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The relationship between COVID-19 and diabetes mellitus is complicated and bidirectional. On the one hand, diabetes mellitus is considered one of the most important risk factors for a severe course of COVID-19. Several factors that are often present in diabetes mellitus are likely to contribute to this risk, such as older age, a proinflammatory and hypercoagulable state, hyperglycemia and underlying comorbidities (hypertension, cardiovascular disease, chronic kidney disease and obesity). On the other hand, a severe COVID-19 infection, and its treatment with steroids, can have a specific negative impact on diabetes itself, leading to worsening of hyperglycemia through increased insulin resistance and reduced β-cell secretory function. Worsening hyperglycemia can, in turn, adversely affect the course of COVID-19. Although more knowledge gradually surfaces as the pandemic progresses, challenges in understanding the interrelationship between COVID-19 and diabetes remain.
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Introduction

Diabetes mellitus is a complex chronic disease characterized by glucose dysregulation caused by an absolute or relative insulin deficiency. It includes various different types, with type 1 diabetes (T1D) and type 2 diabetes (T2D) as the most prevalent subtypes. T1D is characterized by autoimmune destruction of insulin-producing pancreatic β-cells, while T2D results from a combination of β-cell secretory defect and insulin resistance (1). The global burden of diabetes is high, with an overall prevalence of 9.3% and 463 million people suffering from the disease worldwide (2). It is often accompanied by various comorbidities and long-term complications, including obesity, hypertension, vasculopathy, a proinflammatory and hypercoagulable state and cardiovascular disease (CVD) (3–5).

In December 2019, the first cases of atypical pneumonia with Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) were identified. A rapid global spread of the virus led the World Health Organization (WHO) to declare coronavirus disease 2019 (COVID-19) a pandemic on March 11th, 2020. Clinical presentation of COVID-19 is diverse and can vary from asymptomatic infection and mild upper respiratory tract symptoms to respiratory failure needing intensive care and death.

This review aims to provide an overview and assessment of the bidirectional relationship between COVID-19 and diabetes. On the one hand, diabetes and its associated comorbidities increase the risk of a more severe course of COVID-19 and increased mortality (6–10). Patients with diabetes are known to have an increased risk of infections, which is partly attributed to hyperglycemia causing immune dysfunction, among other effects (11–15). On the other hand, severe SARS-CoV-2 infection and its associated hyperinflammation contribute to hyperglycemia through an indirect negative effect on insulin target tissues and a potential direct negative effect on pancreatic β-cells (16). The resulting hyperglycemia can, in turn, worsen the prognosis of COVID-19 (17–20).

In this review, we will first discuss the primary risk of COVID-19 infection in patients with diabetes, then the risk of a severe course of COVID-19 with diabetes, followed by the potential additional risk of the most relevant comorbidities and other concomitant factors, and finally the role of glycemic control and the effect of the SARS-CoV-2 virus itself. All studies that were considered relevant for this review were found using PubMed and by cross-referencing.



Risk of Infection With COVID-19

Patients with diabetes are known to have an increased risk of infections, in particular skin infections, genito-urinary tract infections and (bacterial) respiratory tract infections (14, 21). The hyperglycemic environment present in diabetes favors immune dysfunction through several pathways. The most important underlying mechanisms are a decreased production of interleukins in response to an infection, reduced chemotaxis and phagocytic activity, and immobilization of polymorphonuclear leukocytes. Hyperglycemia, including the resulting glycosuria, also increases the virulence of certain pathogens (11, 22, 23). In addition to an increased risk of infection, patients with diabetes also have a higher rate of infection-related hospitalizations as well as infection-related mortality. These risks are present in both T1D and T2D, but are greater in T1D (15). Importantly, it is well-known that the risk of infections is further increased with poorer glycemic control (12–14).

For SARS-CoV-2, clinical reports from all around the world found diabetes mellitus to be one of the most common comorbidities present in patients with COVID-19. In the beginning of the COVID-19 pandemic, this finding, along with the known increased infection risk for other infections, led to the assumption that patients with diabetes are at increased primary risk of COVID-19 infection. However, most of these reports describe patients in a hospitalized or even intensive care unit (ICU) setting, i.e. patients with a more severe course of the disease.

In the first largest consecutive case series from the United States of America (USA), describing 5,700 patients with COVID-19 admitted to 12 hospitals in the New York area, diabetes mellitus was the third most common comorbidity with 33.8% of patients suffering from the disease, after hypertension (56.6%) and obesity (41.7%) (24). This series, however, included both patients admitted to the general ward as well as to the ICU and does not distinguish between the two. A meta-analysis of six Chinese studies including 1,527 patients hospitalized with COVID-19 clearly demonstrated the difference between prevalence of diabetes in severe versus non-severe cases, describing a prevalence of diabetes of 11.7% in ICU cases, but 4.0% in non-ICU cases (25). In another study from China, prevalence of diabetes in 1,590 patients with COVID-19 was 8.2%, rising to 34.6% in patients with a severe course of the disease (26). In line with this finding, a report of the Chinese Center for Disease Control and Prevention on 44,672 COVID-19 cases which also included non-hospitalized patients, showed a lower prevalence of diabetes (5.3%) (27). Similarly, the US Centers for Disease Control and Prevention reported an overall prevalence of diabetes in patients with COVID-19 of 10.9%, with a prevalence of 6.4% in non-hospitalized COVID-19 patients (28). In a meta-analysis on 33 studies with a total of 16,003 patients, which included 30 studies from China, two from the USA and one from France, the pooled prevalence of diabetes in patients with COVID-19 was 9.8% (29). Finally, in Italy, a single-center study on 146 patients hospitalized with COVID-19 demonstrated a prevalence of diabetes of 8.9% (30). With an estimated prevalence of diabetes mellitus in the general population of 10.5% in the USA (31), 11.2% in China (32), 7.6% in France (33), and 8.3% in Italy (34), respectively, the prevalence of diabetes in patients infected with COVID-19 was not higher than in the general population.

In summary, based on these studies, the primary risk of infection with COVID-19 does not appear to be increased in patients with diabetes mellitus. In previous studies with other pathogens, the increased risk of infection in patients with diabetes also appeared to be present predominantly in bacterial, fungal or yeast infections and not in viral infections, such as COVID-19 (13). However, we do not know whether patients with diabetes behave differently with regard to willingness for SARS-CoV-2 testing and/or social distancing compared to patients without diabetes, which could affect incidence rates. Therefore, it is difficult to determine and compare the primary risk of infection. Since most studies involve patients with T2D and/or authors had not specified the type of diabetes, any possible difference between T1D and T2D in primary risk of COVID-19 infection is not yet known.



Risk of a Severe Course of COVID-19

During previous pandemics, numerous studies have shown that patients with diabetes are a key vulnerable group for a severe course of infections. During the 2009 H1N1 influenza pandemic, hospitalization of individuals with diabetes was up to six times higher as compared to individuals without diabetes (35, 36), risk of admission to the intensive care unit was four times higher (37), and risk of death two times higher (38). In the first SARS-CoV outbreak in 2002, diabetes was determined an independent risk factor for complications and death, with an odds ratio (OR) of 3.0 for death in patients with diabetes (39, 40). During the Middle-East respiratory syndrome coronavirus (MERS-CoV) outbreak, the prevalence of diabetes was 51% in patients who had MERS, and the OR for severe or critical disease ranged from 7.2 to 15.7 in patients with diabetes as compared to the overall population, with a mortality rate of 35% (41).

In the present SARS-CoV-2 pandemic, several studies and meta-analyses have investigated the impact of diabetes on severity of COVID-19. A severe course of COVID-19 is a broad concept, ranging from the need versus no need for hospitalization, ICU versus non-ICU admission, requirement versus no requirement of mechanical ventilation, fatal versus non-fatal disease and any composite outcome combining them. Although chosen endpoints vary per study, there was consensus in currently available literature that in order to be regarded as having a severe course of COVID-19, patients at least have to be hospitalized as a result of the disease. In the initial reports from China, the prevalence of diabetes was consistently higher among patients with severe versus non-severe disease (8, 42–44). As the pandemic progressed, larger studies from countries around the world provided more robust information.

In China, a nationwide study reported a higher prevalence of diabetes among patients with severe COVID-19 as compared to patients with non-severe disease (16.2% vs 5.7%) (45). The China Center for Disease Control and Prevention reported a diabetes prevalence of 5.3% among all 44,672 COVID-19 cases, but 19.7% among non-survivors, with a case fatality rate of 2.3% vs 7.3%, respectively (27). In the USA, among 5,279 patients diagnosed with COVID-19 in a prospective cohort study in New York City, prevalence of diabetes was higher in patients admitted to the hospital than patients not admitted (34.7 vs 9.7%) (7). The US Centers for Disease Control and Prevention reported diabetes prevalence rising with increasing severity of COVID-19, from 6.4% in non-hospitalized patients to 24.2% in hospitalized patients and 32.4% in ICU patients (28). The most recent report of the Istituto Superiore di Sanità (National Health Institute) in Italy, describing 85,418 patients who died from COVID-19, reported a prevalence of T2D of 29.3% (46).

Apart from reporting a higher prevalence of diabetes, several meta-analyses showed that the risk of diabetes was 2 – 4 fold higher in severe COVID-19 cases as compared to non-severe COVID-19 patients (29, 43, 47). In a meta-analysis of six Chinese studies, the pooled rate ratio of diabetes among patients with severe versus non-severe COVID-19 was 2.26 (30). A retrospective cohort study on 178 patients with diabetes hospitalized with COVID-19 in the USA found that patients with diabetes had a 59% higher risk of ICU admission, an approximately 97% increased risk of mechanical ventilation and twofold increased risk of death after adjustment for age, sex, ethnicity, BMI and any comorbidities (48). In a final large meta-analysis of 76 studies involving 31,067 patients with COVID-19, patients with diabetes were at significantly higher risk of severe infection (OR 2.38) as well as mortality (OR 2.21) (49).

Since most research had either been done in patients with T2D or the researchers did not specify the type of diabetes in their studies, it had long been unclear whether this higher risk of a severe course of COVID-19 was also present in T1D. Fortunately, more evidence on the risk in T1D is emerging and it demonstrates an increased risk for COVID-19-related mortality, ICU admission and hospitalization. A population-based study from the United Kingdom (UK) demonstrated that out of 23,804 COVID-19-related in-hospital deaths, 31.4% of patients had T2D and 1.5% had T1D. Unadjusted 72-day mortality rates per 100,000 people were 27 for individuals without diabetes, 138 for T1D and 260 for T2D. Interestingly, adjusted for age, sex, socioeconomic deprivation, ethnicity and geographical region, the OR for COVID-19-related mortality was even higher in patients with T1D compared to patients with T2D (3.51 vs 2.03) (9). Even more recently, a similar nationwide population-based study on 34,383 patients with T1D and 275,960 with T2D from Scotland showed similar increased risks for COVID-19-related mortality and ICU admission, with again higher risks for T1D as compared to T2D (T1D OR 2.40; T2D OR 1.37) (50). A final recent prospective cohort study from the USA confirmed these findings (51), and showed in their latest analyses on an even higher number of patients that there was a higher risk of hospitalization for COVID-19 in T1D (OR 4.60) as compared to T2D (OR 3.42) (52). The findings of these studies are summarized in Table 1.


Table 1 | Overview of the risk of adverse COVID-19-related outcomes in patients with type 1 and type 2 diabetes mellitus.



In summary, patients with both type 1 and type 2 diabetes have an increased risk of a more severe course of COVID-19. While the risk for patients with T2D had already been established, recent evidence that emerged on the risk in T1D shows that patients with T1D appear to have an even slightly higher adjusted risk for adverse COVID-19-related outcomes. Although diabetes is an independent risk factor for disease severity (9, 48, 50–52), of course, patients with diabetes often have other comorbidities or concurrent factors that could add to their increased risk of severe COVID-19.



Role of Cardiovascular Risk Factors, (Micro)vascular Complications and Pharmacologic Treatment

Several mechanisms have been suggested as an underlying additional explanation for the more severe course of COVID-19 in patients with diabetes. This chapter aims to provide an overview of prognostic factors associated with severity of COVID-19 in patients with diabetes. It focuses on the most relevant factors in the context of diabetes and COVID-19 such as demographic features, cardiovascular risk factors, (micro)vascular complications and pharmacologic treatments. Other comorbidities associated with diabetes mellitus are beyond the scope of this review (53). In assessing the risk of an individual for a more severe course of COVID-19, it is important to consider these prognostic features, summarized in the top half of Figure 1.




Figure 1 | Illustration of the interrelationship between SARS-CoV-2, COVID-19 and diabetes. The relationship between COVID-19 and diabetes is complicated and bidirectional. Diabetes mellitus is one of the most important risk factors for severe COVID-19. In a patient with diabetes, the associated comorbidities and diabetes-related complications as well as certain demographic features can further contribute to this higher risk of a severe course of COVID-19. Another key factor is glycemic control. On the one hand, hyperglycemia is a strong risk factor for a more severe course of COVID-19. On the other hand, the hyperinflammation associated with severe COVID-19 as well as its treatment with steroids can cause or worsen hyperglycemia through an effect on insulin target tissues (predominantly liver, muscle and fat cells) reducing insulin sensitivity (insulin resistance), as well as on pancreatic β-cells causing insufficient insulin secretion. There may even be a direct effect of SARS-CoV-2 on the β-cell through the ACE-2 receptor, but this is controversial. Hyperglycemia itself can lead to glucose toxicity, thus further decreasing insulin sensitivity and insulin secretory function. Hereby, the risk of severe COVID-19 in patients with diabetes is increased even further. SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 2019; ACE-2, angiotensin converting enzyme 2.




