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Introduction

Neuropilin-1(NRP1) is a cofactor that enhances SARS-CoV-2 coronavirus cell infectivity when co-expressed with angiotensin-converting enzyme 2(ACE2). The Renin-Angiotensin System (RAS) is activated in type 2 diabetes (T2D); therefore, the aim of this study was to determine if hypoglycaemia-induced stress in T2D would potentiate serum NRP1(sNRP1) levels, reflecting an increased risk for SARS-CoV-2 infection.



Methods

A case-control study of aged-matched T2D (n = 23) and control (n = 23) subjects who underwent a hyperinsulinemic clamp over 1-hour to hypoglycemia(<40mg/dl) with subsequent timecourse of 4-hours and 24-hours. Slow Off-rate Modified Aptamer (SOMA)-scan plasma protein measurement determined RAS-related proteins: renin (REN), angiotensinogen (AGT), ACE2, soluble NRP1(sNRP1), NRP1 ligands (Vascular endothelial growth factor, VEGF and Class 3 Semaphorins, SEM3A) and NRP1 proteolytic enzyme (A Disintegrin and Metalloproteinase 9, ADAM9).



Results

Baseline RAS overactivity was present with REN elevated and AGT decreased in T2D (p<0.05); ACE2 was unchanged. Baseline sNRP1, VEGF and ADAM9 did not differ between T2D and controls and remained unchanged in response to hypoglycaemia. However, 4-hours post-hypoglycemia, sNRP1, VEGF and ADAM9 were elevated in T2D(p<0.05). SEMA3A was not different at baseline; at hypoglycemia, SEMA3A decreased in controls only. Post-hypoglycemia, SEMA3A levels were higher in T2D versus controls. sNRP1 did not correlate with ACE2, REN or AGT. T2D subjects stratified according to ACE inhibitor (ACEi) therapies showed no difference in sNRP1 levels at either glucose normalization or hypoglycaemia.



Conclusion

Hypoglycemia potentiated both plasma sNRP1 level elevation and its ligands VEGF and SEMA3A, likely through an ADAM9-mediated mechanism that was not associated with RAS overactivity or ACEi therapy; however, whether this is protective or promotes increased risk for SARS-CoV-2 infection in T2D is unclear.



Clinical Trial Registration

https://clinicaltrials.gov, identifier NCT03102801.
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Introduction

Neuropilin-1 (NRP1) is a cofactor that enhances SARS-CoV-2 coronavirus cell infectivity when co-expressed with ACE2 (1). SARS-CoV-2 uses the spike protein for cell entry, and its cleavage facilitates attachment to NRP1; therefore, tissues with increased membrane NRP1 have increased infectivity risk (1) and increased circulating NRP1 expression may raise infection risk. NRP1 is a 120–130 kDa surface-expressed glycoprotein, initially characterized as a neuronal receptor for specific secreted members of the semaphorin family (SEMA3) involved in axon repulsion (2). NRP-1 also serves as a receptor for a number of isoforms of vascular endothelial growth factor (VEGF). Soluble isoforms of NRP1 (sNRP1) also exist without transmembrane or cytoplasmic domains and function as natural ligand sequesters, inhibiting the interaction of VEGF-A or other growth factors with their specific receptors and with membrane-bound NRP1 (3). The generation of sNRP1 is mediated via proteolytic cleavage by a disintegrin or metalloproteinase-9 or 10 (ADAM9 or ADAM10) (4). NRP1 interacts with the RAS, a risk factor for COVID-19 disease (5), contributing to protection from angiotensin II-induced hypertension (6).

T2D is associated with high risk for acquiring SARS-Cov-2 infection, severe disease, acute respiratory distress syndrome and increased mortality (7). Diabetic patients have an overactive RAS with ACE2 being overexpressed in kidney (8) and the circulation (9), and ACE2 expression may be increased in lungs that is thought to increase susceptibility and severity to SARS-Cov-2 infection. Furthermore, patients with T2D exist in a state of chronic low-grade inflammation (10); both hypoglycaemia and hyperglycemia compound the risk of worse outcomes in hospitalized T2D patients with COVID-19 (11), likely due to the increase in inflammatory mediators that further promote risk for an acute cardiovascular event and/or multi-organ failure (12, 13).

Here, we hypothesized that underlying RAS activation may potentiate the levels of sNRP1 and its ligands (VEGF and SEMA3A) in hypoglycaemia-induced stress in type 2 diabetes (T2D), reflecting an increased risk for SARS-CoV-2 infection.



Materials and Methods


Study Design

This prospective parallel study was performed in 46 subjects, adult T2D (n=23) and control (n=23). The duration of diabetes was <10 years and all T2D subjects were on a stable dose of medication (metformin, statin and/or angiotensin converting enzyme inhibitor/angiotensin receptor blocker) over the prior 3 months. For those with T2D, no medications for glycemic control except metformin were allowed. The study was performed at the Diabetes Centre at Hull Royal Infirmary. All participants provided written informed consent. The trial was approved by the North West-Greater Manchester East Research Ethics Committee (REC number:16/NW/0518), registered at www.clinicaltrials.gov (NCT03102801) and conducted according to the Declaration of Helsinki.



Hyperinsulinemic Clamp

The method for performing the insulin clamp has been published previously (14). A schematic diagram of the insulin clamp study, showing the intervention and blood sampling time points has been outlined in Figure 1. Briefly, after an overnight fast, bilateral ante-cubital fossa indwelling cannulae were inserted 30 to 60 minutes prior to the commencement of the clamp (8:30 AM). To induce hypoglycemia, soluble intravenous insulin (Humulin S; Eli Lilly, Liverpool. UK) was given in a pump starting at a dose of 2.5 mU/Kg body weight (BW)/min, with an increment of 2.5mU/Kg BW/min every 15 minutes until two readings of venous blood glucose measured by a glucose analyser (HemoCue glucose 201+, Sweden) of 2.2 mmol/L (<40 mg/dl) or a single reading of 2.0 mmol/L (36 mg/dL) was obtained (14). The blood sample schedule was timed subsequently with respect to the time point when hypoglycemia occurred (Figure 1). Following the identification of hypoglycemia, intravenous glucose was given in the form of 150 mL of 10% dextrose and repeat blood glucose checks were performed after 5 minutes if blood glucose was still <4.0 mmol/L. All patients achieved a blood glucose of 2.0 mmol/L (36 mg/dL) at the point of hypoglycemia.




