—review and editing. VŠ and JP: supervision. JF: funding acquisition. All authors have read and agreed to the published version of the manuscript.



Funding

This work has been supported by the Ministry of Health of the Czech Republic (Grant No. NU21-06-00408) and DRO (Institute of Hematology and Blood Transfusion, IHBT, 00023736). JF was supported by the European Social Fund and European Regional Development Fund, Project MAGNET (No. CZ.02.1.01/0.0/0.0/15_003/0000492). The funders had no role in the study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Singer M, Deutschman CS, Seymour C, Shankar-Hari M, Annane D, Bauer M, et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). J Am Medical Assoc. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

 2. Hotchkiss RS, Moldawer LL, Opal SM, Reinhart K, Turnbull IR, Vincent J-L. Sepsis and septic shock. Nat Rev Dis Prim. (2016) 2:16045. doi: 10.1038/nrdp.2016.45

 3. Huang M, Cai S, Su J. The pathogenesis of sepsis and potential therapeutic targets. Int J Mol Sci. (2019) 20:215376. doi: 10.3390/ijms20215376

 4. Hortová-Kohoutková M, Tidu F, de Zuani M, Šrámek V, Helán M, Frič J. Phagocytosis-inflammation crosstalk in sepsis: new avenues for therapeutic intervention. Shock. (2020) 54:606–14. doi: 10.1097/SHK.0000000000001541

 5. Stanski NL, Wong HR. Prognostic and predictive enrichment in sepsis. Nat Rev Nephrol. (2020) 16:20–31. doi: 10.1038/s41581-019-0199-3

 6. Wu Z, McGoogan JM. Characteristics of and important lessons from the coronavirus disease 2019 (COVID-19) outbreak in China: summary of a report of 72314 cases from the Chinese Center for Disease Control and Prevention. J Am Medical Assoc. (2020) 323:1239–42. doi: 10.1001/jama.2020.2648

 7. Shoaib N, Noureen N, Munir R, Shah FA, Ishtiaq N, Jamil N, et al. COVID-19 severity: Studying the clinical and demographic risk factors for adverse outcomes. PLoS ONE. (2021) 16:1–10. doi: 10.1371/journal.pone.0255999

 8. Evans PC, Ed Rainger G, Mason JC, Guzik TJ, Osto E, Stamataki Z, et al. Endothelial dysfunction in COVID-19: a position paper of the ESC Working Group for Atherosclerosis and Vascular Biology, and the ESC Council of Basic Cardiovascular Science. Cardiovasc Res. (2020) 116:2177–84. doi: 10.1093/cvr/cvaa230

 9. Lin GL, McGinley JP, Drysdale SB, Pollard AJ. Epidemiology and immune pathogenesis of viral sepsis. Front Immunol. (2018) 9:1–21. doi: 10.3389/fimmu.2018.02147

 10. Koçak Tufan Z, Kayaaslan B, Mer M. COVID-19 and Sepsis. Turk J Med Sci. (2021) 51:3301–11. doi: 10.3906/sag-2108-239

 11. de Zuani M, Lazničková P, Tomašková V, Dvončová M, Forte G, Stokin GB, et al. High CD4-to-CD8 ratio identifies an at-risk population susceptible to lethal COVID-19. Scand J Immunol. (2021) 2021:1–11. doi: 10.1111/sji.13125

 12. Rossi E, Bernabeu C, Smadja DM. Endoglin as an adhesion molecule in mature and progenitor endothelial cells: a function beyond TGF-β. Frontiers in Medicine. (2019) 6:1–8. doi: 10.3389/fmed.2019.00010

 13. Quackenbush EJ, Letarte M. Identification of several cell surface proteins of non-T, non-B acute lymphoblastic leukemia by using monoclonal antibodies. J Immunol. (1985) 134:1276–85.

 14. Meurer SK, Weiskirchen R. Endoglin: an ‘accessory' receptor regulating blood cell development and inflammation. Int J Mol Sci. (2020) 21:1–28. doi: 10.3390/ijms21239247

 15. Rossi E, Sanz-Rodriguez F, Eleno N, Düwell A, Blanco FJ, Langa C, et al. Endothelial endoglin is involved in inflammation: role in leukocyte adhesion and transmigration. Blood. (2013) 121:403–15. doi: 10.1182/blood-2012-06-435347

 16. Chen CZ, Li M, de Graaf D, Monti S, Göttgens B, Sanchez MJ, et al. Identification of endoglin as a functional marker that defines long-term repopulating hematopoietic stem cells. Proc Natl Acad Sci USA. (2002) 99:15468–73. doi: 10.1073/pnas.202614899