Age, Sex, Ethnicity, Socioeconomic Status

In the general population, a higher age, male sex, non-white ethnicity and lower socioeconomic status are demographic features that have all been associated with a more severe course of COVID-19 (7, 8, 42, 47, 54–58). As expected, these features also add to the risk of COVID-19 severity in patients with diabetes. Similar to the non-diabetic population, in a Chinese two-center retrospective study on 306 patients hospitalized with COVID-19, older age and male sex were found more frequently in non-survivors as compared to survivors among patients with diabetes (age 72 vs 63 years; 71.0% vs 43.4% male, respectively). Age ≥ 70 years was found to be an independent risk factor for in-hospital death for patients with diabetes as well as for patients without diabetes (hazard ratio (HR) 2.39 and 5.87, respectively) (59). In a recent larger French nationwide prospective cohort study on 1,317 patients with diabetes hospitalized with COVID-19 (of which 88.5% T2D), age was an independent risk factor for 7-day mortality as well (OR 2.39) (60). In that study, patients with T1D (n = 56) were separately described, confirming that patients with T1D who met the primary outcome (i.e. requirement of mechanical ventilation or death by day 7) were significantly older compared to patients who did not (65.3 vs 53.2 years) and prevalence of this primary outcome incrementally increased with increasing age in patients with T1D (12.0% for age < 55 years, 23.8% for age 55 – 74 years and 50.0% for age ≥ 75 years) (61). The UK population-based study on a total of 264,390 patients with T1D and 2,847,020 patients with T2D confirmed increased COVID-19-related mortality in both T1D and T2D for all of the demographic features. As compared to patients 60 – 69 years of age, patients 70 – 79 years of age were at increased risk for death (T1D HR 1.89; T2D HR 1.94), and patients ≥ 80 years of age were at even greater risk (T1D HR 4.79; T2D HR 4.52). For male sex, risk of mortality increased similarly for patients with T1D as compared to T2D (HR 1.61 for both). In T1D, COVID-19-related mortality was significantly higher in individuals of black and Asian ethnicities compared to white ethnicity (HR 1.77 and 1.57, respectively). For patients with T2D, risk of COVID-19-related mortality was higher in individuals of black and Asian, as well as mixed ethnicity (HR 1.63, 1.08 and 1.30, respectively). The researchers also identified a clear association between COVID-19-related death and socioeconomic status among patients with either type of diabetes, with mortality significantly higher in individuals in the most deprived quintile as compared to those in the least deprived quintile (T1D HR 1.93; T2D HR 1.46) (10). The Scottish population-based study on 319,349 patients with diabetes found similar associations for age (OR 1.076), sex (female OR 0.705) and socioeconomic status, with risk of ICU admission or mortality for COVID-19 decreasing with each quintile of increasing socioeconomic status (least deprived quintile vs most deprived quintile OR 0.379) (50). Additionally, risk for hospitalization in patients with diabetes was also found to be increased in the USA prospective cohort study for age (OR 1.93 for each 25 year increment), sex (OR 1.22 for male) and ethnicity (OR 2.01 for black; OR 1.78 for other) (51).



Hypertension and Cardiovascular Disease

Among the most commonly described comorbidities present in patients with COVID-19 are hypertension and cardiovascular disease (CVD), with hypertension being the most common in numerous reports from around the world (6–8, 24–28, 42, 43, 45–47, 54, 56). Hypertension and CVD are also among the most commonly associated comorbidities with diabetes (3, 4). Considering this strong association, and the fact that both hypertension and CVD have been identified as strong independent risk factors for severity of COVID-19 in the general population (47, 56, 58), it can be safely assumed that they are important concomitant factors adding to the risk of severe COVID-19 in patients with diabetes. Several studies have confirmed this. In a Chinese study on hospitalized COVID-19 patients, 153 individuals with diabetes more frequently had a history of hypertension and CVD as compared to 153 individuals without diabetes who were age- and sex-matched (hypertension 56.9% vs 28.8%; CVD 20.9 vs 11.1%, respectively). Among non-survivors, 83.9% of patients with diabetes suffered from hypertension and 45.2% from CVD, compared to 37.5% and 18.8% of patients without diabetes. In this cohort, hypertension was independently associated with an increased risk for in-hospital COVID-19-related death in patients with diabetes (HR 3.10) (59). A multi-center retrospective cohort study from Italy confirmed hypertension to be associated with an additional increased risk of mechanical ventilation, ICU admission or death (OR 2.31) in patients with diabetes (62), and a prospective cohort study from the USA found increased adjusted risk for hospitalization (OR 1.39) (51), although this was not described in every cohort (10, 50). In the Chinese study, as opposed to hypertension, CVD was only found to be significantly related to in-hospital death in patients with diabetes in the univariable regression analyses (HR 3.79), but not in the adjusted multivariable analyses. In the French nationwide cohort study on patients with COVID-19, an unadjusted increased risk for death was identified for patients with diabetes and concomitant hypertension (OR 1.81), macrovascular complications (OR 3.58), microvascular complications (OR 5.25), and several other cardiovascular-related diseases (60). Because T2D and CVD are so strongly related, it has been suggested that the higher risk of severe COVID-19 for T2D and CVD may overlap and not be additive. In the only currently available case-control study from Italy on 79 patients with T2D hospitalized for COVID-19 and 158 age- and sex-matched T2D controls without COVID-19, no higher prevalence of CVD was found in cases with COVID-19 (63). However, in a multi-center retrospective cohort study from the same group, a single cardiometabolic risk factor did not significantly increase risk of critical COVID-19 or mortality, but cardiometabolic multimorbidity did significantly and independently increase this risk (OR 3.19) (62). In the UK population-based study, for T1D, previous stroke (HR 2.33) and previous heart failure (1.80) but not previous myocardial infarction were associated with COVID-19-related mortality. For T2D, all of these cardiovascular comorbidities were independently associated with increased risk of death (myocardial infarction HR 1.11; stroke HR 2.02; heart failure HR 2.09) (10).



Chronic Kidney Disease

Chronic kidney disease (CKD) is one of the well-known microvascular long-term complications of diabetes. Also, diabetes is the most common cause of chronic kidney disease (CKD). The prevalence of CKD among patients with T2D is around 40% (64, 65) and the lifetime risk of developing CKD in T1D around 20-25% (66). In patients hospitalized with COVID-19, CKD has been shown to be an independent risk factor for in-hospital death (58, 67). Recent studies have demonstrated that this association is also present in patients with diabetes. In the French nationwide cohort study on hospitalized COVID-19 patients, diabetic kidney disease (i.e. estimated glomerular filtration rate (eGFR) of ≤ 60 mL/min/1.73m2 and/or proteinuria) was a predictor for early death in patients with diabetes (OR 3.19) (60). Additionally, the Italian case-control study on patients with T2D hospitalized with COVID-19 and T2D controls without COVID-19 confirmed a higher prevalence of CKD stage IIIb (eGFR < 45 ml/min/1.73m2) in those hospitalized (OR 3.09) (63). In the UK population-based study, an eGFR < 60 mL/min/1.73m2 was associated with increased COVID-19-related mortality in both T1D and T2D. Increasing stages of CKD were associated with incrementally increasing risks of COVID-19-related mortality, for eGFR 45 – 59 mL/min/1.73m2 (T1D HR 2.07; T2D HR 1.39), eGFR 30 – 44 mL/min/1.73m2 (T1D HR 2.46; T2D HR 1.76), eGFR 15 – 29 mL/min/1.73m2 (T1D HR 3.71; T2D HR 2.31) and finally eGFR < 15 mL/min/1.73m2 (T1D HR 8.35; T2D HR 4.91) (10). It is important to recognize CKD in patients with COVID-19 because impaired renal function warrants dosage reduction of some treatments used for COVID-19 (68).



Obesity

Obesity has been extensively linked to severity and mortality of COVID-19 (7, 58, 69–73). Several mechanisms have been suggested to explain the strong association between obesity and a severe course of COVID-19, i.e. ventilatory difficulty, the hypercoagulable and proinflammatory environment present in obesity, alterations in gut microbiota, nutritional deficits and immune dysregulation (74). Obesity is also linked to diabetes, in particular T2D, with an association so strong that the term diabesity has been used in the literature (75). Individuals with increasing body mass index (BMI) have an incrementally increasing risk of developing diabetes, already starting at an overweight BMI (25 – 29.9 kg/m2; OR 1.59), through class 2 obesity (BMI 30 – 39.9 kg/m2; OR 3.44) up to class 3 obesity (BMI ≥ 40 kg/m2; OR 7.37) (76). With both diabetes and obesity providing proinflammatory, hypercoagulable and immune dysregulatory conditions, an additional effect of obesity on severity of COVID-19 in patients with diabetes can be expected. Indeed, obesity has been shown to increase the risk of a severe course of COVID-19 in patients with diabetes. In the French nationwide cohort study, BMI was independently associated with their primary outcome (tracheal intubation and/or death within 7 days; OR 1.24). Interestingly, this effect was not significant in COVID-19-related death alone (60). The USA prospective cohort study found each 8.9 kg/m2 increment to be associated with an adjusted OR of 1.25 for hospitalization (51). An effect on COVID-19-related mortality was found in the UK population-based study, which identified a U-shaped association between BMI and mortality for both T1D and T2D. In that study, obesity was independently associated with an even higher additional risk of death in patients with T1D compared to T2D. Compared with a BMI of 25.0 – 29.9 kg/m2, a lower BMI of < 20.0 kg/m2 as well as of 20.0 – 24.9 kg/m2 were associated with increased COVID-19-related mortality (T1D HR 2.45 and 1.51; T2D HR 2.33 and 1.34, respectively). A higher BMI of 35.0 – 39.9 kg/m2 as well as of ≥ 40.0 kg/m2 also accounted for increased risk of COVID-19-related mortality for both types of diabetes (T1D HR 1.72 and 2.33; T2D HR 1.17 and 1.60, respectively). Interestingly, for T1D but not for T2D, a BMI of 30.0 – 34.9 kg/m2 was additionally associated with mortality (HR 1.47) (10). This U-shaped association with a low BMI, in addition to an high BMI, also attributing to an increased risk of death may be an explanation for the lack of significance on mortality in the French cohort in which a BMI of < 25 kg/m2 was set as the reference for statistical analyses.



Inflammation

In COVID-19, the most common post-mortem findings include profound inflammation of several tissues (77). Patients with severe COVID-19, in particular patients with acute respiratory distress syndrome, have a marked rise in inflammatory markers such as C-reactive protein (CRP), D-dimer, ferritin and interleukin 6 (IL-6) (8). An extreme form of hyperinflammation associated with severe COVID-19 is found in some patients who experience a cytokine storm, an uncontrolled state of hyperinflammation resulting in widespread tissue damage, multi-organ failure and death (78, 79). In several studies, high blood concentrations of inflammatory markers, cytokines and chemokines have been associated with COVID-19 severity and mortality (7, 8, 42, 80, 81). Diabetes is associated with a proinflammatory state, which may contribute to the risk of a more severe course of COVID-19 and a higher risk of experiencing a cytokine storm. The proinflammatory cytokines and toxic metabolites that are present in a cytokine storm are already chronically elevated in individuals with diabetes as part of the low-grade chronic inflammation (82–84). Although understanding the underlying pathogenesis of low-grade inflammation leading to a more rapid progression of COVID-19 and the associated cytokine storm is still subject of research, one of the most important pathophysiological mechanisms underlying the higher risk in patients with diabetes is thought to involve the proinflammatory NF-kappa-B pathway, which is chronically activated in patients with diabetes (82, 85). Additionally, the low-grade chronic inflammation present in individuals with diabetes is associated with exaggerated macrophage, monocyte and T-cell recruitment, and with decreased regulatory T-cell function, which promotes further inflammation in a continuous feedback cycle (86–89). Indeed, in several clinical studies in patients with diabetes and COVID-19, worse inflammatory profiles with higher inflammatory markers such as CRP, D-dimer, IL-6 and ferritin were identified compared to patients without diabetes (17, 19, 44, 90). Patients with diabetes were also at a higher risk of excessive uncontrolled inflammation responses (90). Additionally, elevated CRP and D-dimer levels, as well as higher IL-6, TNF-α and ferritin levels were found in non-survivors as compared to survivors with diabetes (44, 59). A high CRP was independently associated with increased risk of mortality (OR 1.87) for patients with diabetes hospitalized with COVID-19 (60). Among patients with diabetes, the group most vulnerable to hyperinflammation and cytokine storm in COVID-19 consists of the individuals with poor glycemic control, since hyperglycemia stimulates the synthesis and release of cytokines (91).



Coagulation

COVID-19 has been widely associated with thromboembolic events such as pulmonary embolism, deep-vein thrombosis (DVT), ischemic stroke and myocardial infarction, which represent a predominant cause of death in patients with severe COVID-19 (92–94). Similar to the proinflammatory state, diabetes is also associated with a hypercoagulable state. Patients with diabetes in general have an increased risk of thromboembolic events (95), which, in the case of COVID-19, can add to a high risk of death. Hypercoagulation in COVID-19 is thought to occur due to the profound inflammatory response and cytokine storm observed in some patients. Because patients with diabetes have a more pronounced inflammatory response (see paragraph Inflammation), they may be at greater risk to suffer from thromboembolic events in the case of COVID-19. Another important contributor in patients with diabetes may be hyperglycemia, which was previously shown to further exaggerate coagulation, as well as hyperinsulinemia, which inhibits fibrinolytic activity (96). In two studies, longer prothrombin times and higher D-dimer concentrations were found in COVID-19 non-survivors as compared to survivors in hospitalized Chinese patients with diabetes (44, 59). However, this was not the case in the French nationwide cohort study in which D-dimer levels were not a significant predictor of 7-day mortality in patients with diabetes hospitalized with COVID-19 (60). Apart from these studies describing biochemical outcome parameters such as D-dimer levels, no clinical studies have yet been performed on the prevalence of thromboembolic events in patients with diabetes as compared to patients without diabetes. It could be hypothesized that patients with COVID-19 and diabetes are at higher risk of thromboembolic events, especially when other risk factors such as older age, obesity, inflammation and immobilization due to hospital admission are present.