Figure 1 | Schematic diagram of the insulin clamp study, showing the intervention and blood sampling time points.





Blood Sample Preparation and Biochemical Marker Analyses

Venous blood samples collected during the screening visit were analysed for serum insulin, total cholesterol, triglycerides, HDL cholesterol, C-reactive protein (CRP) and glycated haemoglobin (HbA1C).

Blood samples were separated immediately by centrifugation at 3500g for 15 minutes at 4°C, and the aliquots were stored at –80°C, within 30-minutes of blood collection, until batch analysis. Serum insulin was assayed using a competitive chemiluminescent immunoassay performed on the manufacturer’s DPC Immulite 2000 analyser (Euro/DPC, Llanberies, UK), with a coefficient of variation of 6 and no stated cross-reactivity with proinsulin. Fasting plasma glucose (FPG), total serum cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol levels were measured enzymatically using a Beckman AU 5800 analyser (Beckman-Coulter, High Wycombe, UK). LDL cholesterol was calculated using the Friedewald equation. Plasma whole blood samples were analysed for HbA1C on a Menarini Diagnostics HB9210 premier (A. Menarini Diagnostics Ltd, Winnersh-Wokingham, UK).



SOMA-Scan Assay

The SOMAscan assay used to quantify proteins was performed on an in-house Tecan Freedom EVO liquid handling system (Tecan Group, Maennedorf, Switzerland) utilizing buffers and SOMAmers from the SOMAscan HTS Assay 1.3K plasma kit (SomaLogic, Boulder, CO) according to manufacturer’s instructions and as described previously (15–17). Initial Relative Fluorescent Units (RFUs) were obtained from microarray intensity images using the Agilent Feature Extraction Software (Agilent, Santa Clara, CA). Raw RFUs were normalized and calibrated using the software pipeline provided by SomaLogic.

Statistical analyses were performed on log2 RFU values using R version 3.5.2 (R Foundation for Statistical Computing, Vienna, Austria) including base R package. Data handling and differential protein expression were analyzed using the autonomics and limma (18) packages. For differential protein analysis we applied limma models containing contrasts between timepoints, as well as contrasts between healthy and patients with diabetes at single timepoints. In both models, blocking by patient ID was performed to account for random effects. Batch effect correction was performed by adding batch as a covariate to the model. Limma obtained P values were corrected using the Benjamini-Hochberg method (19).



Statistical Analysis

There are no studies detailing the changes in NRP1 proteins in response to hypoglycaemia on which to base a power calculation. Sample size for pilot studies has been reviewed by Birkett and Day (20). They concluded that a minimum of 20 degrees-of-freedom was required to estimate effect size and variability. Hence, we needed to analyse the samples from a minimum of 20 patients per group. Data trends were visually evaluated for each parameter and non-parametric tests were applied on data that violated the assumptions of normality when tested using the Kolmogorov-Smirnov Test. Comparison between groups was performed at each timepoint using Student’s t-test. A p-value of <0.05 was considered statistically significant. Statistical analysis was performed using Graphpad Prism (San Diego, CA, USA).




Results


Study Participants

T2D (n=23) and control (n=23) subjects were matched for age (p=ns); T2D had higher BMI (p=0.0012); duration of disease was 4.5 ± 2.9 years (Table 1). Nine T2D subjects were treated with ACE inhibitor (ACEi) therapy. Systolic and diastolic blood pressure were higher in T2D (p<0.001). Renin was elevated and angiotensinogen decreased in T2D (p<0.05), indicating RAS overactivity; ACE2 was unchanged (Table 2) (5).


Table 1 | Demographic and clinical characteristics of the study participants.




Table 2 | Circulating levels of renin angiotensin system (RAS)-related proteins at baseline and in response to hypoglycemia in control subjects and in subjects with T2D.





Changes of Plasma sNRP1 Levels in Response to Glucose Normalization and Hypoglycemia

Baseline levels of sNRP1 did not differ between T2D and controls (2298 ± 385 vs 2279 ± 488 RFU, T2D vs control, p=ns); normalization of glucose in T2D did not alter sNRP1 (2298.1 ± 80.3 vs 2279.1 ± 101.6 RFU of NRP1, T2D vs control, p=ns) (Figure 2A), and levels were unchanged in response to insulin induced normalization of glycemia (in T2D) (Figure 2A) and hypoglycaemia (both in control and in T2D) (Figure 2B). However, 4-hours post-hypoglycemia, NRP1 was elevated in T2D (2476 ± 117 vs 2216 ± 94 RFU, T2D vs control, p=0.04) (Figure 2B). When T2D subjects were stratified according to ACE inhibitor (ACEi) therapies, there was no difference in sNRP1 levels in subgroups at either glucose normalization or hypoglycaemia (Figure 2C). sNRP1 did not correlate with any of the renin angiotensin system (RAS) proteins measured here: ACE2, REN or AGT (Figure 3).




