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Abstract

:

Novel antidiabetic drugs have the ability to produce anti-inflammatory effects regardless of their glucose-lowering action. For this reason, these molecules (including GLP-1 RAs and DPP-4is) were hypothesized to be effective against COVID-19, which is characterized by cytokines hyperactivity and multiorgan inflammation. The aim of our work is to explore the potential protective role of GLP-1 RAs and DPP-4is in COVID-19 (with the disease intended to be a model of an acute stressor) and non-COVID-19 patients over a two-year observation period. Retrospective and one-versus-one analyses were conducted to assess the impact of antidiabetic drugs on the need for hospitalization (in both COVID-19- and non-COVID-19-related cases), in-hospital mortality, and two-year mortality. Logistic regression analyses were conducted to identify the variables associated with these outcomes. Additionally, log-rank tests were used to plot survival curves for each group of subjects, based on their antidiabetic treatment. The performed analyses revealed that despite similar hospitalization rates, subjects undergoing home therapy with GLP-1 RAs exhibited significantly lower mortality rates, even over a two-year period. These individuals demonstrated improved survival estimates both within hospital and non-hospital settings, even during a longer observation period.
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1. Introduction


Type 2 diabetes mellitus (T2DM) is known for being one of the most significant cardiovascular risk factors and has experienced a substantial increase in recent decades due to the rising burden of overweight and obesity [1]. Furthermore, in the past year, it has been strongly linked to the severe form of COVID-19 (coronavirus disease 19) [2], a genuine acute stressor for the diabetic population, resulting in generally high mortality rates [3,4]. Given that, according to various studies, the prevalence of diabetes in COVID-19 patients ranges from 5% to 36% [5], it is reasonable to assume that any additional cardiovascular risk factor can predispose individuals with both diabetes and COVID-19 to even worse clinical outcomes [6].



COVID-19 is characterized by a hyperinflammatory acute state [7,8,9], while also featuring low-grade inflammation that leads to chronic complications. The simultaneous presence of these two conditions likely explains why patients with T2DM suffer from higher mortality rates compared to other subjects. Another point connecting diabetes with coronaviruses is that both SARS-CoV (severe acute respiratory syndrome coronavirus) and SARS-CoV-2 (the causative agent of COVID-19) can enter respiratory tract cells by exploiting the angiotensin-converting enzyme 2 (ACE2) and binding to the spike protein on the virion surface [10]; the effects of this enzyme are multifold, and it also has a major role in micro and macrovascular complications in subjects with diabetes [11].



In contrast, MERS-CoV (Middle East respiratory syndrome), the second member of the coronaviruses family, uses a different receptor for cell penetration, known as dipeptidyl-peptidase-4 (DPP-4) [12]. This receptor can degrade glucagon-like peptide-1 (GLP-1), a hormone produced by L cells in the distal ileum in response to glucose passing through the intestines, a phenomenon called the “incretin effect” [13]. The expression of GLP-1 receptors is not limited to the gastrointestinal tract; they have been found in other systems such as the central nervous system, respiratory system, and cardiovascular system. These receptors also regulate glucose homeostasis in non-diabetic patients, promoting insulin secretion and inhibiting glucagon production [14]. When these mechanisms malfunction, as is the case in T2DM, uncontrolled glucose homeostasis leads to chronic inflammation [15].



Diabetes and inflammation are closely intertwined regardless of other diagnoses, and some antidiabetic drugs have been developed to provide enhanced cardiovascular protection through their anti-inflammatory effects, independent of their glucose-lowering actions [16]. This effect of the novel classes of diabetes medications is one potential mechanism to consider when examining their cardiovascular benefits, even though evidence on this matter is still limited, necessitating further clinical trials to explore this aspect of diabetes.