Medication

In addition to diabetes mellitus and the conditions that are associated with the disease, the treatments of these conditions might also increase the risk of a more complicated course of COVID-19, as well as account for drug interactions with treatments given for COVID-19. This gives rise to some specific considerations in patients with diabetes and/or associated comorbidities who are infected with SARS-CoV-2. The benefits, risks and recommendations for each of the treatments are summarized in Table 2.


Table 2 | Benefits, risks and recommendations for glucose-lowering and other commonly used treatments in patients with diabetes and COVID-19.



Some studies reported that insulin use in patients with diabetes was associated with a greater COVID-19 related morbidity and mortality (50, 60, 97). Even though in two of these studies adjustment for confounders using multivariable regression models was performed (50, 60), worse outcomes in patients on insulin therapy could be related to confounding by indication, rather than pointing to a harmful effect of insulin (98). Patients on insulin therapy are more likely to have a more severe and a longer duration of diabetes. In addition, glucose dysregulation, and thus increased use of insulin, occurs with more severe COVID-19 (see paragraph Direct and Indirect Effects of SARS-CoV-2). Indeed, better glycemic control is associated with better COVID-19-related outcomes (see paragraph Glycemic Control). In one study, treatment with insulin was associated with achievement of glycemic targets and improvement of COVID-19-related outcomes in patients hospitalized with the disease (99). The French nationwide cohort study also did not find any significant association between insulin use and increased mortality (60). Moreover, the Italian case-control study on patients with T2D hospitalized with COVID-19 and T2D controls without COVID-19 even demonstrated a lower prevalence of basal insulin use in those hospitalized (OR 0.18), after adjustment for cardiovascular, pulmonary and kidney disease (63). Consensus recommendations of experts from around the world include the recommendation that insulin therapy should not be stopped, as well as the recommendation to start insulin therapy in patients with severe COVID-19 (100). Of course, in patients with T1D, cessation of insulin therapy is never an option. Steroids, an important treatment pillar for patients with severe COVID-19, can result in marked hyperglycemia and the need for very high dosages of insulin.

Patients with COVID-19 that were treated with metformin have been reported to have better outcomes including reduced mortality and lower levels of inflammation in studies using univariable (97), as well as adjusted multivariable analyses (60). This was consistent with previous findings of anti-inflammatory properties of metformin (101), although improved COVID-19-related outcomes were not found in every study (50). However, metformin poses a known risk of lactic acidosis in critically ill patients, including patients with COVID-19 (102). It has therefore been recommended to discontinue metformin in patients with a severe course of COVID-19, i.e. in patients with sepsis, impaired renal or hepatic function, heart failure or respiratory distress (100, 103). However, because of the anti-inflammatory, cell-protective and important glucose regulatory effects of metformin without risk of hypoglycemia, it has been suggested to maintain metformin treatment in all patients hospitalized with COVID-19, provided they have not developed kidney or liver failure (104).

With contradictory evidence, it is still unclear whether sulfonylureas are associated with increased morbidity or mortality in patients with COVID-19. In the Scottish nationwide population-based study, the authors have found an increased risk of severe COVID-19 in patients using sulfonylureas (OR 1.310) after adjustment for age, sex, diabetes duration and type of diabetes (50). In an unadjusted univariable analysis from the French nationwide cohort study, this effect was not found (60). As sulfonylureas convey an increased risk of hypoglycemia, which increases during illness if oral intake is poor, discontinuation of sulfonylureas may be warranted in certain patients with COVID-19, based on the severity of COVID-19, nutritional status and risk of hypoglycemia.

Sodium-glucose-co-transporter-2 (SGLT-2) inhibitors do not carry a risk of hypoglycemia and have not been associated with increased risk of severe COVID-19 in multivariable adjusted analyses (50). However, they are associated with a risk of diabetic ketoacidosis during illness (105, 106). To reduce the risk of metabolic decompensation, expert recommendations state to discontinue SGLT-2 inhibitors in patients with severe COVID-19 (100).

Glucagon-like peptide-1 (GLP-1) receptor agonists exert anti-inflammatory properties, which is known to have beneficial effect on low-grade inflammation associated with atherosclerosis (107, 108). Furthermore, GLP-1 receptor agonists have renoprotective effects (109, 110). Considering the well-known beneficial effect of both GLP-1 receptor agonists as well as SGLT-2 inhibitors on prevention of cardiovascular and kidney disease, both risk factors for a severe course of COVID-19, these drugs may be of preventive importance (111). Whether GLP-1 receptor agonists exert similar beneficial anti-inflammatory effects specifically in relation to inflammation in COVID-19 is not yet clear. In several animal studies, GLP-1 receptor agonists have been associated with attenuation of pulmonary inflammation and preservation of lung function in experimental lung injury as well as respiratory syncytial virus infection (112–115). In the French prospective study on patients with COVID-19, use of GLP-1 receptor agonists was, however, not associated with a change in mortality (60). In the Scottish nationwide population-based study, adjusted risk of severe COVID-19 was even found to be increased (50). GLP-1 receptor agonists do not pose a risk for hypoglycemia, but the gastro-intestinal side-effects of GLP-1 receptor agonists may cause or worsen dehydration. Adequate fluid intake and regular meals should be encouraged. Cessation of GLP-1 receptor agonists in patients with COVID-19 is not deemed necessary (100).

Dipeptidyl peptidase-4 (DPP-4) inhibitors have been subject to debate since the start of the COVID-19 pandemic. In previous coronaviruses, DPP-4 was found to be a co-receptor for viral entry into the cell (116). Therefore, it had been speculated that DPP-4 inhibitors might have a beneficial effect, interfering with this binding and therefore reducing viral entry (117, 118). One retrospective cohort study found reduced mortality and improved clinical outcomes in patients with T2D and COVID-19 using sitagliptin (119). However, multiple clinical studies did not show any morbidity or mortality benefit of DPP-4 inhibitors in univariable (60, 97, 120), adjusted multivariable (50), or propensity-score matched analyses (121). In line with these findings, a recent study on SARS-CoV-2 showed that it does not use DPP-4 as a co-receptor for viral entry (122). Because DPP-4 inhibitors are generally well-tolerated, have no risk of hypoglycemia and can be used for a wide range of kidney function, it is recommended that they are continued in patients with COVID-19 (100).

Thiazolidinediones exert anti-inflammatory and antioxidant effects and significantly reduce insulin resistance (123). Therefore, it has been speculated that thiazolidinediones could ameliorate prognosis of COVID-19 in patients with diabetes (124). However, this has not yet been confirmed by clinical studies (50). Important side-effects of thiazolidinediones include weight gain and fluid retention, associated with aggravation of heart failure (125). For this reason, until more clinical trials more accurately identify the risks and benefits associated with thiazolidinedione treatment in (severe) COVID-19, use of thiazolidinediones in patients with diabetes and COVID-19 remains controversial. Discontinuation may be warranted in patients with a severe course of COVID-19, especially in patients with heart failure.

In addition to glucose-lowering therapies, patients with diabetes often also use other comedications like statins. Statins are lipid-lowering drugs that have notable anti-inflammatory and cardiovascular protective properties. Because CVD is a comorbidity highly associated with worse outcomes of COVID-19, it can be hypothesized that use of statins might reduce this risk (126). However, statins increase the expression of angiotensin converting enzyme 2 (ACE-2), the main receptor that is used by SARS-CoV-2 to enter a cell (127). This raised concerns on statins potentially increasing the risk for COVID-19 severity. To this end, several studies have looked into the effect of statins on COVID-19 morbidity and mortality. A large Chinese retrospective study on 13,981 patients with COVID-19 showed that in-hospital statin use was associated with reduced 28-day mortality as compared to a propensity score matched non-statin group (5.2% vs 9.4%, respectively) (128). In a retrospective cohort of 717 patients with COVID-19 in Singapore, after propensity score matching, statin use was independently associated with lower ICU admission, but not with a decrease in mortality (129). In the French prospective study on 1,317 hospitalized patients with diabetes and COVID-19, statins were also not associated with a change in mortality in the unadjusted analyses (60). In adjusted multivariable analyses of the UK population-based study, statins were not significantly associated with change in COVID-19-related mortality among patients with T1D. In T2D, use of statins was associated with a decrease in mortality (HR 0.72) (10). Although based on the available evidence it is still unclear whether statins have a beneficial effect on COVID-19-related outcomes, there at least does not seem to be a detrimental effect. Therefore, statins do not need to be discontinued in patients with COVID-19.

Because of their effect on the upregulation of the ACE-2 receptor (130), similar concerns as with statins were initially raised for ACE-inhibitors and angiotensin receptor blockers (ARBs) (131). Several studies have since then shown that there is no detrimental effect of ACE-inhibitors and ARBs on the severity of outcomes in patients with COVID-19 (60, 132–136). Some of the studies even showed improved clinical outcomes (50, 133, 136), although these findings need to be replicated in larger randomized controlled settings in order to draw a more definitive conclusion on any potential beneficial effects. In addition, with regard to a potential higher primary risk of infection, in a retrospective study on 4,480 patients as well as in a separate study on 12,594 patients who were tested for COVID-19, both using propensity score matching, the use of ACE-inhibitors and ARBs was not associated with a higher incidence of COVID-19 (135, 137). These findings are supported by a position statement of the European Society of Cardiology, that strongly recommends continuation of treatment with ACE-inhibitors and ARBs in patients with COVID-19 (138).




Bidirectional Relationship: The Role of Glycemic Control and SARS-CoV-2

The interrelationship between COVID-19 and diabetes is complex. Apart from diabetes mellitus being one of the most important risk factors for severe COVID-19, with several comorbidities and diabetes-related complications further adding to this risk, another key factor is glycemic control. On the one hand, poor glycemic control is an important independent risk factor for a severe course of COVID-19. On the other hand, a severe SARS-CoV-2 infection can contribute to hyperglycemia through several mechanisms, thereby further worsening the prognosis of patients with COVID-19. This chapter is aimed to provide an overview of this bidirectional relationship, which is illustrated in the bottom half of Figure 1.


Glycemic Control

Glycemic control as a predictor for worse outcomes of infections is not a new concept. During the 2009 H1N1 influenza pandemic, fasting plasma glucose levels were identified as an independent predictor for severity of H1N1 pneumonia (139). In the 2002 SARS-CoV outbreak, not only a history of diabetes (OR 3.0), but also fasting plasma glucose levels of ≥ 7.0 mmol/l (126 mg/dL) were found to be an independent predictor of mortality (OR 3.3) (39). Previous studies on the role of glycemic control in other infections have shown a U-shaped relationship between glycemia and infection-related hospitalization in 22,846 patients with T2D, with both low and high HbA1c levels increasing the risk of hospitalization, also after adjustment for confounding factors (14). In a population of 1,713 critically ill patients admitted to an intensive cardiac care unit, plasma glucose levels at admission were linearly associated with an increased risk for all-cause mortality (140).

In COVID-19, glycemic control also plays an important role in severity of outcomes. There are several different aspects to glycemic control that should be considered, i.e. glycemic control before hospital admission, at the time of hospitalization and during the in-hospital stay. An overview of important characteristics and outcomes of studies investigating the risk of adverse COVID-19-related outcomes according to glycemic control is presented in Table 3.


Table 3 | Overview of the risk of adverse COVID-19-related outcomes according to glycemic control.




Glycemic Control Before Hospital Admission

Patients with a pre-admission HbA1c of ≥ 86 mmol/mol (10.0%) compared to patients with an HbA1c of 48 – 53 mmol/mol (6.5 – 7.0%) had increased COVID-19-related mortality in both T1D and T2D (HR 2.23 and 1.61, respectively) (10). Interestingly, for T2D, a pre-admission HbA1c of 59 – 74 mmol/mol (7.6 – 8.9%) and of 75 – 85 mmol/mol (9.0 – 9.9%) were additionally associated with higher COVID-19-related mortality as compared to an HbA1c of 48 – 53 mmol/mol (HR 1.22 and 1.36, respectively) (10). A separate study from the UK on 17,278,392 individuals with 10,926 COVID-19-related deaths confirmed this finding, identifying HbA1c < 58 mmol/mol (7.5%) to yield a lower risk of COVID-19-related death as compared to HbA1c ≥ 58 mmol/mol (HR 1.58 vs 2.61, respectively, adjusted for age and sex) (58). Contrarily, in a French a nationwide cohort study on 1,317 patients with diabetes hospitalized for COVID-19, HbA1c was not associated with the composite outcome of mechanical ventilation and death (60). Additional analyses from the recent USA prospective cohort study showed in 102 patients with T1D that risk of hospitalization for COVID-19 incrementally increased with increasing levels of HbA1c (OR 2.96 for the first and second quartile of HbA1c, OR 5.12 for the third quartile and OR 9.76 for the fourth quartile) (51, 52).

During the pandemic, countries around the world have responded with different lockdown strategies in an attempt to control the outbreak. With glycemic control before hospital admission as an important risk factor for a severe course of COVID-19, several studies have been conducted on the effect of the pandemic and subsequent lockdown on glycemic control. It had been hypothesized that the limited possibility for physical exercise, increased stress and disruption of daily routines would negatively affect glycemic control. To this end, a large group of 280 patients with T1D and 155 patients with T2D was studied in our center during the lockdown period. Interestingly, we found an improvement in glycemic control in the lockdown period as compared to before the lockdown. In both T1D and T2D, patients in the highest pre-lockdown tertile of HbA1c showed the biggest improvement in HbA1c (T1D -4.3 mmol/mol (-0.39%); T2D -6.8 mmol/mol (-0.62%)). Improved continuous glucose monitoring data in patients with T1D reflected this observation (142). Smaller studies during the lockdown in Italy as well as Spain additionally supported this finding, with improved glucose time in range (3.9 – 10.0 mmol/l; 70 – 180 mg/dL), reduced time above range (> 10.0 mmol/l (180 mg/dL)) and reduced time below range (< 3.9 mmol/l (70 mg/dL)) in patients with diabetes who stayed at home during the lockdown (143–145).