Figure 2 | Circulatory levels of Neuropilin-1 (soluble neuropilin-1, sNRP1) in plasma before, during and after iatrogenic induction of hypoglycemia. Blood sampling was performed at baseline (BL), euglycemia (30 min before hypoglycemia in type 2 diabetes (T2D) only), at hypoglycemia (0 min) and post-hypoglycemia (30 minutes, 1-hour, 2-hours, 4-hours and 24-hours). At baseline (BL), blood glucose (BG) was 7.6 ± 0.4 mmol/L (for T2D) and 5.0 ± 0.1 mmol/L (for control, C). At glucose normalization, BG was 4.5 ± 0.07 mmol/L (for T2D). At the point of hypoglycemia, BG was 2.0 ± 0.03 mmol/L (for T2D) and 1.8 ± 0.05 mmol/L (for control). (A) Effect of glucose normalization on plasma sNRP1 levels in T2D (black squares) and control (open squares) subjects. (B), Changes in sNRP1 levels in response to hypoglycaemia and post-hypoglycemic timepoints in control (white circles) and in T2D (black squares) subjects. (C), Effect of glucose normalization and hypoglycaemia on plasma levels of sNRP1 in T2D patients who were treated with ACE inhibitors (ACEi) (black squares) and those without ACEi therapy (white squares). *p < 0.05, T2D vs control; Hypo, hypoglycaemia; RFU, relative fluorescent units; ns, not significant.






Figure 3 | Correlation of plasma levels of soluble NRP1 (sNRP1) with basal levels of renin angiotensinogen system (RAS) proteins. Correlation of soluble NRP1 (sNRP1) with Renin (A), angiotensinogen (ANG) (B) and angiotensin-converting enzyme 2 (ACE2) (C). No correlation of sNRP1 with these RAS proteins was found in either T2D or control subjects. Control subjects, open black circles; T2D subjects, solid blue squares; ns, not significant.





Changes of Plasma Levels of NRP1 Proteolytic Enzyme ADAM9 in Response to Hypoglycemia in T2D

A Disintegrin and Metalloproteinase 9 (ADAM9) has been reported to be involved in proteolysis of NRP1 in human endothelial cells and that this process was stimulated by vascular endothelial growth factor (VEGF) (4). Therefore, plasma ADAM9 levels were determined and showed that ADAM9 did not differ at baseline between control and T2D subjects (1107 ± 60 vs 1255 ± 81 RFU of ADAM9, T2D vs control, p=ns) but were decreased following hypoglycaemia in T2D (1h and 2h post-hypoglycemia) (Figure 4A). Interestingly, in T2D, ADAM9 levels increased sharply 4-hours post-hypoglycemia compared to either the 2h post-hypoglycemia timepoint (1356 ± 81 vs 1019 ± 68 RFU of ADAM9 4h post-hypo vs 2h post-hypo, p<0.01) or baseline (1356 ± 81 vs 1107 ± 60 RFU of ADAM9 4h post-hypo vs baseline, p<0.05) (Figure 4A). Elevated ADAM9 levels were also observed 24h post-hypoglycemia both in control and T2D subjects (Figure 4A).




Figure 4 | Plasma levels of A Disintegrin and Metalloproteinase 9 (ADAM9), class 3 semaphorins (SEMA3A) and vascular endothelial growth factor (VEGF) before, during and after iatrogenic induction of hypoglycemia. Changes in plasma ADAM9 (A), VEGF (B) and SEMA3A (C) levels in response to hypoglycaemia and post-hypoglycemic timepoints in control (white circles) and T2D (black squares) subjects. *p < 0.05, **p < 0.01, control vs T2D; ^p < 0.05, control hypoglycaemia vs control post-hypoglycemia timepoints; &p < 0.05, &&p < 0.01, T2D hypoglycaemia vs T2D post-hypoglycemia timepoints; ##p < 0.01, T2D 2-h post-hypoglycemia vs T2D 4-h post-hypoglycemia. Hypo, hypoglycemia; RFU, relative fluorescent units.





Changes of NRP1 Ligands (VEGFA and SEMA3A) in Response to Hypoglycaemia in T2D

Soluble isoforms of NRP1 (sNRP1) also exist without transmembrane or cytoplasmic domains, expressing only the extracellular domains which allow them to bind NRP1 ligands (21); therefore, the plasma levels of NRP1 ligands (VEGFA and SEMA3A) were determined in response to insulin-induced hypoglycemia. Neither VEGFA nor SEMA3A was different at baseline in T2D compared to controls (9037 ± 188 vs 9113 ± 212 RFU of VEGF, T2D vs control, p=ns; 970 ± 43 vs 935 ± 45 RFU of SEMA3A, T2D vs control, p=ns). Normalization of hyperglycemia did not alter plasma VEGF or SEMA3A levels in T2D (9145 ± 275 vs 9037 ± 188 RFU of VEGF, euglycemia vs baseline in T2D, p=ns; 965 ± 51 vs 970 ± 43, RFU of SEMA3A, euglycemia vs baseline in T2D, p=ns). While insulin-induced hypoglycemia did not alter plasma VEGF levels in either control or T2D subjects (Figure 4B), plasma SEMA3A levels significantly decreased at hypoglycemia in control cases compared to baseline (799 ± 27 vs 935 ± 45 RFU of SEMA3A in control, hypoglycemia vs baseline, p=0.01) (Figure 4C). Post-hypoglycemic SEMA3A levels (from 0.5h post-hypo to 24h post-hypo) did not differ from baseline or hypoglycemia in either controls or T2D; however, SEMA3A levels were generally elevated in T2D, showing significance at 0.5h, 2h and 4h post-hypoglycemia (p<0.05) compared to controls (Figure 4C). Interestingly, in a similar manner to ADAM9, VEGF levels also increased sharply 4-hours post-hypoglycemia compared to the 2h post-hypoglycemia, hypoglycemia or baseline timepoints (4h vs 2h: 9947 ± 225 vs 9026 ± 185 RFU of VEGF, p=0.002; 4h vs hypoglycemia: 9947 ± 225 vs 8894 ± 208 RFU of VEGF, p=0.001; 4h vs baseline: 9947 ± 225 vs 9037 ± 188 RFU of VEGF, p=0.003) (Figure 4B).