 17. Droege F, Thangavelu K, Stuck BA, Stang A, Lang S, Geisthoff U. Life expectancy and comorbidities in patients with hereditary hemorrhagic telangiectasia. Vasc Med. (2018) 23:377–83. doi: 10.1177/1358863X18767761

 18. Gallardo-Vara E, Blanco FJ, Roqué M, Friedman SL, Suzuki T, Botella LM, et al. Transcription factor KLF6 upregulates expression of metalloprotease MMP14 and subsequent release of soluble endoglin during vascular injury. Angiogenesis. (2016) 19:155–71. doi: 10.1007/s10456-016-9495-8

 19. Ruiz-Llorente L, Vega MC, Fernández FJ, Langa C, Morrell NW, Upton PD, et al. Generation of a soluble form of human endoglin fused to green fluorescent protein. Int J Mol Sci. (2021) 22:1–13. doi: 10.3390/ijms222011282

 20. Venkatesha S, Toporsian M, Lam C, Hanai J, Mammoto T, Kim YM, et al. Soluble endoglin contributes to the pathogenesis of preeclampsia. Nat Med. (2006) 12:642–9. doi: 10.1038/nm1429

 21. Hawinkels LJAC, Kuiper P, Wiercinska E, Verspaget HW, Liu Z, Pardali E, et al. Matrix metalloproteinase-14 (MT1-MMP)-mediated endoglin shedding inhibits tumor angiogenesis. Cancer Res. (2010) 70:4141–50. doi: 10.1158/0008-5472.CAN-09-4466

 22. Varejckova M, Gallardo-Vara E, Vicen M, Vitverova B, Fikrova P, Dolezelova E, et al. Soluble endoglin modulates the pro-inflammatory mediators NF-κB and IL-6 in cultured human endothelial cells. Life Sci. (2017) 175:52–60. doi: 10.1016/j.lfs.2017.03.014

 23. Vicen M, Vitverova B, Havelek R, Blazickova K, Machacek M, Rathouska J, et al. Regulation and role of endoglin in cholesterol-induced endothelial and vascular dysfunction in vivo and in vitro. FASEB J. (2019) 33:6099–114. doi: 10.1096/fj.201802245R

 24. Rathouska J, Jezkova K, Nemeckova I, Nachtigal P. Soluble endoglin, hypercholesterolemia and endothelial dysfunction. Atherosclerosis. (2015) 243:383–8. doi: 10.1016/j.atherosclerosis.2015.10.003

 25. Helan M, Malaska J, Tomandl J, Jarkovsky J, Helanova K, Benesova K, et al. Kinetics of biomarkers of oxidative stress in septic shock: a pilot study. Antioxidants. (2022) 11:1–12. doi: 10.3390/antiox11040640

 26. Vieceli Dalla Sega F, Fortini F, Spadaro S, Ronzoni L, Zucchetti O, Manfrini M, et al. Time course of endothelial dysfunction markers and mortality in COVID-19 patients: a pilot study. Clin Transl Med. (2021) 11:2020. doi: 10.1002/ctm2.283

 27. Evans L, Rhodes A, Alhazzani W, Antonelli M, Coopersmith CM, French C, et al. Surviving sepsis campaign: international guidelines for management of sepsis and septic shock 2021. Crit Care Med. (2021) 49:5357. doi: 10.1097/CCM.0000000000005357

 28. Dolmatova E, Wang K, Mandavilli R, Griendling KK. The effects of sepsis on endothelium and clinical implications. Cardiovasc Res. (2021) 117:60–73. doi: 10.1093/cvr/cvaa070

 29. Faiotto VB, Franci D, Enz Hubert RM, de Souza GR, Fiusa MML, Hounkpe BW, et al. Circulating levels of the angiogenesis mediators endoglin, HB-EGF, BMP-9 and FGF-2 in patients with severe sepsis and septic shock. J Crit Care. (2017) 42:162–7. doi: 10.1016/j.jcrc.2017.07.034

 30. Lee SM, Kim SE, Kim E, Jeong HJ, Son YK, An WS. Lactate clearance and vasopressor seem to be predictors for mortality in severe sepsis patients with lactic acidosis supplementing sodium bicarbonate: a retrospective analysis. PLoS ONE. (2015) 10:1–14. doi: 10.1371/journal.pone.0145181