Glycemic Control at the Time of Hospitalization

Hyperglycemia at the time of admission to the hospital was also identified as an important risk factor for a more severe course of COVID-19. Even in patients without previous diagnosis of diabetes, a high fasting blood glucose level ≥ 7.0 mmol/l (126 mg/dL) at the time of admission with COVID-19 was independently associated with 28-day mortality (141). A retrospective multi-center study of 2,041 COVID-19 patients hospitalized in China found hyperglycemia ≥ 6.1 mmol/l (110 mg/dL) at the time of hospital admission to be an independent risk factor for progression to critical disease and death in patients with non-critical illness at that time (HR 1.30). In patients diagnosed with critical disease, hyperglycemia ≥ 6.1 mmol/l (110 mg/dL) was an independent risk factor for in-hospital mortality (HR 1.84) (18). A study from Italy on 271 patients hospitalized with COVID-19 shows a stepwise increase in unadjusted mortality rates from patients without diabetes or hyperglycemia through patients with known diabetes and finally patients with at-admission hyperglycemia (16.8%, 28.6% and 39.4%, respectively), although the difference between patients with diabetes and hyperglycemia bordered on statistical significance. After adjustments, only hyperglycemia at the time of admission remained as an independent predictor of mortality (HR 1.80) (17).



Glycemic Control During In-Hospital Stay

Additionally, glucose regulation during in-hospital stay is another important prognostic factor for worse outcomes in patients hospitalized with COVID-19. In 1,122 patients hospitalized with COVID-19 in the USA, mortality rates were significantly higher in those with diabetes or uncontrolled hyperglycemia (i.e. ≥ 2 blood glucose measurements > 10.0 mmol/l (180 mg/dL) within a 24-hour period) during hospital stay as compared to those with normoglycemia (28.8% vs 6.2%, respectively) (20). In a Chinese retrospective multi-center study of 7,337 COVID-19 cases, of which 952 had T2D, patients with well-controlled blood glucose levels during hospitalization (glucose variability between 3.9 – 10.0 mmol/L (70 – 180 mg/dL)) were compared to patients with poorly controlled blood glucose levels (> 10.0 mmol/L (180 mg/dL)). Patients with good glycemic control during hospitalization had markedly lower mortality compared to poorly controlled patients, with an adjusted HR for mortality of 0.14 (19).

The strong influence of glycemic control and hyperglycemia on the severity of COVID-19 at all three different timepoints before as well as at the time of and during hospitalization, stresses the importance of glycemic control as a potential modifiable risk factor in patients with diabetes.




Direct and Indirect Effects of SARS-CoV-2

Several clinical studies have shown that patients with COVID-19 are prone to notable glucose dysregulation. In patients with COVID-19, an unusually high number of diabetic ketoacidosis and hyperglycemic hyperosmolar syndrome have been reported (60, 146–150). Interestingly, new-onset diabetes has also been reported in patients hospitalized with COVID-19 (151–154). In one study on eight patients with T2D that were critically ill with COVID-19 and admitted to the ICU, insulin requirements rapidly increased to extremely high doses with a mean peak insulin requirement of 201 units per day (2.2 units/kg/day) (155).

This glucose dysregulation found in patients infected with SARS-CoV-2 may be the result of several mechanisms. First, the hyperinflammation and cytokine storm present in certain patients with a severe course of COVID-19 can have a substantial effect on insulin resistance (156). In addition, high dose steroids are recommended in patients with severe or critical COVID-19 by the WHO, as it considerably reduces the risk of mortality (157). Treatment with steroids is also well-known to increase peripheral insulin resistance, thereby inducing hyperglycemia (158). Another phenomenon that could play a role is stress hyperglycemia. In acute illnesses, cortisol, epinephrine and glucagon are released as a stress response, stimulating gluconeogenesis in the liver and thereby causing transient hyperglycemia (159, 160). The hyperglycemia resulting from these processes is likely to lead to glucose toxicity of β-cells, thereby further decreasing insulin secretory function. High dose steroids as well as inflammatory cytokines can additionally impair insulin secretion (161–163). These mechanisms may individually or collectively cause or worsen glucose dysregulation in patients with COVID-19.

Apart from these indirect mechanisms, it has been suggested that SARS-CoV-2 might have a direct effect on the pancreatic β-cells through interaction with the ACE-2 receptor. In order to enter a cell, SARS-CoV-2 binds with its spike protein to the ACE-2 receptor that is present on human epithelial cells of several tissues, including the small intestine and pulmonary alveoli (both transmission routes for SARS-CoV-2). After binding to the ACE-2 receptor, the virus’ spike protein is proteolytically cleaved by transmembrane serine protease 2 (TMPRSS2), which facilitates viral entry into the cells, where viral replication takes place leading to progression of the infection and cell-to-cell transmission (122). Previous research on the presence of the ACE-2 receptor in pancreatic β-cells and its role in coronavirus infection has been contradicting. Several studies have been performed after the 2002 SARS-CoV outbreak, since this virus, like SARS-CoV-2, also binds to the ACE-2 receptor. In a Chinese study, immunohistochemical staining of ACE-2 was performed on donated tissues of a 43-year old male brain-dead organ donor, including the pancreas. They showed clear staining of ACE-2 protein in the endocrine pancreatic islets of Langerhans, and nearly no staining in exocrine tissues (16). Another study used quantitative real-time polymerase chain reaction to quantitively map the transcriptional expression profile of ACE-2, and thereby found ACE-2 expression in the islets of Langerhans (164). However, neither of these studies have differentiated between the different cells present within the islets of Langerhans, i.e. the various endocrine cells as well as endothelial and ductal cells. In a recent study, immunohistochemistry showed ACE-2 expression particularly in the microvasculature, but also in ductal cells and in endocrine cells, where it was found to be preferentially expressed in β-cells (165). Conversely, a different study demonstrated ACE-2 expression in pancreatic microvascular and ductal cells, and only rarely in endocrine cells. They supported their finding by examining pancreata from three patients who died from COVID-19, where they found SARS-CoV-2 nucleocapsid protein in ductal epithelium, but not in endocrine cells (166). In an autopsy study on patients who died from SARS in the previous outbreak, SARS-CoV antigen and RNA were also not found in pancreatic endocrine cells (167). However, a recent study found that human pancreatic exocrine, but also endocrine cells express the viral entry receptor ACE-2, with highest staining coefficients in the pancreatic β-cells. The authors additionally showed that isolated human pancreatic islets, including β-cells, that were exposed to SARS-CoV-2 became infected and showed increasing intra- and extracellular viral RNA levels, pointing to SARS-CoV-2 viral replication. This was inhibited by co-culturing with remdesivir. In pancreatic β-cells that were infected, glucose-dependent insulin secretion was found to be impaired. These findings were supported by postmortem examination of different organs, including the pancreata, of four patients who died from COVID-19, staining for SARS-CoV-2 N-protein. This pancreatic histopathology revealed the presence of N-protein in both exocrine and endocrine cells in all four patients, indicating a persistent pancreatic SARS-CoV-2 infection during severe COVID-19 (168).

In summary, hyperglycemia is found in high numbers of patients with COVID-19, with mechanisms such as hyperinflammation, corticosteroid treatment, and glucose toxicity potentially contributing to this finding. Although current in vitro and ex vivo studies point to the possibility of SARS-CoV-2 infecting pancreatic β-cells, thereby impairing insulin secretion and having a direct effect on glucose dysregulation, the clinical relevance of these findings has not been established.




Discussion

In summary, patients that suffer from diabetes mellitus do not appear to have an increased primary risk of COVID-19 infection, although several factors such as differences in social distancing behavior or willingness for SARS-CoV-2 testing make a robust conclusion difficult. Patients with both type 1 and type 2 diabetes are at greater risk for a severe course of COVID-19 and mortality. This poorer prognosis is likely additionally linked to the comorbidities and other risk factors that are often concomitantly present with diabetes mellitus, but also to glycemic control. The interrelation between diabetes and COVID-19 is complicated and bidirectional, with COVID-19 causing hyperglycemia on the one hand, but hyperglycemia causing worse outcome of COVID-19 on the other hand. Diabetes itself, as well as the comorbidities often associated with diabetes additionally contribute to this risk of a severe outcome of COVID-19. This relationship is illustrated in Figure 1.

Although diabetes itself appears to be an independent risk factor for severe COVID-19, the most important factors that co-contribute to an increased risk of COVID-19 severity and mortality in patients with diabetes include older age, hypertension, CVD, CKD, obesity, a proinflammatory and hypercoagulable state, and glucose dysregulation. All of these factors should be acknowledged when assessing the risk of a more severe course of COVID-19 in patients with diabetes. Patients with T1D appear to have a relatively higher risk of severe COVID-19 compared to T2D. Interestingly, the risk profile for patients with T1D appears to be different compared to the risk profile of those with T2D as well, at least for glycemic control and BMI, with an HbA1c ≥ 86 mmol/mol (10.0%) in T1D but ≥ 59 mmol/mol (7.5%) in T2D associated with increased COVID-19-related mortality. In both T1D and T2D, a BMI of < 25 kg/m2 increases the risk for death. However, in T1D a BMI of ≥ 30 kg/m2 is already associated with increased mortality, while in T2D this risk increases at a higher BMI of ≥ 35 kg/m2.

It is important to recognize that some of these risk factors are modifiable. For example, improved glucose regulation (i.e. better diabetes (self-)management) and a healthier BMI immediately contribute to a decreased risk of a severe course of COVID-19. It is imperative for health care professionals in the field as well as for patients with diabetes to be aware of the influence they herewith have on reducing their risk of COVID-19 severity as much as possible.

Although more knowledge is gradually surfacing as the pandemic progresses, challenges in understanding this interrelation between diabetes and COVID-19 remain. In particular, the clinical relevance of the potential direct effect of the virus on the function of pancreatic β-cells through the ACE-2 receptor, demonstrated in in vitro and ex vivo studies, requires further research. In addition, most research up until this moment has been performed in patients with T2D or in patients in whom the type of diabetes was not specified. The risk for T2D had therefore already been established. However, recently emerged evidence points to patients with T1D being at an even slightly higher risk of a more severe course of COVID-19 and increased mortality. Because of their completely different pathophysiology and the different comorbidities associated with either type of diabetes, future studies should distinguish between T1D and T2D to further understand specific risks.



Author Contributions

EK initiated this study. CL designed the review structure, performed the literature search, selection and interpretation of data, and drafted the manuscript including tables and figures. CL and EK finalized and critically reviewed the manuscript and approved the final version. All authors contributed to the article and approved the submitted version.



Acknowledgments

We would like to thank M.S. Zuurmond for assisting with the illustration of Figure 1.



Abbreviations

ACE(-2), Angiotensin converting enzyme (2); ARB, Angiotensin receptor blocker; BMI, Body mass index; CKD, Chronic kidney disease; COVID-19, Coronavirus disease 2019; CRP, C-reactive protein; CVD, Cardiovascular disease; DPP-4, Dipeptidyl peptidase 4; eGFR, Estimated glomerular filtration rate; GLP-1, Glucagon-like peptide 1; HbA1c, Glycated hemoglobin A1c; HR, Hazard ratio; ICU, Intensive care unit; IL, Interleukin; MERS-CoV, Middle-East respiratory syndrome coronavirus; OR, Odds ratio; SARS-CoV(-2), Severe acute respiratory syndrome coronavirus (2); SGLT-2, Sodium-glucose-co-transporter-2; T1D, Type 1 diabetes mellitus; T2D, Type 2 diabetes mellitus; WHO, World Health Organization.



References

1. American Diabetes A. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in Diabetes-2021. Diabetes Care (2021) 44(Suppl 1):S15–33. doi: 10.2337/dc21-S002

2. Saeedi, P, Petersohn, I, Salpea, P, et al. Global and Regional Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results From the International Diabetes Federation Diabetes Atlas, 9(Th) Edition. Diabetes Res Clin Pract (2019) 157:107843. doi: 10.1016/j.diabres.2019.107843

3. Fazeli Farsani, S, Souverein, PC, van der Vorst, MM, Knibbe, CA, de Boer, A, and Mantel-Teeuwisse, AK. Chronic Comorbidities in Children With Type 1 Diabetes: A Population-Based Cohort Study. Arch Dis Child (2015) 100(8):763–8. doi: 10.1136/archdischild-2014-307654

4. Iglay, K, Hannachi, H, Joseph Howie, P, et al. Prevalence and Co-Prevalence of Comorbidities Among Patients With Type 2 Diabetes Mellitus. Curr Med Res Opin (2016) 32(7):1243–52. doi: 10.1185/03007995.2016.1168291

5. Harding, JL, Pavkov, ME, Magliano, DJ, Shaw, JE, and Gregg, EW. Global Trends in Diabetes Complications: A Review of Current Evidence. Diabetologia (2019) 62(1):3–16. doi: 10.1007/s00125-018-4711-2

6. Jordan, RE, Adab, P, and Cheng, KK. Covid-19: Risk Factors for Severe Disease and Death. BMJ (2020) 368:m1198. doi: 10.1136/bmj.m1198

7. Petrilli, CM, Jones, SA, Yang, J, et al. Factors Associated With Hospital Admission and Critical Illness Among 5279 People With Coronavirus Disease 2019 in New York City: Prospective Cohort Study. BMJ (2020) 369:m1966. doi: 10.1136/bmj.m1966

8. Zhou, F, Yu, T, Du, R, et al. Clinical Course and Risk Factors for Mortality of Adult Inpatients With COVID-19 in Wuhan, China: A Retrospective Cohort Study. Lancet (2020) 395(10229):1054–62. doi: 10.1016/S0140-6736(20)30566-3

9. Barron, E, Bakhai, C, Kar, P, et al. Associations of Type 1 and Type 2 Diabetes With COVID-19-Related Mortality in England: A Whole-Population Study. Lancet Diabetes Endocrinol (2020) 8(10):813–22. doi: 10.1016/S2213-8587(20)30272-2