Plasma RAS and sNRP1 Related Proteins in Response to Hyperglycemia in T2D

To determine whether hyperglycemia affects the levels of RAS or sNRP1 associated proteins, we performed correlation analysis between the change in blood glucose from hyperglycemia (baseline) to normoglycemia with basal levels of plasma RAS-related proteins (Renin, ANG and ACE2) (Supplementary Figure 1A) and plasma sNRP1 related proteins (sNRP1, VEGF, SEMA3A and ADAM17) (Supplementary Figure 1B). Our data indicate that none of the proteins differed in response to hyperglycemia in T2D.



Gender Stratification

We next sought to determine whether sNRP1 related proteins differ between males and females in response to changes in glycemia. Stratification of plasma levels of sNRP1, VEGF, SEMA3A and ADAM17 based on gender demonstrated no significant differences in their levels at baseline or hypoglycemia in control subjects (Supplementary Figures 2A, B); nor at baseline, normoglycemia, or hypoglycemia in T2D subjects (Supplementary Figures 2C–E).




Discussion

Here we report the levels of soluble neuropilin-1 (sNRP1), NRP1 proteolytic enzyme ADAM9 and NRP1 ligands, VEGF and SEMA3A, in response to insulin-induced hypoglycemia in obese patients with T2D. Our data demonstrate that soluble sNRP1, VEGF or SEMA3A and ADAM9 levels did not differ from control subjects in the basal condition in obese T2D; however, an alteration of their levels was observed in response to insulin-induced hypoglycemia. An elevation of sNRP1 levels in association with its proteolytic enzyme as well as ligands post-hypoglycemia suggests the possible connection of glycemic control with NRP1 cleavage in obese T2D subjects.

NRP1, a transmembrane glycoprotein, was initially identified as a receptor for class 3 semaphorins (SEMA3A), which are negative mediators of neuronal guidance (2, 22). NRP1 also functions as a high-affinity co-receptor for a number of vascular endothelial growth factor (VEGF) isoforms, in particular VEGF165, and enhances its activity in functions such as endothelial cell migration (23, 24). NRP1 is a single spanning transmembrane glycoprotein consisting of a large extracellular domain, a very short transmembrane domain and a short cytoplasmic domain. The NRP1 extracellular domain is divided into: (i) an A domain consisting of two a-domain repeats (a1a2) homologous to the complement proteins C1r and C1s, (ii) a B domain consisting of two b-domain repeats (b1b2) (25). In addition to the membrane form, a naturally occurring soluble NRP-1 protein (sNRP1) containing only the extracellular a1/a2 and b1/b2 domains is generated by alternative splicing of the NRP-1 gene (26) and this is capable of binding VEGF165 and SEMA3A (27). Therefore, sNRP1 is thought to function as a natural inhibitor of the membrane NRP1 by sequestering its ligands (3). Our data also demonstrate a simultaneous increase of sNRP1 and VEGF (4h post-hypoglycemia), suggesting a possible sNRP1 and VEGF interaction after the induction of hypoglycemia in obese T2D. sNRP1-induced ligand sequestration (by binding with VEGF) may block the interaction of VEGF and membrane-bound NRP1 (21); therefore, this action may reduce angiogenesis in severe COVID-19 disease and decrease the risk of SARS-CoV-2 cellular infectivity. Additionally, akin to sNRP1 antagonism of VEGF165 as an antiangiogenic agent (3), sNRP1 may bind to SARS-CoV-2 virus, preventing its binding to tissue NRP1 thus hindering or preventing its tissue entry.

There is evidence to suggest that increased sNRP1, seen here following insulin-induced transient hypoglycaemia but also as a consequence of strict glycemic control, might offer protection against COVID-19 disease severity. Optimizing glycemic control during hospitalization has been associated with a reduction in the risk of severe disease and death in patients with COVID-19 (28). Moreover, in a subset comparison of age and risk-matched COVID-19 patients with pre-existing T2D and poor glucose control (blood glucose >10.0 mmol/L), there was a reduction in mortality from 11.1% to 1.1% with significantly lower d-dimer, C-reactive protein (CRP) and interleukin 6 (IL6) when glucose was maintained in a range of 3.9-10 mmol/L (29). Since our data also demonstrated an increased plasma sNRP1 level 4-h post insulin-induced hypoglycaemia, it is highly likely that glycemic control-mediated improvement of severity in COVID-19 patients is associated with elevated sNRP1. However, further studies with blood sampling from COVID-19 patients should be performed to measure sNRP1 levels and to study the correlation between sNRP1 and COVID-19 risk factors (for example, CRP, d-dimer and IL6) in response to glycemic control in order to elucidate the mechanism.

The mechanism increasing sNRP1 levels in obese T2D in response to hypoglycemia is unclear; however, post-hypoglycemic ADAM9 levels were also higher at similar timepoints as the elevated sNRP1 levels in T2D cases. ADAM9 is a disintegrin and metalloproteinase involved in a wide array of cellular processes, especially those involving cell to cell interactions, adhesion, cell-matrix interactions, growth factor and cytokine signalling (30–32). Membrane-bound NRP1 is proteolytically cleaved by ADAM9 (or ADAM10) to produce its soluble form, sNRP1 (4). Here, ADAM9 was increased at 4-hours post-hypoglycemia in T2D and at 24-hours post-hypoglycemia in both T2D and control subjects. This suggests that ADAM9-mediated shedding of membrane bound NRP1 may potentiate elevated levels of sNRP1 over a prolonged period of time following a hypoglycaemic event.