COVID-19 shares with diabetes the ability to intensely stimulate the immune system. However, the infection caused by SARS-CoV-2 can exploit this function more rapidly compared to diabetes, which requires more time. Based on this, COVID-19 can be considered, in all respects, an acute stressor for the body, like a major adverse cardiovascular event (MACE). Other anti-inflammatory drugs have previously been suggested to be protective against COVID-19. Orally delivered DPP-4 inhibitors (DPP-4is) (such as sitagliptin, vildagliptin, saxagliptin with mimetic inhibition mechanisms, alogliptin, and linagliptin with non-mimetic inhibition) and GLP-1 receptor agonists (GLP-1 RAs) with daily (exenatide, lixisenatide, liraglutide) or weekly (semaglutide, exenatide LAR, dulaglutide) subcutaneous administration [17,18] or once-daily oral administration (semaglutide) are among these potential treatments [19].



In this article, we delve into the role of antidiabetic drugs in relation to SARS-CoV-2 infection as an acute stressor, with a particular focus on individuals chronically treated with GLP-1 RAs or DPP4-is. Our work has three main objectives: (a) comparing, in a “real-world” setting, the hospitalization rates of various medical conditions in T2DM patients on home therapy with GLP-1 RAs or DPP-4is (either alone or in combination with other antidiabetic drugs) versus those on home therapy with different antidiabetic agents and/or insulin; (b) comparing the length of hospital stays between the two groups; and (c) calculating the mortality rates (all-cause and COVID-19-related mortality) of subjects with diabetes in the different groups. The observation period was extended to a second year following the initial observation.




2. Materials and Methods


2.1. Study Design


This is a retrospective, multi-center, non-interventional, observational cohort study. We enrolled a total of 76,764 patients from hospitals in the districts of Ferrara and Romagna (the University Hospital of Ferrara (Coordinating Centre), as well as the Ferrara and Romagna Local Health Units (LHUs)). Additional details about the participating centers can be found in Supplementary Table S1.



The databases used for analysis included the demographic database, pharmaceutical database (containing data related to dispensed drugs, categorized by the Anatomical–Therapeutic Chemical [ATC] codes FED for “Farmaci a erogazione diretta” and AFT for “Assistenza Farmaceutica Territoriale”), and hospitalization database. Hospital discharge cards (HDCs) were used to track internal transfers between operating units, providing information such as admission, transfer, and discharge dates and times, admission diagnoses, and previous history of major adverse cardiovascular events (MACEs), including non-fatal myocardial infarction (MI), non-fatal cerebrovascular accident (CVA), heart failure (HF), malignant dysrhythmias (MD), and cardiac shock (CS).



Clinical diagnoses were classified using the International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM), while mortality data were collected daily from the ReM (Relevation of Mortality) service for the Emilia Romagna Region. Information about individuals with diabetes in each region was gathered in collaboration with local diabetology units.



SARS-CoV-2 infection was confirmed through nasopharyngeal swabs with virus-specific RNA detection and amplification using real-time polymerase chain reaction assays (RT-PCR). Hospitalization was categorized as “COVID-19-associated” or “-related” based on diagnoses listed on the hospital discharge card for coronavirus infections, as communicated by the hospital assistance service of the Emilia Romagna region in March 2020.



The inclusion criteria consisted of two factors: (a) age, individuals aged 18 or older; and (b) diabetes-specific drugs used directly for diabetes treatment following the Anatomical Therapeutic Chemical (ATC) classification, A10. The observation period spanned two years, from January 2020 to December 2021.



The use of an anonymous unique numeric code ensured full compliance with the European General Data Protection Regulation (GDPR) (2016/679). The analysis was performed exclusively on anonymized data, thereby adhering to privacy regulations. Results were presented only in aggregated form, preventing attribution to any single institution, department, doctor, or individual prescribing behavior. The study was conducted in accordance with current legislation for retrospective studies. According to the Data Privacy Guarantor Authority (the General Authorization for personal data treatment for scientific research purposes—n.9/2014); informed consent was not required due to organizational constraints. The study adhered to Italian law on observational studies, with notification to and approval from the ethics committee of each participating entity.