10. Holman, N, Knighton, P, Kar, P, et al. Risk Factors for COVID-19-Related Mortality in People With Type 1 and Type 2 Diabetes in England: A Population-Based Cohort Study. Lancet Diabetes Endocrinol (2020) 8(10):823–33. doi: 10.1016/S2213-8587(20)30271-0

11. Casqueiro, J, Casqueiro, J, and Alves, C. Infections in Patients With Diabetes Mellitus: A Review of Pathogenesis. Indian J Endocrinol Metab (2012) 16(Suppl 1):S27–36. doi: 10.4103/2230-8210.94253

12. Critchley, JA, Carey, IM, Harris, T, DeWilde, S, Hosking, FJ, and Cook, DG. Glycemic Control and Risk of Infections Among People With Type 1 or Type 2 Diabetes in a Large Primary Care Cohort Study. Diabetes Care (2018) 41(10):2127–35. doi: 10.2337/dc18-0287

13. Hine, JL, de Lusignan, S, Burleigh, D, et al. Association Between Glycaemic Control and Common Infections in People With Type 2 Diabetes: A Cohort Study. Diabetes Med (2017) 34(4):551–7. doi: 10.1111/dme.13205

14. Luk, AOY, Lau, ESH, Cheung, KKT, et al. Glycaemia Control and the Risk of Hospitalisation for Infection in Patients With Type 2 Diabetes: Hong Kong Diabetes Registry. Diabetes Metab Res Rev (2017) 33(8):e2923. doi: 10.1002/dmrr.2923

15. Carey, IM, Critchley, JA, DeWilde, S, Harris, T, Hosking, FJ, and Cook, DG. Risk of Infection in Type 1 and Type 2 Diabetes Compared With the General Population: A Matched Cohort Study. Diabetes Care (2018) 41(3):513–21. doi: 10.2337/dc17-2131

16. Yang, JK, Lin, SS, Ji, XJ, and Guo, LM. Binding of SARS Coronavirus to Its Receptor Damages Islets and Causes Acute Diabetes. Acta Diabetol (2010) 47(3):193–9. doi: 10.1007/s00592-009-0109-4

17. Coppelli, A, Giannarelli, R, Aragona, M, et al. Hyperglycemia At Hospital Admission is Associated With Severity of the Prognosis in Patients Hospitalized for COVID-19: The Pisa COVID-19 Study. Diabetes Care (2020) 43(10):2345–8. doi: 10.2337/dc20-1380

18. Wu, J, Huang, J, Zhu, G, et al. Elevation of Blood Glucose Level Predicts Worse Outcomes in Hospitalized Patients With COVID-19: A Retrospective Cohort Study. BMJ Open Diabetes Res Care (2020) 8(1):e001476. doi: 10.1136/bmjdrc-2020-001476

19. Zhu, L, She, ZG, Cheng, X, 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):1068–1077 e1063. doi: 10.1016/j.cmet.2020.04.021

20. Bode, B, Garrett, V, Messler, J, et al. Glycemic Characteristics and Clinical Outcomes of COVID-19 Patients Hospitalized in the United States. J Diabetes Sci Technol (2020) 14(4):813–21. doi: 10.1177/1932296820924469

21. Luk, AOY, Wu, H, Lau, ESH, et al. Temporal Trends in Rates of Infection-Related Hospitalisations in Hong Kong People With and Without Diabetes, 2001-2016: A Retrospective Study. Diabetologia (2021) 64(1):109–18. doi: 10.1007/s00125-020-05286-2

22. Erener, S. Diabetes, Infection Risk and COVID-19. Mol Metab (2020) 39:101044. doi: 10.1016/j.molmet.2020.101044

23. Geerlings, SE, and Hoepelman, AI. Immune Dysfunction in Patients With Diabetes Mellitus (DM). FEMS Immunol Med Microbiol (1999) 26(3-4):259–65. doi: 10.1111/j.1574-695X.1999.tb01397.x

24. Richardson, S, Hirsch, JS, Narasimhan, M, et al. Presenting Characteristics, Comorbidities, and Outcomes Among 5700 Patients Hospitalized With COVID-19 in the New York City Area. JAMA (2020) 323(20):2052–9. doi: 10.1001/jama.2020.6775

25. Li, B, Yang, J, Zhao, F, et al. Prevalence and Impact of Cardiovascular Metabolic Diseases on COVID-19 in China. Clin Res Cardiol (2020) 109(5):531–8. doi: 10.1007/s00392-020-01626-9

26. Guan, WJ, Liang, WH, Zhao, Y, et al. Comorbidity and Its Impact on 1590 Patients With COVID-19 in China: A Nationwide Analysis. Eur Respir J (2020) 55(5):2000547. doi: 10.1183/13993003.01227-2020

27. Team CC-R. Epidemiology Working Group for Ncip Epidemic Response CCfDC. Prevention. [The Epidemiological Characteristics of an Outbreak of 2019 Novel Coronavirus Diseases (COVID-19) in China]. Zhonghua Liu Xing Bing Xue Za Zhi (2020) 41(2):145–51. doi: 10.3760/cma.j.issn.0254-6450.2020.02.003

28.Preliminary Estimates of the Prevalence of Selected Underlying Health Conditions Among Patients With Coronavirus Disease 2019 - United States, February 12-March 28, 2020. MMWR Morb Mortal Wkly Rep (2020) 69(13):382–6. doi: 10.15585/mmwr.mm6913e2

29. Kumar, A, Arora, A, Sharma, P, et al. Is Diabetes Mellitus Associated With Mortality and Severity of COVID-19? A Meta-Analysis. Diabetes Metab Syndr (2020) 14(4):535–45. doi: 10.1016/j.dsx.2020.04.044

30. Fadini, GP, Morieri, ML, Longato, E, and Avogaro, A. Prevalence and Impact of Diabetes Among People Infected With SARS-Cov-2. J Endocrinol Invest (2020) 43(6):867–9. doi: 10.1007/s40618-020-01236-2

31. Prevention CfDCa. National Diabetes Statistics Report 2020 (2020). Available at: https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf (Accessed December 28th).

32. Li, Y, Teng, D, Shi, X, et al. Prevalence of Diabetes Recorded in Mainland China Using 2018 Diagnostic Criteria From the American Diabetes Association: National Cross Sectional Study. BMJ (2020) 369:m997. doi: 10.1136/bmj.m997

33. International Diabetes Federation. Prevalence of Diabetes in Adults in France (2020). Available at: https://idf.org/our-network/regions-members/europe/members/134-france.html (Accessed December 28th).

34. International Diabetes Federation. Prevalence of Diabetes in Adults in Italy (2020). Available at: https://idf.org/our-network/regions-members/europe/members/142-italy.html.

35. Peleg, AY, Weerarathna, T, McCarthy, JS, and Davis, TM. Common Infections in Diabetes: Pathogenesis, Management and Relationship to Glycaemic Control. Diabetes Metab Res Rev (2007) 23(1):3–13. doi: 10.1002/dmrr.682

36. Jain, S, Kamimoto, L, Bramley, AM, et al. Hospitalized Patients With 2009 H1N1 Influenza in the United States, April-June 2009. N Engl J Med (2009) 361(20):1935–44. doi: 10.1056/NEJMoa0906695

37. Allard, R, Leclerc, P, Tremblay, C, and Tannenbaum, TN. Diabetes and the Severity of Pandemic Influenza a (H1N1) Infection. Diabetes Care (2010) 33(7):1491–3. doi: 10.2337/dc09-2215

38. Wilking, H, Buda, S, von der Lippe, E, et al. Mortality of 2009 Pandemic Influenza a(H1N1) in Germany. Euro Surveill (2010) 15(49):pii=19741. doi: 10.2807/ese.15.49.19741-en

39. Yang, JK, Feng, Y, Yuan, MY, et al. Plasma Glucose Levels and Diabetes are Independent Predictors for Mortality and Morbidity in Patients With SARS. Diabetes Med (2006) 23(6):623–8. doi: 10.1111/j.1464-5491.2006.01861.x

40. Booth, CM, Matukas, LM, Tomlinson, GA, et al. Clinical Features and Short-Term Outcomes of 144 Patients With SARS in the Greater Toronto Area. JAMA (2003) 289(21):2801–9. doi: 10.1001/jama.289.21.JOC30885

41. Badawi, A, and Ryoo, SG. Prevalence of Comorbidities in the Middle East Respiratory Syndrome Coronavirus (MERS-Cov): A Systematic Review and Meta-Analysis. Int J Infect Dis (2016) 49:129–33. doi: 10.1016/j.ijid.2016.06.015

42. Wu, C, Chen, X, Cai, Y, et al. Risk Factors Associated With Acute Respiratory Distress Syndrome and Death in Patients With Coronavirus Disease 2019 Pneumonia in Wuhan, China. JAMA Intern Med (2020) 180(7):934–43. doi: 10.1001/jamainternmed.2020.0994

43. Yang, X, Yu, Y, Xu, J, et al. Clinical Course and Outcomes of Critically Ill Patients With SARS-Cov-2 Pneumonia in Wuhan, China: A Single-Centered, Retrospective, Observational Study. Lancet Respir Med (2020) 8(5):475–81. doi: 10.1016/S2213-2600(20)30079-5

44. Yan, Y, Yang, Y, Wang, F, et al. Clinical Characteristics and Outcomes of Patients With Severe Covid-19 With Diabetes. BMJ Open Diabetes Res Care (2020) 8(1):e001343. doi: 10.1136/bmjdrc-2020-001343

45. Guan, WJ, Ni, ZY, Hu, Y, et al. Clinical Characteristics of Coronavirus Disease 2019 in China. N Engl J Med (2020) 382(18):1708–20. doi: 10.1056/NEJMoa2002032

46. Group, S-C-S. Characteristics of SARS-Cov-2 Patients Dying in Italy (2021). Available at: https://www.epicentro.iss.it/en/coronavirus/bollettino/Report-COVID-2019_27_january_2021.pdf (Accessed February 20th). Report based on available data on January 27th, 2021.

47. Zheng, Z, Peng, F, Xu, B, et al. Risk Factors of Critical & Mortal COVID-19 Cases: A Systematic Literature Review and Meta-Analysis. J Infect (2020) 81(2):e16–25. doi: 10.1016/j.jinf.2020.04.021

48. Seiglie, J, Platt, J, Cromer, SJ, et al. Diabetes as a Risk Factor for Poor Early Outcomes in Patients Hospitalized With COVID-19. Diabetes Care (2020) 43(12):2938–44. doi: 10.2337/dc20-1506

49. Shang, L, Shao, M, Guo, Q, et al. Diabetes Mellitus is Associated With Severe Infection and Mortality in Patients With COVID-19: A Systematic Review and Meta-Analysis. Arch Med Res (2020) 51(7):700–9. doi: 10.1016/j.arcmed.2020.07.005

50. McGurnaghan, SJ, Weir, A, Bishop, J, et al. Risks of and Risk Factors for COVID-19 Disease in People With Diabetes: A Cohort Study of the Total Population of Scotland. Lancet Diabetes Endocrinol (2021) 9(2):82–93. doi: 10.1016/S2213-8587(20)30405-8

51. Gregory, JM, Slaughter, JC, Duffus, SH, et al. COVID-19 Severity is Tripled in the Diabetes Community: A Prospective Analysis of the Pandemic’s Impact in Type 1 and Type 2 Diabetes. Diabetes Care (2021) 44(2):526–32. doi: 10.2337/dc20-2260

52. Gregory, JM, and Moore, DJ. The Dual Burden of Type 1 Diabetes and COVID-19. Ann Internal Med (2021) 174(5):703–5. doi: 10.7326/M21-0367

53. American Diabetes, A. 4. Comprehensive Medical Evaluation and Assessment of Comorbidities: Standards of Medical Care in Diabetes-2021. Diabetes Care (2021) 44(Suppl 1):S40–52. doi: 10.2337/dc21-S004

54. Yang, J, Zheng, Y, Gou, X, et al. Prevalence of Comorbidities and Its Effects in Patients Infected With SARS-Cov-2: A Systematic Review and Meta-Analysis. Int J Infect Dis (2020) 94:91–5. doi: 10.1016/j.ijid.2020.03.017

55. Haynes, N, Cooper, LA, and Albert, MA. Association of Black C. At the Heart of the Matter: Unmasking and Addressing the Toll of COVID-19 on Diverse Populations. Circulation (2020) 142(2):105–7. doi: 10.1161/CIRCULATIONAHA.120.048126

56. Zou, L, Dai, L, Zhang, Y, et al. Clinical Characteristics and Risk Factors for Disease Severity and Death in Patients With Coronavirus Disease 2019 in Wuhan, China. Front Med (Lausanne) (2020) 7:532. doi: 10.3389/fmed.2020.00532

57. Fu, L, Wang, B, Yuan, T, et al. Clinical Characteristics of Coronavirus Disease 2019 (COVID-19) in China: A Systematic Review and Meta-Analysis. J Infect (2020) 80(6):656–65. doi: 10.1016/j.jinf.2020.03.041

58. Williamson, EJ, Walker, AJ, Bhaskaran, K, et al. Factors Associated With COVID-19-Related Death Using Opensafely. Nature (2020) 584(7821):430–6. doi: 10.1038/s41586-020-2521-4

59. Shi, Q, Zhang, X, Jiang, F, et al. Clinical Characteristics and Risk Factors for Mortality of COVID-19 Patients With Diabetes in Wuhan, China: A Two-Center, Retrospective Study. Diabetes Care (2020) 43(7):1382–91. doi: 10.2337/dc20-0598

60. Cariou, B, Hadjadj, S, Wargny, M, et al. Phenotypic Characteristics and Prognosis of Inpatients With COVID-19 and Diabetes: The CORONADO Study. Diabetologia (2020) 63(8):1500–15.