Our data also demonstrate post-hypoglycemic elevation of plasma SEMA3A in T2D. SEMA3A levels have been reported to be significantly elevated in the vitreous fluid of patients with diabetic macular edema (33) and proliferative diabetic retinopathy (PDR) (34) via NRP1. Serum SEMA3A levels have also correlated with the phenotypes of diabetic retinopathy (35). Since secreted semaphorins (SEMA3 class) generally require NRPs as obligate co-receptors to interact with their surface receptors (36), it is likely that sNRP1 would also interact with SEMA3A in obese T2D in response to hypoglycemia. Thus, hypoglycemia-induced sNRP1 may pose a risk for diabetic microvascular complications which, in turn, may enhance the poor outcome of COVID19 severity in obese patients with T2D. However, apart from the connection of sNRP1 and risk of SARS-Cov-2, hypoglycemia-induced elevation in sNRP1 might also indicate a possible link between glucose counter-regulation and VEGF-NRP1 signalling in liver and kidney in T2D because sNRP1, but not NRP1, mRNA is expressed in liver hepatocytes and kidney distal and proximal tubules. On the other hand, NRP1 but not sNRP1, is expressed in liver veins and glomerular capillaries (3).

This study further showed that, whilst plasma renin was elevated, and angiotensinogen suppressed in T2D (5), that there were comparable levels of ACE2 and sNRP1 proteins between T2D and control subjects. In T2D, the sNRP1 levels did not change in response to normoglycemia or hypoglycemia regardless of whether or not the T2D subjects were on antihypertensive medication (ACEi). This suggests that there is RAS overactivation in T2D, and this was not affected by either acute normoglycemia or hypoglycaemia. However, sNRP1 levels were elevated post-hypoglycemia in T2D, suggesting that this hypoglycemic insult may result in a delayed but increased SARS-CoV-2 susceptibility. However, it is not precisely known how long that potential susceptibility window may last as blood sampling was not undertaken between the 4-hour and 24-hour post-hypoglycemia timepoints.

Whilst hyperglycemia may lead to more severe COVID-19 disease, the risk of hypoglycemia has also been shown to be increased during the COVID-19 pandemic, especially for those patients on the hypoglycemic agents sulphonylureas and insulin (37) and, paradoxically, that may mean that those T2D patients with the tightest, most optimal control (but with greater risk of hypoglycaemia) may be at higher risk of infection. Hydroxychloroquine may induce hypoglycemia in subjects with and without diabetes (38) and it has been shown that prophylactic hydroxychloroquine (HCQ) increases hypoglycemia in T2D (37); this may, therefore, conversely increase the subsequent risk of SARS-CoV-2 susceptibility. Moreover, an Indian study of patients with T2D revealed that the COVID-19 lockdown has been shown to increase the risk of hypoglycemia in patients with T2D, especially those receiving sulfonylureas (SU), insulin and HCQ, and especially in patients with associated co-morbidities (37). Notably, diabetic kidney disease (DKD), a co-morbidity already associated with increased risk of hypoglycaemia in non-COVID-19 infected patients due to factors such as reduced insulin clearance and degradation (39, 40), was the co-morbidity most frequently associated with hypoglycaemia during lockdown (37).

Study strengths include that these T2D subjects had a short disease duration and were relatively medication naïve. Study limitations include the small population under study and that measurement of circulating sNRP1, ADAM9, VEGF and SEMA3A may not reflect tissue levels; also, correlation of sNRP1 was with renin proteins rather than renin activity. In addition, the SOMAscan assay is designed as a discovery platform and measures relative protein concentrations using only external controls. Without internal controls and standard curves, it remains unclear which measurements are within the linear dynamic range (41); therefore, from a population point of view the same trends and associations will be present, but validation would be needed to individualise the results for treatment that was not done for the proteins reported here.

In conclusion, this data shows that strict blood glucose control associated with increased hypoglycemia potentiates sNRP1 levels via a mechanism involving ADAM9-mediated proteolytic cleavage of NRP1 that may continue to enhance sNRP1 levels following the hypoglycemic episode, independent of RAS activation or ACEi therapy. This post-hypoglycemia elevation of plasma sNRP1 may place patients with pre-existing obesity and T2D at increased risk for severe COVID19 disease; however, studies to clarify the role of sNRP1 in COVID19 patients are needed to determine if it promotes risk or affords protection for SARS-CoV-2 infection in T2D.
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Supplementary Figure 1 | Correlation of change of blood glucose from normoglycemia to hyperglycemia with basal levels of renin angiotensinogen system (RAS) proteins, Renin, angiotensinogen (ANG) and angiotensin-converting enzyme 2 (ACE2) (A) and sNRP1 related proteins, sNRP1, VEGF, SEMA3A and ADAM17 (B) in T2D. No correlation of hyperglycemia with those proteins was found T2D subjects. Part A: Renin, open black circles; angiotensinogen (ANG), open blue squares; ACE2, open red diamonds. Part B: NRP1, open black circles; SEMA3A, open blue squares; ADAM9, open red diamonds; VEGF, open green triangles.

Supplementary Figure 2 | Gender stratification of RAS proteins or sNRP1 related proteins at baseline or at hypoglycemia. No significant differences between male and female in the levels of sNRP1, VEGF, SEMA3A or ADAM17 at baseline and hypoglycemia in control (A, B); and at baseline, normoglycemia and hypoglycemia in T2D (C–E).