 31. Iepsen UW, Plovsing RR, Tjelle K, Foss NB, Meyhoff CS, Ryrsø CK, et al. The role of lactate in sepsis and COVID-19: perspective from contracting skeletal muscle metabolism. Exp Physiol. (2021) 2021:1–9. doi: 10.1113/EP089474

 32. Andrianto, Al-Farabi MJ, Nugraha RA, Marsudi BA, Azmi Y. Biomarkers of endothelial dysfunction and outcomes in coronavirus disease 2019 (COVID-19) patients: a systematic review and meta-analysis. Microvasc Res. (2021) 138:104224. doi: 10.1016/j.mvr.2021.104224

 33. Tual-Chalot S, Garcia-Collado M, Redgrave RE, Singh E, Davison B, Park C, et al. Loss of endothelial endoglin promotes high-output heart failure through peripheral arteriovenous shunting driven by VEGF signaling. Circul Res. (2020) 2020:243–57. doi: 10.1161/CIRCRESAHA.119.315974

 34. Kapur NK, Heffernan KS, Yunis AA, Parpos P, Kiernan MS, Sahasrabudhe NA, et al. Usefulness of soluble endoglin as a noninvasive measure of left ventricular filling pressure in heart failure. Am J Cardiol. (2010) 106:1770–6. doi: 10.1016/j.amjcard.2010.08.018

 35. Li C, Hampson I, Hampson L, Kumar Pat, Bernabeu C, Kumar S. CD105 antagonizes the inhibitory signaling of transforming growth factor βl on human vascular endothelial cells. FASEB J. (2000) 14:55–64. doi: 10.1096/fasebj.14.1.55

 36. Hannan NJ, Brownfoot FC, Cannon P, Deo M, Beard S, Nguyen T, et al. Resveratrol inhibits release of soluble fms-like tyrosine kinase (sFlt-1) and soluble endoglin and improves vascular dysfunction - implications as a preeclampsia treatment. Sci Rep. (2017) 7:1–13. doi: 10.1038/s41598-017-01993-w

 37. Brownfoot FC, Hastie R, Hannan NJ, Cannon P, Tuohey L, Parry LJ, et al. Metformin as a prevention and treatment for preeclampsia: effects on soluble fms-like tyrosine kinase 1 and soluble endoglin secretion and endothelial dysfunction. Am J Obstetr Gynecol. (2016) 214:356.e1–15. doi: 10.1016/j.ajog.2015.12.019

 38. Hassan FI, Didari T, Khan F, Niaz K, Mojtahedzadeh M, Abdollahi M, et al. Review on the protective effects of metformin in sepsis-induced organ failure. Cell J. (2020) 21:363–70. doi: 10.22074/cellj.2020.6286

 39. Li J, Zeng X, Yang F, Wang L, Luo X, Liu R, et al. Resveratrol: potential application in sepsis. Front Pharmacol. (2022) 13:1–10. doi: 10.3389/fphar.2022.821358

 40. Vicen M, Igreja Sá IC, Tripská K, Vitverová B, Najmanová I, Eissazadeh S, et al. Membrane and soluble endoglin role in cardiovascular and metabolic disorders related to metabolic syndrome. Cell Mol Life Sci. (2021) 78:2405–18. doi: 10.1007/s00018-020-03701-w

 41. Rashad NM, Amin AI, Ali AE, Soliman MH. Influence of obesity on soluble endoglin and transforming growth factor β1 in women with polycystic ovary syndrome. Middle East Fertil Soc J. (2018) 23:418–24. doi: 10.1016/j.mefs.2018.07.003 

 42. Fujita K, Ujike T, Nagahara A, Uemura M, Tanigawa G, Shimazu K, et al. Endoglin expression in upper urinary tract urothelial carcinoma is associated with intravesical recurrence after radical nephroureterectomy. Int J Urol. (2015) 22:463–7. doi: 10.1111/iju.12719

 43. Abe T, Ogura H, Kushimoto S, Shiraishi A, Sugiyama T, Deshpande GA, et al. Variations in infection sites and mortality rates among patients in intensive care units with severe sepsis and septic shock in Japan. J Intensive Care. (2019) 7:1–9. doi: 10.1186/s40560-019-0383-3

 44. Leite AR, Borges-Canha M, Cardoso R, Neves JS, Castro-Ferreira R, Leite-Moreira A. Novel biomarkers for evaluation of endothelial dysfunction. Angiology. (2020) 71:397–410. doi: 10.1177/0003319720903586

 45. Vincent J-L, Ince C, Pickkers P. Endothelial dysfunction: a therapeutic target in bacterial sepsis? Expert Opin Ther Targets. (2021) 25:733–48. doi: 10.1080/14728222.2021.1988928