61. Wargny, M, Gourdy, P, Ludwig, L, et al. Type 1 Diabetes in People Hospitalized for COVID-19: New Insights From the CORONADO Study. Diabetes Care (2020) 43(11):e174–7. doi: 10.2337/dc20-1217

62. Maddaloni, E, D’Onofrio, L, Alessandri, F, et al. Cardiometabolic Multimorbidity is Associated With a Worse Covid-19 Prognosis Than Individual Cardiometabolic Risk Factors: A Multicentre Retrospective Study (Covidiab II). Cardiovasc Diabetol (2020) 19(1):164. doi: 10.1186/s12933-020-01140-2

63. Maddaloni, E, D’Onofrio, L, Alessandri, F, et al. Clinical Features of Patients With Type 2 Diabetes With and Without Covid-19: A Case Control Study (Covidiab I). Diabetes Res Clin Pract (2020) 169:108454. doi: 10.1016/j.diabres.2020.108454

64. Bailey, RA, Wang, Y, Zhu, V, and Rupnow, MF. Chronic Kidney Disease in US Adults With Type 2 Diabetes: An Updated National Estimate of Prevalence Based on Kidney Disease: Improving Global Outcomes (KDIGO) Staging. BMC Res Notes (2014) 7:415. doi: 10.1186/1756-0500-7-415

65. Plantinga, LC, Crews, DC, Coresh, J, et al. Prevalence of Chronic Kidney Disease in US Adults With Undiagnosed Diabetes or Prediabetes. Clin J Am Soc Nephrol (2010) 5(4):673–82. doi: 10.2215/CJN.07891109

66. Steinke, JM, and Mauer, M. International Diabetic Nephropathy Study G. Lessons Learned From Studies of the Natural History of Diabetic Nephropathy in Young Type 1 Diabetic Patients. Pediatr Endocrinol Rev (2008) 5 Suppl 4:958–63.

67. Cheng, YC, Luo, R, Wang, K, et al. Kidney Disease is Associated With in -Hospital Death of Patients With COVID-19. Kidney Int (2020) 97(5):829–38. doi: 10.1016/j.kint.2020.03.005

68. Roberto, P, Francesco, L, Emanuela, C, Giorgia, G, Pasquale, N, and Sara, D. Current Treatment of COVID-19 in Renal Patients: Hope or Hype? Intern Emerg Med (2020) 15(8):1389–98. doi: 10.1007/s11739-020-02510-0

69. Caussy, C, Wallet, F, Laville, M, and Disse, E. Obesity is Associated With Severe Forms of COVID-19. Obes (Silver Spring) (2020) 28(7):1175. doi: 10.1002/oby.22842

70. Peng, YD, Meng, K, Guan, HQ, et al. [Clinical Characteristics and Outcomes of 112 Cardiovascular Disease Patients Infected by 2019-Ncov]. Zhonghua Xin Xue Guan Bing Za Zhi (2020) 48(6):450–5. doi: 10.3760/cma.j.cn112148-20200220-00105

71. Busetto, L, Bettini, S, Fabris, R, et al. Obesity and COVID-19: An Italian Snapshot. Obes (Silver Spring) (2020) 28(9):1600–5. doi: 10.1002/oby.22918

72. Simonnet, A, Chetboun, M, Poissy, J, et al. High Prevalence of Obesity in Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-Cov-2) Requiring Invasive Mechanical Ventilation. Obes (Silver Spring) (2020) 28(7):1195–9. doi: 10.1002/oby.23006

73. Lighter, J, Phillips, M, Hochman, S, et al. Obesity in Patients Younger Than 60 Years is a Risk Factor for COVID-19 Hospital Admission. Clin Infect Dis (2020) 71(15):896–7. doi: 10.1093/cid/ciaa415

74. Alberca, RW, and LdM, O. Branco ACCCObesity as a Risk Factor for COVID-19: An Overview. Crit Rev Food Sci Nutr (2020) 1–15. doi: 10.1080/10408398.2020.1775546

75. Shamseddeen, H, Getty, JZ, Hamdallah, IN, and Ali, MR. Epidemiology and Economic Impact of Obesity and Type 2 Diabetes. Surg Clinics North A (2011) 91(6):1163–72. doi: 10.1016/j.suc.2011.08.001

76. Mokdad, AH, Ford, ES, Bowman, BA, et al. Prevalence of Obesity, Diabetes, and Obesity-Related Health Risk Factors, 2001. JAMA (2003) 289(1):76–9. doi: 10.1001/jama.289.1.76

77. Eketunde, AO, and Mellacheruvu, SP. Oreoluwa P. A Review of Postmortem Findings in Patients With COVID-19. Cureus (2020) 12(7):e9438–8. doi: 10.7759/cureus.9438

78. Ragab, D, Salah Eldin, H, Taeimah, M, Khattab, R, and Salem, R. The Covid-19 Cytokine Storm; What We Know So Far. Front Immunol (2020) 11:1446–6. doi: 10.3389/fimmu.2020.01446

79. Coperchini, F, Chiovato, L, Croce, L, Magri, F, and Rotondi, M. The Cytokine Storm in COVID-19: An Overview of the Involvement of the Chemokine/Chemokine-Receptor System. Cytokine Growth Factor Rev (2020) 53:25–32. doi: 10.1016/j.cytogfr.2020.05.003

80. Henry, BM, de Oliveira, MHS, Benoit, S, Plebani, M, and Lippi, G. Hematologic, Biochemical and Immune Biomarker Abnormalities Associated With Severe Illness and Mortality in Coronavirus Disease 2019 (COVID-19): A Meta-Analysis. Clin Chem Lab Med (2020) 58(7):1021–8. doi: 10.1515/cclm-2020-0369

81. Chen, G, Wu, D, Guo, W, et al. Clinical and Immunological Features of Severe and Moderate Coronavirus Disease 2019. J Clin Invest (2020) 130(5):2620–9. doi: 10.1172/JCI137244

82. Targher, G, Zenari, L, Bertolini, L, Muggeo, M, and Zoppini, G. Elevated Levels of Interleukin-6 in Young Adults With Type 1 Diabetes Without Clinical Evidence of Microvascular and Macrovascular Complications. Diabetes Care (2001) 24(5):956–7. doi: 10.2337/diacare.24.5.956

83. Alexandraki, KI, Piperi, C, Ziakas, PD, et al. Cytokine Secretion in Long-Standing Diabetes Mellitus Type 1 and 2: Associations With Low-Grade Systemic Inflammation. J Clin Immunol (2008) 28(4):314–21. doi: 10.1007/s10875-007-9164-1

84. Hodgson, K, Morris, J, Bridson, T, Govan, B, Rush, C, and Ketheesan, N. Immunological Mechanisms Contributing to the Double Burden of Diabetes and Intracellular Bacterial Infections. Immunology (2015) 144(2):171–85. doi: 10.1111/imm.12394

85. Mozafari, N, Azadi, S, Mehdi-Alamdarlou, S, Ashrafi, H, and Azadi, A. Inflammation: A Bridge Between Diabetes and COVID-19, and Possible Management With Sitagliptin. Med Hypotheses (2020) 143:110111–1. doi: 10.1016/j.mehy.2020.110111

86. Menart-Houtermans, B, Rütter, R, Nowotny, B, et al. Leukocyte Profiles Differ Between Type 1 and Type 2 Diabetes and Are Associated With Metabolic Phenotypes: Results From the German Diabetes Study (GDS). Diabetes Care (2014) 37(8):2326–33. doi: 10.2337/dc14-0316

87. Nishimura, S, Manabe, I, Nagasaki, M, et al. CD8+ Effector T Cells Contribute to Macrophage Recruitment and Adipose Tissue Inflammation in Obesity. Nat Med (2009) 15(8):914–20. doi: 10.1038/nm.1964

88. Jagannathan-Bogdan, M, McDonnell, ME, Shin, H, et al. Elevated Proinflammatory Cytokine Production by a Skewed T Cell Compartment Requires Monocytes and Promotes Inflammation in Type 2 Diabetes. J Immunol (2011) 186(2):1162–72. doi: 10.4049/jimmunol.1002615

89. Tang, Q, Adams, JY, Penaranda, C, et al. Central Role of Defective Interleukin-2 Production in the Triggering of Islet Autoimmune Destruction. Immunity (2008) 28(5):687–97. doi: 10.1016/j.immuni.2008.03.016

90. Guo, W, Li, M, Dong, Y, et al. Diabetes is a Risk Factor for the Progression and Prognosis of COVID-19. Diabetes Metab Res Rev 2020:e3319. doi: 10.1002/dmrr.3319

91. Jafar, N, Edriss, H, and Nugent, K. The Effect of Short-Term Hyperglycemia on the Innate Immune System. Am J Med Sci (2016) 351(2):201–11. doi: 10.1016/j.amjms.2015.11.011

92. Klok, FA, Kruip, MJHA, van der Meer, NJM, et al. Confirmation of the High Cumulative Incidence of Thrombotic Complications in Critically Ill ICU Patients With COVID-19: An Updated Analysis. Thromb Res (2020) 191:148–50. doi: 10.1016/j.thromres.2020.04.041

93. Lodigiani, C, Iapichino, G, Carenzo, L, et al. Venous and Arterial Thromboembolic Complications in COVID-19 Patients Admitted to an Academic Hospital in Milan, Italy. Thromb Res (2020) 191:9–14. doi: 10.1016/j.thromres.2020.04.024

94. Tang, N, Li, D, Wang, X, and Sun, Z. Abnormal Coagulation Parameters are Associated With Poor Prognosis in Patients With Novel Coronavirus Pneumonia. J Thromb Haemost (2020) 18(4):844–7. doi: 10.1111/jth.14768

95. Pechlivani, N, and Ajjan, RA. Thrombosis and Vascular Inflammation in Diabetes: Mechanisms and Potential Therapeutic Targets. Front Cardiovasc Med (2018) 5:1–1. doi: 10.3389/fcvm.2018.00001

96. Stegenga, ME, van der Crabben, SN, Blümer, RME, et al. Hyperglycemia Enhances Coagulation and Reduces Neutrophil Degranulation, Whereas Hyperinsulinemia Inhibits Fibrinolysis During Human Endotoxemia. Blood (2008) 112(1):82–9. doi: 10.1182/blood-2007-11-121723

97. Chen, Y, Yang, D, Cheng, B, et al. Clinical Characteristics and Outcomes of Patients With Diabetes and COVID-19 in Association With Glucose-Lowering Medication. Diabetes Care (2020) 43(7):1399–407. doi: 10.2337/dc20-0660

98. Drucker, DJ. Coronavirus Infections and Type 2 Diabetes-Shared Pathways With Therapeutic Implications. Endocr Rev (2020) 41(3). doi: 10.1210/endrev/bnaa011

99. Sardu, C, D’Onofrio, N, Balestrieri, ML, 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

100. Bornstein, SR, Rubino, F, Khunti, K, 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

101. Cameron, AR, Morrison, VL, Levin, D, et al. Anti-Inflammatory Effects of Metformin Irrespective of Diabetes Status. Circ Res (2016) 119(5):652–65. doi: 10.1161/CIRCRESAHA.116.308445

102. Cheng, X, Liu, YM, Li, H, et al. Metformin is Associated With Higher Incidence of Acidosis, But Not Mortality, in Individuals With COVID-19 and Pre-Existing Type 2 Diabetes. Cell Metab (2020) 32(4):537–547 e533. doi: 10.1016/j.cmet.2020.08.013

103. Kow, CS, and Hasan, SS. Metformin Use Amid Coronavirus Disease 2019 Pandemic. J Med Virol (2020) 92(11):2401–2. doi: 10.1002/jmv.26090

104. Lalau, J-D, and Al-Salameh, A. Management of Diabetes in Patients With COVID-19. Lancet Diabetes Endocrinol (2020) 8(8):666–7. doi: 10.1016/S2213-8587(20)30231-X

105. Hahn, K, Ejaz, AA, Kanbay, M, Lanaspa, MA, and Johnson, RJ. Acute Kidney Injury From SGLT2 Inhibitors: Potential Mechanisms. Nat Rev Nephrol (2016) 12(12):711–2. doi: 10.1038/nrneph.2016.159

106. Hamblin, PS, Wong, R, Ekinci, EI, et al. SGLT2 Inhibitors Increase the Risk of Diabetic Ketoacidosis Developing in the Community and During Hospital Admission. J Clin Endocrinol Metab (2019) 104(8):3077–87. doi: 10.1210/jc.2019-00139

107. Ceriello, A, Novials, A, Ortega, E, et al. Glucagon-Like Peptide 1 Reduces Endothelial Dysfunction, Inflammation, and Oxidative Stress Induced by Both Hyperglycemia and Hypoglycemia in Type 1 Diabetes. Diabetes Care (2013) 36(8):2346–50. doi: 10.2337/dc12-2469

108. Drucker, DJ. Mechanisms of Action and Therapeutic Application of Glucagon-Like Peptide-1. Cell Metab (2018) 27(4):740–56. doi: 10.1016/j.cmet.2018.03.001

109. Lee, YS, and Jun, HS. Anti-Inflammatory Effects of GLP-1-Based Therapies Beyond Glucose Control. Mediators Inflamm (2016) 2016:3094642. doi: 10.1155/2016/3094642

110. Kodera, R, Shikata, K, Kataoka, HU, et al. Glucagon-Like Peptide-1 Receptor Agonist Ameliorates Renal Injury Through Its Anti-Inflammatory Action Without Lowering Blood Glucose Level in a Rat Model of Type 1 Diabetes. Diabetologia (2011) 54(4):965–78. doi: 10.1007/s00125-010-2028-x

111. Ceriello, A, Stoian, AP, and Rizzo, M. COVID-19 and Diabetes Management: What Should Be Considered? Diabetes Res Clin Practice (2020) 163:108151–1. doi: 10.1016/j.diabres.2020.108151