References

1. Cantuti-Castelvetri, L, Ojha, R, Pedro, LD, Djannatian, M, Franz, J, Kuivanen, S, et al. Neuropilin-1 Facilitates SARS-CoV-2 Cell Entry and Infectivity. Science (2020) 370(6518):856–60. doi: 10.1126/science.abd2985

2. Kolodkin, AL, Levengood, DV, Rowe, EG, Tai, YT, Giger, RJ, and Ginty, DD. Neuropilin Is a Semaphorin III Receptor. Cell (1997) 90(4):753–62. doi: 10.1016/S0092-8674(00)80535-8

3. Gagnon, ML, Bielenberg, DR, Gechtman, Z, Miao, HQ, Takashima, S, Soker, S, et al. Identification of a Natural Soluble Neuropilin-1 That Binds Vascular Endothelial Growth Factor: In Vivo Expression and Antitumor Activity. Proc Natl Acad Sci USA (2000) 97(6):2573–8. doi: 10.1073/pnas.040337597

4. Mehta, V, Fields, L, Evans, IM, Yamaji, M, Pellet-Many, C, Jones, T, et al. Vegf (Vascular Endothelial Growth Factor) Induces NRP1 (Neuropilin-1) Cleavage Via ADAMs (a Disintegrin and Metalloproteinase) 9 and 10 to Generate Novel Carboxy-Terminal Nrp1 Fragments That Regulate Angiogenic Signaling. Arterioscler Thromb Vasc Biol (2018) 38(8):1845–58. doi: 10.1161/ATVBAHA.118.311118

5. Moin, ASM, Al-Qaissi, A, Sathyapalan, T, Atkin, SL, and Butler, AE. Renin-Angiotensin System Overactivation in Type 2 Diabetes: A Risk for SARS-CoV-2 Infection? Diabetes Care (2020) 43(10):e131–e3. doi: 10.2337/dc20-1115

6. Wang, Y, Wang, E, Zhang, Y, Madamsetty, VS, Ji, B, Radisky, DC, et al. Neuropilin-1 Maintains Dimethylarginine Dimethylaminohydrolase 1 Expression in Endothelial Cells, and Contributes to Protection From Angiotensin II-induced Hypertension. FASEB J Off Publ Fed Am Soc Exp Biol (2019) 33(1):494–500. doi: 10.1096/fj.201800499R

7. Zhu, L, She, Z-G, Cheng, X, Qin, J-J, Zhang, X-J, Cai, J, et al. Association of Blood Glucose Control and Outcomes in Patients With COVID-19 and Pre-Existing Type 2 Diabetes. Cell Metab (2020) 31:1–10. doi: 10.1016/j.cmet.2020.04.021

8. Wang, G, Lai, FM, Lai, KB, Chow, KM, Kwan, CH, Li, KT, et al. Discrepancy Between Intrarenal Messenger RNA and Protein Expression of ACE and ACE2 in Human Diabetic Nephropathy. Am J Nephrol (2009) 29(6):524–31. doi: 10.1159/000185629

9. Soro-Paavonen, A, Gordin, D, Forsblom, C, Rosengard-Barlund, M, Waden, J, Thorn, L, et al. Circulating ACE2 Activity Is Increased in Patients With Type 1 Diabetes and Vascular Complications. J Hypertens (2012) 30(2):375–83. doi: 10.1097/HJH.0b013e32834f04b6

10. Randeria, SN, Thomson, GJA, Nell, TA, Roberts, T, and Pretorius, E. Inflammatory Cytokines in Type 2 Diabetes Mellitus as Facilitators of Hypercoagulation and Abnormal Clot Formation. Cardiovasc Diabetol (2019) 18(1):72. doi: 10.1186/s12933-019-0870-9

11. Longo, M, Caruso, P, Maiorino, MI, Bellastella, G, Giugliano, D, and Esposito, K. Treating Type 2 Diabetes in COVID-19 Patients: The Potential Benefits of Injective Therapies. Cardiovasc Diabetol (2020) 19(1):115. doi: 10.1186/s12933-020-01090-9

12. Bornstein, SR, Rubino, F, Khunti, K, Mingrone, G, Hopkins, D, Birkenfeld, AL, et al. Practical Recommendations for the Management of Diabetes in Patients With COVID-19. Lancet Diabetes Endocrinol (2020) 8(6):546–50. doi: 10.1016/S2213-8587(20)30152-2

13. Kahal, H, Halama, A, Aburima, A, Bhagwat, AM, Butler, AE, Graumann, J, et al. Effect of Induced Hypoglycemia on Inflammation and Oxidative Stress in Type 2 Diabetes and Control Subjects. Sci Rep (2020) 10(1):4750. doi: 10.1038/s41598-020-61531-z

14. Al-Qaissi, A, Papageorgiou, M, Deshmukh, H, Madden, LA, Rigby, A, Kilpatrick, ES, et al. Effects of Acute Insulin-Induced Hypoglycaemia on Endothelial Microparticles in Adults With and Without Type 2 Diabetes. Diabetes Obes Metab (2019) 21(3):533–40. doi: 10.1111/dom.13548

15. Kraemer, S, Vaught, JD, Bock, C, Gold, L, Katilius, E, Keeney, TR, et al. From SOMAmer-based Biomarker Discovery to Diagnostic and Clinical Applications: A SOMAmer-Based, Streamlined Multiplex Proteomic Assay. PloS One (2011) 6(10):e26332. doi: 10.1371/journal.pone.0026332

16. Suhre, K, Arnold, M, Bhagwat, AM, Cotton, RJ, Engelke, R, Raffler, J, et al. Connecting Genetic Risk to Disease End Points Through the Human Blood Plasma Proteome. Nat Commun (2017) 8:14357. doi: 10.1038/ncomms15345

17. Moin, ASM, Al-Qaissi, A, Sathyapalan, T, Atkin, SL, and Butler, AE. Hypoglycaemia in Type 2 Diabetes Exacerbates Amyloid-Related Proteins Associated With Dementia. Diabetes Obes Metab (2021) 23(2):338–49. doi: 10.1111/dom.14220

18. Ritchie, ME, Phipson, B, Wu, D, Hu, Y, Law, CW, Shi, W, et al. Limma Powers Differential Expression Analyses for RNA-Sequencing and Microarray Studies. Nucleic Acids Res (2015) 43(7):e47. doi: 10.1093/nar/gkv007