OPS/images/fmed-09-972040-t003.jpg
Soluble endoglin [ng/mL]

3 day mortality

28 day mortality

90 day mortality

Median (1st quartil

rd quartile) values are pt

Survivors

3.46 (2.98-4.38)
n=31
3.47 (2.98-4.24)
n=19
374 (3.01-4.48)
n=16

ted. For the comparison of surviving and non-survivi

Septic shock
Non-survivors p-value

5.8 (5.14-7.81) 0.019
n=6

433 (3.31-5.31) 0210
n=18

347 (3.15-5.21) 0.514
n=21

Survivors

328 (2.71-4.39)
n=140
3.15 (2.50-4.08)
n=24
3.13 (2.43-3.94)

n=23

& patients, p-values of Mann-Whitney test are presented. The bold values

COVID-19

Non-survivors

n=0

3.54(3.00-4.49)
n=16

361 (3.01-451)
n=17

indicate statistical significance at p < 0.05.

p-value

0282

0.116





OPS/images/fmed-09-972040-t004.jpg
Spearman’s correlation Septic shock COVID-19

Total Survivors Non-survivors Total Survivors Non-survivors
Characteristic scc p-value scc p-value scc p-value scc p-value scc p-value scc p-value
Age 0.09 0.597 0.15 0.545 -0.18 0.489 -0.07 0.649 -0.17 0.437 0.09 0.729
SOFA 0.18 0.287 0.15 0.531 0.33 0.200 —0.14 0.378 -0.13 0.559 -0.17 0517
Noradrenalin dose 0.50 0.002 0.44 0.058 0.6 0.011 —=0.20 0.217 =023 0.299 —0.25 0.345
Leukocytes 0.04 0.810 0.06 0.820 —0.16 0.540 0.07 0.656 -0.01 0.949 0.1 0.721
Lactate 0.40 0.016 031 0.204 0.53 0.030 0.13 0.432 0.19 0.383 0.06 0.828
CRP 0.07 0.686 0.03 0.902 0.17 0.521 0.52 <0.001 0.6 0.003 03 0.263
Creatinine 0.21 0.222 0.02 0.928 0.47 0.059 0.04 0.805 -0.01 0.968 0.1 0.700
Bilirubin 031 0.068 0.29 0.235 04 0.109 —0.18 0.290 —0.14 0.531 —0.44 0.085
Oxygenation index -0.32 0.060 -0.33 0.176 -03 0.239 0.13 0423 0.28 0.189 -0.07 0.805

n of correl

relation strength expressed by coefficient of Spearman’s correlation. Relevant statistical

ficance of correlations presented with

he bold values in
ial organ failure






OPS/images/fmed-09-972040-t001.jpg
Septic shock cohort

N
Sex

Age
BMI

Comorbidities

IHD

DM

Asthma/COPD

Peripheral ischemic disease
Atherosclerosis-related diagnosis
Status at hospital admission
SOFA

CRP

Leucocytes

Lactate

Noradrenalin dose

Oxygenation index

Creatinine

Source of sepsis

Median (1st quartile-
patients, p-values of
BMI, body mass index; THD, ische;

c-reactive protein. The bold values indicate stati

Female
Male

Total amount

8(21.6%)
23(622%)

[mg/L)
[x10°/L)
[mmol/L]
[ug/kg/min]
(PaO, /FiO;)
[wmol/L]

Pneumonia
Intra-abdominal
Urosepsis

Soft tissue infection
Mediastinitis

Other/Unknown

Total

37 (100%)

16 (43.2%)

21 (56.8%)
73.0(68.0-77.0)
27.7 (24.3-30.4)

2(1-4)

12 (324%)

15 (40.5%)

8 (21.6%)

7 (87.5%)

14 (60.9%)

11 (10-14)
237.5(109.7-361.6)
14.6 (10.8-21.2)
2.0 (1.4-3.0)
0.1 (0.06-0.21)
1435 (122.8-214.4)
169.0 (113.0-258.0)

15 (40.5%)
7 (18.9%)
6(16.2%)
4(10.8%)
3(81%)
2(54%)

3rd quartile) values are presented for continuous variables, absolute and relative frequencies for bi
nn-Whitney test are presented for continuous variables and p-values of
ic heart disease; DM, diabetes mellitus; COPD, chronic obstructive pulmonary disease; SOFA, sequential organ failure assessment; CRP,
 significance at p < 0.05.