112. Bloodworth, MH, Rusznak, M, Pfister, CC, et al. Glucagon-Like Peptide 1 Receptor Signaling Attenuates Respiratory Syncytial Virus-Induced Type 2 Responses and Immunopathology. J Allergy Clin Immunol (2018) 142(2):683–687 e612. doi: 10.1016/j.jaci.2018.01.053

113. Viby, NE, Isidor, MS, Buggeskov, KB, Poulsen, SS, Hansen, JB, and Kissow, H. Glucagon-Like Peptide-1 (GLP-1) Reduces Mortality and Improves Lung Function in a Model of Experimental Obstructive Lung Disease in Female Mice. Endocrinology (2013) 154(12):4503–11. doi: 10.1210/en.2013-1666

114. Toki, S, Goleniewska, K, Reiss, S, et al. Glucagon-Like Peptide 1 Signaling Inhibits Allergen-Induced Lung IL-33 Release and Reduces Group 2 Innate Lymphoid Cell Cytokine Production In Vivo. J Allergy Clin Immunol (2018) 142(5):1515–1528 e1518. doi: 10.1016/j.jaci.2017.11.043

115. Zhou, F, Zhang, Y, Chen, J, Hu, X, and Xu, Y. Liraglutide Attenuates Lipopolysaccharide-Induced Acute Lung Injury in Mice. Eur J Pharmacol (2016) 791:735–40. doi: 10.1016/j.ejphar.2016.10.016

116. Raj, VS, Mou, H, Smits, SL, et al. Dipeptidyl Peptidase 4 is a Functional Receptor for the Emerging Human Coronavirus-EMC. Nature (2013) 495(7440):251–4. doi: 10.1038/nature12005

117. Iacobellis, G. COVID-19 and Diabetes: Can DPP4 Inhibition Play a Role? Diabetes Res Clin Pract (2020) 162:108125. doi: 10.1016/j.diabres.2020.108125

118. Solerte, SB, Di Sabatino, A, Galli, M, and Fiorina, P. Dipeptidyl Peptidase-4 (DPP4) Inhibition in COVID-19. Acta Diabetol (2020) 57(7):779–83. doi: 10.1007/s00592-020-01539-z

119. Solerte, SB, D’Addio, F, Trevisan, R, et al. Sitagliptin Treatment At the Time of Hospitalization was Associated With Reduced Mortality in Patients With Type 2 Diabetes and COVID-19: A Multicenter, Case-Control, Retrospective, Observational Study. Diabetes Care (2020) 43(12):2999–3006. doi: 10.2337/dc20-1521

120. Strollo, R, Maddaloni, E, Dauriz, M, Pedone, C, Buzzetti, R, and Pozzilli, P. Use of DPP4 Inhibitors in Italy Does Not Correlate With Diabetes Prevalence Among COVID-19 Deaths. Diabetes Res Clin Pract (2021) 171:108444. doi: 10.1016/j.diabres.2020.108444

121. Fadini, GP, Morieri, ML, Longato, E, et al. Exposure to Dipeptidyl-Peptidase-4 Inhibitors and COVID-19 Among People With Type 2 Diabetes: A Case-Control Study. Diabetes Obes Metab (2020) 22(10):1946–50. doi: 10.1111/dom.14097

122. Hoffmann, M, Kleine-Weber, H, Schroeder, S, et al. SARS-Cov-2 Cell Entry Depends on ACE2 and TMPRSS2 and is Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–280 e278. doi: 10.1016/j.cell.2020.02.052

123. Zhang, WY, Schwartz, EA, Permana, PA, and Reaven, PD. Pioglitazone Inhibits the Expression of Inflammatory Cytokines From Both Monocytes and Lymphocytes in Patients With Impaired Glucose Tolerance. Arterioscler Thromb Vasc Biol (2008) 28(12):2312–8. doi: 10.1161/ATVBAHA.108.175687

124. Carboni, E, Carta, AR, and Carboni, E. Can Pioglitazone Be Potentially Useful Therapeutically in Treating Patients With COVID-19? Med Hypotheses (2020) 140:109776–6. doi: 10.1016/j.mehy.2020.109776

125. Delea, TE, Edelsberg, JS, Hagiwara, M, Oster, G, and Phillips, LS. Use of Thiazolidinediones and Risk of Heart Failure in People With Type 2 Diabetes: A Retrospective Cohort Study. Diabetes Care (2003) 26(11):2983–9. doi: 10.2337/diacare.26.11.2983

126. Castiglione, V, Chiriacò, M, Emdin, M, Taddei, S, and Vergaro, G. Statin Therapy in COVID-19 Infection. Eur Heart J Cardiovasc Pharmacother (2020) 6(4):258–9. doi: 10.1093/ehjcvp/pvaa042

127. Li, Y-H, Wang, Q-X, Zhou, J-W, et al. Effects of Rosuvastatin on Expression of Angiotensin-Converting Enzyme 2 After Vascular Balloon Injury in Rats. J Geriatr Cardiol (2013) 10(2):151–8.

128. Zhang, XJ, Qin, JJ, Cheng, X, et al. In-Hospital Use of Statins is Associated With a Reduced Risk of Mortality Among Individuals With COVID-19. Cell Metab (2020) 32(2):176–187 e174. doi: 10.1016/j.cmet.2020.06.015

129. Tan, WYT, Young, BE, Lye, DC, Chew, DEK, and Dalan, R. Statin Use is Associated With Lower Disease Severity in COVID-19 Infection. Sci Rep (2020) 10(1):17458. doi: 10.1038/s41598-020-74492-0

130. Li, XC, Zhang, J, and Zhuo, JL. The Vasoprotective Axes of the Renin-Angiotensin System: Physiological Relevance and Therapeutic Implications in Cardiovascular, Hypertensive and Kidney Diseases. Pharmacol Res (2017) 125(Pt A):21–38. doi: 10.1016/j.phrs.2017.06.005

131. Fang, L, Karakiulakis, G, and Roth, M. Are Patients With Hypertension and Diabetes Mellitus At Increased Risk for COVID-19 Infection? Lancet Respir Med (2020) 8(4):e21. doi: 10.1016/S2213-2600(20)30116-8

132. Zhang, P, Zhu, L, Cai, J, et al. Association of Inpatient Use of Angiotensin-Converting Enzyme Inhibitors and Angiotensin II Receptor Blockers With Mortality Among Patients With Hypertension Hospitalized With COVID-19. Circ Res (2020) 126(12):1671–81. doi: 10.1161/CIRCRESAHA.120.317242

133. Guo, X, Zhu, Y, and Hong, Y. Decreased Mortality of COVID-19 With Renin-Angiotensin-Aldosterone System Inhibitors Therapy in Patients With Hypertension: A Meta-Analysis. Hypertension (2020) 76(2):e13–4. doi: 10.1161/HYPERTENSIONAHA.120.15572

134. Mancia, G, Rea, F, Ludergnani, M, Apolone, G, and Corrao, G. Renin-Angiotensin-Aldosterone System Blockers and the Risk of Covid-19. N Engl J Med (2020) 382(25):2431–40. doi: 10.1056/NEJMoa2006923

135. Reynolds, HR, Adhikari, S, Pulgarin, C, et al. Renin-Angiotensin-Aldosterone System Inhibitors and Risk of Covid-19. N Engl J Med (2020) 382(25):2441–8. doi: 10.1056/NEJMoa2008975

136. Meng, J, Xiao, G, Zhang, J, et al. Renin-Angiotensin System Inhibitors Improve the Clinical Outcomes of COVID-19 Patients With Hypertension. Emerg Microbes Infect (2020) 9(1):757–60. doi: 10.1080/22221751.2020.1746200

137. Fosbol, EL, Butt, JH, Ostergaard, L, et al. Association of Angiotensin-Converting Enzyme Inhibitor or Angiotensin Receptor Blocker Use With COVID-19 Diagnosis and Mortality. JAMA (2020) 324(2):168–77. doi: 10.1001/jama.2020.11301

138. ESC. Position Statement of the ESC Council on Hypertension on ACE-Inhibitors and Angiotensin Receptor Blockers (2020). Available at: https://www.escardio.org/Councils/Council-on-Hypertension-(CHT)/News/position-statement-of-the-esc-council-on-hypertension-on-ace-inhibitors-and-ang (Accessed January 4th).

139. Wang, W, Chen, H, Li, Q, et al. Fasting Plasma Glucose is an Independent Predictor for Severity of H1N1 Pneumonia. BMC Infect Dis (2011) 11:104. doi: 10.1186/1471-2334-11-104

140. Lipton, JA, Barendse, RJ, Van Domburg, RT, et al. Hyperglycemia At Admission and During Hospital Stay Are Independent Risk Factors for Mortality in High Risk Cardiac Patients Admitted to an Intensive Cardiac Care Unit. Eur Heart J Acute Cardiovasc Care (2013) 2(4):306–13. doi: 10.1177/2048872613489304

141. Wang, S, Ma, P, Zhang, S, et al. Fasting Blood Glucose At Admission is an Independent Predictor for 28-Day Mortality in Patients With COVID-19 Without Previous Diagnosis of Diabetes: A Multi-Centre Retrospective Study. Diabetologia (2020) 63(10):2102–11. doi: 10.1007/s00125-020-05209-1

142. Ruissen, MM, Regeer, H, Landstra, CP, et al. Increased Stress, Weight Gain and Less Exercise in Relation to Glycemic Control in People With Type 1 and Type 2 Diabetes During the COVID-19 Pandemic. BMJ Open Diabetes Res Care (2021) 9(1). doi: 10.1136/bmjdrc-2020-002035

143. Bonora, BM, Boscari, F, Avogaro, A, Bruttomesso, D, and Fadini, GP. Glycaemic Control Among People With Type 1 Diabetes During Lockdown for the SARS-Cov-2 Outbreak in Italy. Diabetes Ther 2020:1–11. doi: 10.1007/s13300-020-00829-7

144. Maddaloni, E, Coraggio, L, Pieralice, S, Carlone, A, Pozzilli, P, and Buzzetti, R. Effects of COVID-19 Lockdown on Glucose Control: Continuous Glucose Monitoring Data From People With Diabetes on Intensive Insulin Therapy. Diabetes Care (2020) 43(8):e86–7. doi: 10.2337/dc20-0954

145. Mesa, A, Viñals, C, Pueyo, I, et al. The Impact of Strict COVID-19 Lockdown in Spain on Glycemic Profiles in Patients With Type 1 Diabetes Prone to Hypoglycemia Using Standalone Continuous Glucose Monitoring. Diabetes Res Clin Pract (2020) 167:108354. doi: 10.1016/j.diabres.2020.108354

146. Kim, NY, Ha, E, Moon, JS, Lee, YH, and Choi, EY. Acute Hyperglycemic Crises With Coronavirus Disease-19: Case Reports. Diabetes Metab J (2020) 44(2):349–53. doi: 10.4093/dmj.2020.0091

147. Li, J, Wang, X, Chen, J, Zuo, X, Zhang, H, and Deng, A. COVID-19 Infection May Cause Ketosis and Ketoacidosis. Diabetes Obes Metab (2020) 22(10):1935–41. doi: 10.1111/dom.14057

148. Reddy, PK, Kuchay, MS, Mehta, Y, and Mishra, SK. Diabetic Ketoacidosis Precipitated by COVID-19: A Report of Two Cases and Review of Literature. Diabetes Metab Syndr (2020) 14(5):1459–62. doi: 10.1016/j.dsx.2020.07.050

149. Heaney, AI, Griffin, GD, and Simon, EL. Newly Diagnosed Diabetes and Diabetic Ketoacidosis Precipitated by COVID-19 Infection. Am J Emerg Med (2020) 38(11):2491 e2493–2491 e2494. doi: 10.1016/j.ajem.2020.05.114

150. Goldman, N, Fink, D, Cai, J, Lee, YN, and Davies, Z. High Prevalence of COVID-19-Associated Diabetic Ketoacidosis in UK Secondary Care. Diabetes Res Clin Pract (2020) 166:108291. doi: 10.1016/j.diabres.2020.108291

151. Li, HQ, Tian, SH, Chen, T, et al. Newly Diagnosed Diabetes is Associated With a Higher Risk of Mortality Than Known Diabetes in Hospitalized Patients Withcovid-19. Diabetes Obes Metab (2020) 22(10):1897–906. doi: 10.1111/dom.14099

152. Chee, YJ, Ng, SJH, and Yeoh, E. Diabetic Ketoacidosis Precipitated by Covid-19 in a Patient With Newly Diagnosed Diabetes Mellitus. Diabetes Res Clin Pract (2020) 164:108166. doi: 10.1016/j.diabres.2020.108166

153. Hollstein, T, Schulte, DM, Schulz, J, et al. Autoantibody-Negative Insulin-Dependent Diabetes Mellitus After SARS-Cov-2 Infection: A Case Report. Nat Metab (2020) 2(10):1021–4. doi: 10.1038/s42255-020-00281-8

154. Marchand, L, Pecquet, M, and Luyton, C. Type 1 Diabetes Onset Triggered by COVID-19. Acta Diabetol (2020) 57(10):1265–6. doi: 10.1007/s00592-020-01570-0

155. Wu, L, Girgis, CM, and Cheung, NW. COVID-19 and Diabetes: Insulin Requirements Parallel Illness Severity in Critically Unwell Patients. Clin Endocrinol (Oxf) (2020) 93(4):390–3. doi: 10.1111/cen.14288

156. Šestan, M, Marinović, S, Kavazović, I, et al. Virus-Induced Interferon-Γ Causes Insulin Resistance in Skeletal Muscle and Derails Glycemic Control in Obesity. Immunity (2018) 49(1):164–177.e166.

157. WHO. Corticosteroids for COVID-19 (2020). Available at: https://www.who.int/publications/i/item/WHO-2019-nCoV-Corticosteroids-2020.1 (Accessed December 30th).