19. Benjamini, Y, Drai, D, Elmer, G, Kafkafi, N, and Golani, I. Controlling the False Discovery Rate in Behavior Genetics Research. Behav Brain Res (2001) 125(1-2):279–84. doi: 10.1016/S0166-4328(01)00297-2

20. Birkett, MA, and Day, SJ. Internal Pilot Studies for Estimating Sample Size. Stat Med (1994) 13(23-24):2455–63. doi: 10.1002/sim.4780132309

21. Schuch, G, Machluf, M, Bartsch, G Jr, Nomi, M, Richard, H, Atala, A, et al. In Vivo Administration of Vascular Endothelial Growth Factor (VEGF) and Its Antagonist, Soluble Neuropilin-1, Predicts a Role of VEGF in the Progression of Acute Myeloid Leukemia In Vivo. Blood (2002) 100(13):4622–8. doi: 10.1182/blood.V100.13.4622

22. He, Z, and Tessier-Lavigne, M. Neuropilin Is a Receptor for the Axonal Chemorepellent Semaphorin III. Cell (1997) 90(4):739–51. doi: 10.1016/S0092-8674(00)80534-6

23. Djordjevic, S, and Driscoll, PC. Targeting VEGF Signalling Via the Neuropilin Co-Receptor. Drug Discovery Today (2013) 18(9-10):447–55. doi: 10.1016/j.drudis.2012.11.013

24. Soker, S, Miao, HQ, Nomi, M, Takashima, S, and Klagsbrun, M. VEGF165 Mediates Formation of Complexes Containing VEGFR-2 and Neuropilin-1 That Enhance VEGF165-Receptor Binding. J Cell Biochem (2002) 85(2):357–68. doi: 10.1002/jcb.10140

25. Geretti, E, Shimizu, A, and Klagsbrun, M. Neuropilin Structure Governs VEGF and Semaphorin Binding and Regulates Angiogenesis. Angiogenesis (2008) 11(1):31–9. doi: 10.1007/s10456-008-9097-1

26. Tao, Q, Spring, SC, and Terman, BI. Characterization of a New Alternatively Spliced Neuropilin-1 Isoform. Angiogenesis (2003) 6(1):39–45. doi: 10.1023/A:1025884628155

27. Cackowski, FC, Xu, L, Hu, B, and Cheng, SY. Identification of Two Novel Alternatively Spliced Neuropilin-1 Isoforms. Genomics (2004) 84(1):82–94. doi: 10.1016/j.ygeno.2004.02.001

28. Sardu, C, D’Onofrio, N, Balestrieri, ML, Barbieri, M, Rizzo, MR, Messina, V, et al. Outcomes in Patients With Hyperglycemia Affected by COVID-19: Can We Do More on Glycemic Control? Diabetes Care (2020) 43(7):1408–15. doi: 10.2337/dc20-0723

29. Zhu, L, She, ZG, Cheng, X, Qin, JJ, Zhang, XJ, Cai, J, et al. Association of Blood Glucose Control and Outcomes in Patients With COVID-19 and Pre-Existing Type 2 Diabetes. Cell Metab (2020) 31(6):1068–77.e3. doi: 10.1016/j.cmet.2020.04.021

30. Dreymueller, D, Pruessmeyer, J, Groth, E, and Ludwig, A. The Role of ADAM-Mediated Shedding in Vascular Biology. Eur J Cell Biol (2012) 91(6-7):472–85. doi: 10.1016/j.ejcb.2011.09.003

31. English, WR, Siviter, RJ, Hansen, M, and Murphy, G. ADAM9 is Present at Endothelial Cell - Cell Junctions and Regulates Monocyte - Endothelial Transmigration. Biochem Biophys Res Commun (2017) 493(2):1057–62. doi: 10.1016/j.bbrc.2017.09.089

32. Schlondorff, J, and Blobel, CP. Metalloprotease-Disintegrins: Modular Proteins Capable of Promoting Cell-Cell Interactions and Triggering Signals by Protein-Ectodomain Shedding. J Cell Sci (1999) 112( Pt 21):3603–17. doi: 10.1242/jcs.112.21.3603

33. Cerani, A, Tetreault, N, Menard, C, Lapalme, E, Patel, C, Sitaras, N, et al. Neuron-Derived Semaphorin 3A Is an Early Inducer of Vascular Permeability in Diabetic Retinopathy Via Neuropilin-1. Cell Metab (2013) 18(4):505–18. doi: 10.1016/j.cmet.2013.09.003

34. Dejda, A, Mawambo, G, Cerani, A, Miloudi, K, Shao, Z, Daudelin, JF, et al. Neuropilin-1 Mediates Myeloid Cell Chemoattraction and Influences Retinal Neuroimmune Crosstalk. J Clin Invest (2014) 124(11):4807–22. doi: 10.1172/JCI76492

35. Kwon, SH, Shin, JP, Kim, IT, and Park, DH. Association of Plasma Semaphorin 3a With Phenotypes of Diabetic Retinopathy and Nephropathy. Invest Ophthalmol Vis Sci (2016) 57(7):2983–9. doi: 10.1167/iovs.16-19468

36. Kumanogoh, A, and Kikutani, H. Immunological Functions of the Neuropilins and Plexins as Receptors for Semaphorins. Nat Rev Immunol (2013) 13(11):802–14. doi: 10.1038/nri3545

37. Shah, K, Tiwaskar, M, Chawla, P, Kale, M, Deshmane, R, and Sowani, A. Hypoglycemia at the Time of Covid-19 Pandemic. Diabetes Metab Syndr (2020) 14(5):1143–6. doi: 10.1016/j.dsx.2020.07.003

38. Dai, Y, Lin, G, and Shi, D. Hypoglycemia Induced by Hydroxychloroquine Sulfate in a Patient Treated for Connective Tissue Disease Without Diabetes Mellitus. Clin Ther (2020) 42(5):940–5. doi: 10.1016/j.clinthera.2020.03.011