Survivors

19 (51.4%)

8(50.0%)

11 (52.4%)
68.0(66.0-75.5)
28.9(23.9-30.3)

2(1-4)
7(58.3%)
10 (66.7%)

2(25%)
1(12.5%)
9(39.1%)

12(10-145)
157.8 (112.5-366.7)
133 (69-17.8)
16(1.2-2.1)
0.10(0.03-0.23)
159.8 (140.4-205.8)
187.0 (110.5-480.5)

8(53.3%)
4(57.1%)
3(50.0%)
1(25.0%)
2(66.7%)
1(50.0%)

Non-survivors

18 (48.6%)

8(50.0%)

10 (47.6%)
745 (72.3-79.5)
27.4(25.4-30.9)

2(1-3)
5(41.7%)
5(33.3%)

6(75%)

0.004
0.184

11(10-12.8)
270.2(105.7-334.8)
187 (12.3-23.7)
27(20-48)
0.18 (0.08-0.21)
132.4 (118.6-219.5)
1445 (113.3-235.0)

7(46.7%)
3(42.9%)
3(50.0%)
3(75.0%)
1(33.3%)
1(50.0%)

tare presented for binary variables.

p-value

1.000
1.000
0.019
0867
0.486
0728
0.184
0.125

0.669
0963
0.050
0.003
0796
0501
0230

1.000
1.000
1.000
0340
1.000
1.000

ry variables. For the comparison of surviving and non-surviving





OPS/images/fmed-09-972040-t002.jpg
COVID-19 cohort Total Survivors Non-survivors p-value

N 40 (100%) 24 (60.0%) 16 (40.0%)
Sex Female 11(27.5%) 7 (63.6%) 4(36.4%) 1.000
Male 29(72.5%) 17 (58.6%) 12 (41.4%) 1000
Age 63.5(53.8-70.0) 62.5(49.0-70.8) 64.0(54.8-69.3) 0793
BMI 28.1(26.0-32.0) 28.1(26.2-33.1) 28.6 (25.9-31.3) 0.581
Comorbidities Total amount 10(0-3) 1(0-3) 15(1-23) 0.670
IHD 5(12.5%) 4(80.0%) 1(20.0%) 0373
DM 9(22.5%) 4(44.4%) 5(55.6%) 0456
Asthma/COPD 6(15.0%) 4(66.7%) 2(333%) 1.000
Atherosclerosis-related diagnosis 10 (25.0%) 5(50.0%) 5(50.0%) 0717
Status at hospital admission
SOFA 9(7-11) 7.5 (7-10) 9(7-12) 0393
CRP [mg/mL] 1511 (67.6-248.7) 123.9(47.5-210.7) 1769 (1215-251.6) 0.062
Leukocytes [x10°/L]) 107 (8.1-14.1) 107 (83-13.8) 108 (78-14.8) 0934
Lactate [mmol/L] 130 (1.10-1.90) 125(1.10-1.93) 1.35 (1.08-1.58) 0.698
Noradrenaline dose [ug/kg/min] 0.00(0.00-0.09) 0.00 (0.00-0.05) 0,02 (0.00-0.15) 0277
Oxygenation index [P0, /FiO; ] 87.5(635-1163) 85.3(65.4-101,7) 1019 (53.9-130.7) 0.544
LIss 14.0 (12.8-15.0) 140 (13.0-14.3) 145 (12.0-15.0) 0.609
Creatinine [mol/L] 82.0(738-105.8) 795 (73.0-96.3) 950 (78.8-1245) 0176
Bilirubin {mol/L] 8.6(6.5-14.5) 7.6(59-10.4) 107 (7.6-18.6) 0075

Median (1st quartile—3rd quartile) values are presented for continuous variables, absolute and relative frequencies for binary variables. For the comparison of survi

\gand non-survi

2
patients, p-values of Mann-Whitney test are presented for continuous variables and p-values of Fisher’s exact test are presented for binary variables.

BMI, body mass index; IHD, ischemic heart discase; DM, diabetes mellitus; COPD, chronic obstructive pulmonary discase; SOFA, sequential organ failure assessment; LISS, lung injury
CRP, c-reactive protei






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Prognostic value of soluble endoglin in patients with septic shock and severe COVID-19



		Introduction



		Methodology



		Patient cohorts



		Sample processing



		Statistical analysis







		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Prognostic value of soluble
endoglin in patients with septic
shock and severe COVID-19





OPS/images/fmed-09-972040-g001.gif





OPS/images/fmed-09-972040-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Medicine