158. Ferris, HA, and Kahn, CR. New Mechanisms of Glucocorticoid-Induced Insulin Resistance: Make No Bones About It. J Clin Invest (2012) 122(11):3854–7. doi: 10.1172/JCI66180

159. Dungan, KM, Braithwaite, SS, and Preiser, JC. Stress Hyperglycaemia. Lancet (2009) 373(9677):1798–807. doi: 10.1016/S0140-6736(09)60553-5

160. Mifsud, S, Schembri, EL, and Gruppetta, M. Stress-Induced Hyperglycaemia. Br J Hosp Med (Lond) (2018) 79(11):634–9. doi: 10.12968/hmed.2018.79.11.634

161. Kalhan, SC, and Adam, PA. Inhibitory Effect of Prednisone on Insulin Secretion in Man: Model for Duplication of Blood Glucose Concentration. J Clin Endocrinol Metab (1975) 41(3):600–10. doi: 10.1210/jcem-41-3-600

162. Petersons, CJ, Mangelsdorf, BL, Jenkins, AB, et al. Effects of Low-Dose Prednisolone on Hepatic and Peripheral Insulin Sensitivity, Insulin Secretion, and Abdominal Adiposity in Patients With Inflammatory Rheumatologic Disease. Diabetes Care (2013) 36(9):2822–9. doi: 10.2337/dc12-2617

163. Robertson, RP, Zhou, H, Zhang, T, and Harmon, JS. Chronic Oxidative Stress as a Mechanism for Glucose Toxicity of the Beta Cell in Type 2 Diabetes. Cell Biochem Biophysics (2007) 48(2):139–46. doi: 10.1007/s12013-007-0026-5

164. Harmer, D, Gilbert, M, Borman, R, and Clark, KL. Quantitative Mrna Expression Profiling of ACE 2, A Novel Homologue of Angiotensin Converting Enzyme. FEBS Lett (2002) 532(1-2):107–10. doi: 10.1016/S0014-5793(02)03640-2

165. Fignani, D, Licata, G, Brusco, N, et al. SARS-Cov-2 Receptor Angiotensin I-Converting Enzyme Type 2 (ACE2) is Expressed in Human Pancreatic Beta-Cells and in the Human Pancreas Microvasculature. Front Endocrinol (Lausanne) (2020) 11:596898. doi: 10.3389/fendo.2020.596898

166. Kusmartseva, I, Wu, W, Syed, F, et al. Expression of SARS-Cov-2 Entry Factors in the Pancreas of Normal Organ Donors and Individuals With COVID-19. Cell Metab (2020) 32(6):1041–1051 e1046. doi: 10.1016/j.cmet.2020.11.005

167. Ding, Y, He, L, Zhang, Q, et al. Organ Distribution of Severe Acute Respiratory Syndrome (SARS) Associated Coronavirus (SARS-Cov) in SARS Patients: Implications for Pathogenesis and Virus Transmission Pathways. J Pathol (2004) 203(2):622–30. doi: 10.1002/path.1560

168. Müller, JA, Groß, R, Conzelmann, C, et al. SARS-Cov-2 Infects and Replicates in Cells of the Human Endocrine and Exocrine Pancreas. Nat Metab (2021).



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 Landstra and de Koning. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        COVID-19 and Diabetes: Understanding the Interrelationship and Risks for a Severe Course

      

        		

          Introduction

        



        		

          Risk of Infection With COVID-19

        



        		

          Risk of a Severe Course of COVID-19

        



        		

          Role of Cardiovascular Risk Factors, (Micro)vascular Complications and Pharmacologic Treatment

        

          		

            Age, Sex, Ethnicity, Socioeconomic Status

          



          		

            Hypertension and Cardiovascular Disease

          



          		

            Chronic Kidney Disease

          



          		

            Obesity

          



          		

            Inflammation

          



          		

            Coagulation

          



          		

            Medication

          



        



        



        		

          Bidirectional Relationship: The Role of Glycemic Control and SARS-CoV-2

        

          		

            Glycemic Control

          

            		

              Glycemic Control Before Hospital Admission

            



            		

              Glycemic Control at the Time of Hospitalization

            



            		

              Glycemic Control During In-Hospital Stay

            



          



          



          		

            Direct and Indirect Effects of SARS-CoV-2

          



        



        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Medication Benefits
2. Glucoso-lowering drugs
nsuin Careil adusiment for improved ghcase

Metiomin

Sufonyreas.

SGLT-2 nbiors

GLP-1 recoptor
agonsis
OPP-4 ioibtors

Mazosdnodones

reguiation possile, associted wih btter
COVID-19 cutomes.

Antidnflammatoey propertss, 10 hypogiyoema

A

Noypogycera.

Antiinflammatoey propertes, n0 hypogiyoema

Wek-tierated. no hypogycemi, usabie
wide range o enal function.
Atiinflammalory propertos, reduction of
insuin resistance.

b. Othor commony usod drugs:

Stans.

Possio bensfical efect on COVID-19-related
outcomes, a oastno detrmenta ofects

ACE:-abors/ARBs  Possil bonefclcfect on COVID-10-rgated

outcomes, at oastno detrimenta efcts

Risks

Hypoghyoema, especily in combination wih
(ycromyichioroquine. High dosages cod be
noaded incrically  patients, especialy when
reatod with stoois.

Lactic acioss incrtcaly  patens.

Hypoghyoema, especialy in combination wih
(ycromychioroquine.

Dabetic katoacdoss and dehyciaton.

Risk o detyckation with side-ofects ke
vomitg and darhea

NA

Risk of i retention and aggravaion of heart:
faiure,

NA

NA

Recommendations

Do not discontinus, niato i patnts with
Sovero COVID-19.

(Disontnus in patients vith a severs course
(mpaied renal o hepati fnction, sepss,
heartfakur, respatory istess).

Consider dscontuation based on COVID-19
soverty, utiona status and sk of
ypoghcema.
'Discontnup i patients with a severo cose
(mpaied renal o epati fnction, sepss,
eart fakr, respiatory distess).

Do not dscontinue, encourage 2dequate
intako and reguiar mods.

o not dscontive.

‘Consider dscontuaton n patents i a
‘v cours, partcuarly patients wih heart
Py

Do not dscontinue.

Do not dscontive.

NA. ot appicabi; SGLT-2,sodumcose-cotansportor2; GLP-1, gucagon ko popid 1: DPP-4, dpapt papidosa 4:ACE, angontonsi-convortng nzymo; ARB,angitensi

oA ol





OEBPS/Images/fendo.2021.649525_cover.jpg
, frontlers
n Endocrinology

COVID-19 and Diabetes:
Understanding the Interrelationship
and Risks for a Severe Course





OEBPS/Images/table3.jpg
Study popuiation Numberof  Parameter of glycemic control Outcome Risk

patients (n) HR/OR (65% CI)
2. Glycomi control boforo hospitalization

Homan etal.  United Kngdom, maionwide  T1D: 266,000 HOATC 59 - 74 mmolimol (7.6 - 89%)  Moratty TID:HR 116 081 - 167

(10) populaton-based cobart T2D: 2680210 T2D:HR 122 (1.15 - 1307

March 1¥ - hay 17 2020 HOATC 75 - 85 mmolimol (90 - 99%) TID:HR 137 090 - 2077

T20:HR 136 (1.24 - 1.507

HoATE 2 85 mmalimol 10.0%) TID:HR223 (150 - 3207

T20:HR 161 (147 - 1777

Wisiamson United Kingdom, nationwide: 17.278392 HOATC 2 58 mmoVmol (7.5%) Mortalty. HR 261 (246 -2.77)"
3.(5)  popuitonbesed conot HA1.95 (165 - 208
January 1% - May 6" 2020
Coroust . Francn, muticomar oot 846 HOAIC 5363 mmalmol (0 79%) Mty R 155082 - 209
60 March 10" - March 31% 2020 HOATC 64 - 74 mmolimol (8.0 - 8.9%) OR 100 (052 - 228"
HbA1C > 75 mmolimol (9.0%) OR084 (040 - 1.75*
Grogoryetsl. USA sngcemteccanon  TIONI02 1% HoTe quarte Hosplazzion  OR296.(1.11- 7.5
(51, 521° March 17" - December 24" 2 HoAle quartie OR296 (1.1~ 7.86°
2020 3 HoAlc quartie. ORS.12(212- 1239°
4" HoAte quartie OR9.76 (4.42 - 21.54)°
5 Giycomic contro at the time o hospitaizaton
Wang ot d.  Choa, mti-cantrrtcspecivo 605 Fasing oo ghcoso e 70 mmoll Vet FR290 (149 - 355
41, oy 247 oty 10" (126 o) npospial [EEE -
2020 complcatars
Wuetal, (18)  China, multi-center retrospective 2,041 Hyperglycemia > 6.1 mmol (110 mg/dl)  Critical diseaseand  HR 1.30 (1.08 - 1.63°
Duceomoer 267 2019~ Mrch mortatty ol
15" 2020 Montalty in critical HR 184 (1.14 - 298
patens
Copali et ay, s conterrevospoctvo 271 Hypegyoeria : 778 el (140 mo/d) Crtcaldsessaand  HA 160 (103 - 3,15
(17 March 20" - Apnl 307 2020 mortalty
c. Glycemic control during in-hospital stay
Godeatsl  USA. muscane rtospecthe 1,122 Oabetos ancorucivled Moty oR6.120083- 1031
(200 March 1 - Aprl 67 2020 yperglycemia (> 2 measurements > 10.0
mmol (180 mgia) vinn 240
et (19 o, ot rotospecive  Totas 7357 Nomoghcama Gyoamivarabily deg Moty HRO.14(003 - 060"
Dscomoer 72019~ March | T2D:952 bospalsiay39 - 100 mma @0 - 160
20" 2020 mg/dL) versus hyperglycemia (> 10.0
mmol (180 mg/l)

COUID-19, coranaves dsesse 2019; T, ype 1 abete: T2D,type 2 diabeles: R, hazard atc: OR ok atc; i, confdence itecl; USA, Uni States of America.
® Grogory o . havo pubishe the il ncigs o th prospocie conor tucy foowod by 1ot of frher analyses on an oven s puberof patonts. Here, wo regot 1o
cings ot e anaysos.

 Acfustod o age x, socoaconomc depraon, ¥y ogionof 9506nos, o of abels, ooy mass s (BMI, syl boc pressure, poscroton fo anthypertanso
g, senum tota cholestord, rescrpon for stas, smoking Status, htory of myocaal farcton, sk, bt (i an oGFR,

* Adustet o age nd sex.

Acustotfor age.sex, obsty, moking sats, pration Gancw,rduced ey fncton, asthna, Choni respratoy isaasa, hroesc Garac Sedso, hypertenson, chori e
dscase, sroka, comonta, otha pourlogcalcSease, ogan ransia, aspn, heumalo s, Lpus of SORass and amy Ibr ITUPOSUEPIESS Conilon.

* Unacusted.

“ Adusto for ag0, sux, sty ypertnsion, smokig, ad body mass ckx BM).

* Adstet o a9, 5o an CRB-65 score massurd of pocencea sy,

“ Austd o a0, 50, hypertension, Smoking, suln reatmen, GUEo0OXUCOKS, CYoni ey 159350, cHonic OBSINKIH POy 58050, Cancer s whio ol cuns,
ymeiocyto couets, D-cme,aspartat ransamnase, arine yansamingse ae croatine

? Acustet o age, Sex, Pypeiansion, GBS 56355, G OBSIUCD uonary cSedse, Ohork Koy 5235 and Copnte inpsiment.

* it o cata gt the gl paper.

“ Afustod by opensty scoro malching, inchxling 298, s, sovery of COVID-19, Iypotosion, caovasculr 58950, GXEOIONISCULY 550950, CYonk e 3saas anl choni
M o





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Images/fendo-12-649525-g001.jpg
SARS-CoV-2

Direct
negative
S _effect?

Factors associated with diabetes

gs\ Cardiovascular disease

Demographic features

' obesty

‘ Proinflammatory state

. Hypercoagulable state

Olderage
Male sex
Non-white ethnicity
Low socioeconomicstatus

progression of disease

— Hyperinflammation
> Treatment with steroids
Bt

| -."? .c%

Impaired B-cell insulin secretion  Insulin resistance

Hyperglycemia

Severe
COVID-19





OEBPS/Images/table1.jpg
‘Study population

garon et al. ) Unted Kingdom, natonwide
popuation based
March 1¥ - May 1172020
MoGurmaghan et a. (0) Sootand, rationide
popuation based
March 1 - sy 31* 2020
Grogoryetal. (51,52)°  Nastile, Tennessse, USA,
sngecenter

March 177 - Decambar 24 2020

Number of patients o)

T10: 263,890
T20: 2854670
NoDM: 58244220
TI0:04.383

T2D: 275.960

No OM: 5,143,951
TIO: 136

T2D: 1,100

NoDM: 19,422

Outcome

TIDvs no DM
O (95% C1)

351816390
286258318

240(1.82- 3,16

460304 - 698

720 vs o DM
OR (95% C1)

203197 209/
180(1.75 - 1.86°

197 (128 - 147

3420294 -39

GOV 19, coronaveus isoase 2015; T, e 1 cabels; 2D, ypo 2 abete; DM, Gabetes molfus; OR. 00 ato; G, confdonce ntonal U, nensid care unt; USA, Unted

Sttosof Amerca.

® Grogory o al.havo pubished the il fings o the rospocin conor ey fokomee by a oot of s analyses on an ovan s uamber ofpatnts. Har, wo oot to

focings of thoi st anayses

VaredortitUnversty Mecscal Canto (VUMO) Nashl, oo, USA.

*Adustc for g0, sox depiaton, et and gecgrapnica ogon.

®Acust fo age,se, Gepraion, iy, eoggaphicl g6n and previous hosplal ackTsons wih X heart sease, Carerovascutr 58ase, o heart (ke

* Adustet fo ago and sox

kit b ok ais e Riadakalin, sakic: asd Sock e ok il