39. de Decker, L, Hanon, O, Boureau, AS, Chapelet, G, Dibon, C, Pichelin, M, et al. Association Between Hypoglycemia and the Burden of Comorbidities in Hospitalized Vulnerable Older Diabetic Patients: A Cross-Sectional, Population-Based Study. Diabetes Ther (2017) 8(6):1405–13. doi: 10.1007/s13300-017-0319-7

40. Moen, MF, Zhan, M, Hsu, VD, Walker, LD, Einhorn, LM, Seliger, SL, et al. Frequency of Hypoglycemia and its Significance in Chronic Kidney Disease. Clin J Am Soc Nephrol (2009) 4(6):1121–7. doi: 10.2215/CJN.00800209

41. Joshi, A, and Mayr, M. In Aptamers They Trust: The Caveats of the SOMAscan Biomarker Discovery Platform From Somalogic. Circulation (2018) 138(22):2482–5. doi: 10.1161/CIRCULATIONAHA.118.036823



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.

Copyright © 2021 Moin, Al-Qaissi, Sathyapalan, Atkin and Butler. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-12-665134-g004.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Soluble Neuropilin-1 Response to Hypoglycemia in Type 2 Diabetes: Increased Risk or Protection in SARS-CoV-2 Infection?

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Clinical Trial Registration

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Study Design

          



          		

            Hyperinsulinemic Clamp

          



          		

            Blood Sample Preparation and Biochemical Marker Analyses

          



          		

            SOMA-Scan Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Study Participants

          



          		

            Changes of Plasma sNRP1 Levels in Response to Glucose Normalization and Hypoglycemia

          



          		

            Changes of Plasma Levels of NRP1 Proteolytic Enzyme ADAM9 in Response to Hypoglycemia in T2D

          



          		

            Changes of NRP1 Ligands (VEGFA and SEMA3A) in Response to Hypoglycaemia in T2D

          



          		

            Plasma RAS and sNRP1 Related Proteins in Response to Hyperglycemia in T2D

          



          		

            Gender Stratification

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement 

        



        		

          Ethics Statement 

        



        		

          Author Contributions

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Renin (RFU)
Baseline (BL) Hypoglycemia (H)
1730 + 566 1601 + 511

P=0.5 (BL vs H in T2D)

T2D subjects

Angiotensinogen (RFU)
Baseline (BL) Hypoglycemia (H)
3786 + 174 4027 + 261

P=0.7 (BL vs H in T2D)

ACE2 (RFU)

Baseline (BL) Hypoglycemia (H)
285+ 29 286 + 29
P=09 (BL vs H in T2D)

Control subjects

Renin (RFU)
Baseline (BL) Hypoglycemia (H)
675 + 71 666 + 70

P=0.5 (BL vs H in control)
P=0.02 (T2D vs control at BL)

Angiotensinogen (RFU)
Baseline (BL) Hypoglycemia (H)
5005 + 573 5248 + 558

P=0.5 (BL vs H in control)
P=0.04 (T2D vs control at BL)

ACE2 (RFU)

Baseline (BL) Hypoglycemia (H)
281 +18 277 £ 17
P=0.8 (BL vs H in control)
P=0.7 (T2D vs control)

Data is expressed as Mean + SEM. RFU, relative fluorescent units; BL, baseline; H, hypoglycemia.





OEBPS/Images/fendo-12-665134-g002.jpg
[Pemsvnacomer |
(8o 75+ 120)
05018

oo
TaiomE

s gosT 3
Time ()
[Fome]

3





OEBPS/Images/fendo.2021.665134_cover.jpg
’ frontlers
n Endocrinology

Soluble Neuropilin-1 Response to
Hypoglycemia in Type 2 Diabetes:a
Increased Risk or Protection in
SARS-CoV-2 Infection?a





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-12-665134-g001.jpg
BRI sssen

(2.5 mUIKg body Weight/min)
Hypogycomia
‘Overnight fasting BS < 2.0 mmol/L.
| f————— Posthypogycemia ———
Time (Hours)| 1 hour_ 0.5 hours_ 0 [0.5] 1 2 4 [10 hours fasting| 24
. K . [} ) [} [}
s
e | o | oo, | T Dexvose
12076404 mmon | 120 45208 mman | 2"
e Eer
damp e T2Dany | 207 2D






OEBPS/Images/table1.jpg
Baseline

Age (years)

Sex (M/F)

Weight (kg)

Height (cm)

BMI (kg/m?)

Systolic BP (mmHg)
Diastolic BP (mmHg)
Duration of diabetes
(years)

HbA1c (mmol/mol)
HbA1c (%)

Total cholesterol (mmol/l)
Triglyceride (mmol/))
HDL-cholesterol (mmol/l)
LDL-cholesterol (mmol/l)
CRP (mg/)

Type 2 Diabetes
(n=23)

64+8
12/11
90.9 + 11.1
167 = 14
32+4
1832+8
817
45+22

512+11.4
6.8+ 1.0
42+1.01.0
1.7+07
1.1+£03
223+0.8
3.10+2.87

Controls
(n=23)

60 + 10
11/12
795 +88
169+ 5
28+3
122+8
75+ 6
N/A

372+22
5602
48 +0.77
134 £06
15+04
2.7 +0.87
5.30 +1110.03

p-value

<0.0001
0.77

<0.0001
0.64

<0.0001
0.001
0.008

<0.0001

<0.0001
0.02
0.06
0.001
0.051
0.66

BMI, Body mass index; BP, Blood pressure; HDL-cholesterol, High density lipoprotein
cholesterol; LDL-cholesterol, Low density lipoprotein cholesterol; CRP, C-reactive protein;

HbA1c, Hemoglobin Alc.





OEBPS/Images/fendo-12-665134-g003.jpg
B AcE2 050

< B8888