2.2. Demographic Data


The University Hospital of Ferrara (UHF) and Ferrara Local Health Units (LHUs) collectively cover an area inhabited by 345,503 people (45,387 of whom are under 18 years old, and 300,116 of whom are older), while the region served by the Romagna LHUs has a population of 1,125,574 individuals (174,618 under 18 years old and 950,956 older), making a total of 1,471,077 residents.



Regarding adult T2DM patients, the Ferrara district reported 17,797 individuals (constituting 5.2% of the population), and the Romagna area had 59,327 cases (equivalent to 6.2%). This resulted in a combined diabetic population of 76,764 patients, accounting for 6.1% of the adult population. It is worth noting that these figures align closely with the national average, considering the prevalence of diabetes in Italy (which stood at 5.9% for both female and male subjects in 2020; source: www.istat.it, accessed on 1 January 2023). This demonstrates the significant consistency of our region’s data with the country’s overall statistics. Additional details concerning the demographic breakdown of subjects can be found in Supplementary Figure S1.



We divided the overall population with T2DM into several subgroups based on their respective home antidiabetic therapies. Additionally, the cohort of patients who were hospitalized was further divided into two subgroups, categorized by the reason for their hospital admission (COVID-19-related or other reasons).



The term “non-COVID-19-associated-related hospitalization” refers to admissions prompted by various causes requiring hospital treatment, excluding SARS-CoV-2 infection. Examples of such causes include cardiovascular events, routine or emergency surgeries, infections, respiratory insufficiency, and more.



The hospitalized population with T2DM was further characterized and classified based on their home antidiabetic therapy and their history of major adverse cardiovascular events (MACEs). We sought to identify differences between groups in terms of individual MACEs (such as non-fatal myocardial infarction, MI; non-fatal cerebrovascular accident, CVA; heart failure, HF; malignant dysrhythmias, MD; cardiac shock, CS), 2-point MACEs (non-fatal MI and non-fatal CVA), 3-point MACEs (non-fatal MI, non-fatal CVA, and HF with or without CS), and 4-point MACEs (non-fatal MI, non-fatal CVA, HF with or without CS, and MD).




2.3. Statistical Analysis


Data analyses were carried out using IBM SPSS Statistics version 26.0 (IBM Corporation). The normality of the distribution of continuous variables was assessed using the Shapiro–Wilk test. In case of normal distribution of data, continuous variables were presented with their mean and standard deviation (SD), while in case of non-normal distribution, with their median value and interquartile range [1Q 3Q]. Categorical data were presented as total numbers and percentages (%).



Differences between groups were examined in terms of age, sex distribution, length of stay, mortality (both in-hospital and cumulative deaths within the two-year observation period), and antidiabetic treatment. Percentages were compared using the chi-square test, Fisher’s exact test, or Yates’ correction if necessary. Continuous data were assessed using Student’s t-test or the Mann–Whitney test as appropriate.



Box plots were employed to compare the lengths of stay among different groups of inpatients. Additionally, chi-square tests were conducted for risk estimates, and one-versus-one analyses among the primary antidiabetic treatments, with computation of relative odds ratios (ORs) and 95% confidence intervals (CIs). These ORs and 95% CIs were calculated using an unadjusted logistic regression model, with the need for hospitalization, in-hospital deaths, and cumulative deaths as dependent variables, and age, sex, 4-point MACE events, and antidiabetic treatments as independent variables. Survival curves were generated using the Kaplan–Meier method and compared between various subgroups using the log-rank test. A significance level of p < 0.05 was considered statistically significant.



Throughout the development of this article, STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines were adhered to in each phase.





3. Results


3.1. Antidiabetic Prescriptions


We categorized the population with T2DM based on their respective home antidiabetic treatments. As anticipated, a significant proportion of the population (30,238 individuals, accounting for 39.4% of the total) were undergoing therapy exclusively with metformin. Furthermore, 14,739 individuals (19.2%) were treated with either insulin or insulin secretagogues. An additional breakdown of the population included 2037 individuals (2.4%) utilizing a combination of DPP-4 inhibitors (DPP-4is) and metformin; 1169 individuals (1.5%) on DPP-4is alone; 1095 individuals (1.4%) taking DPP-4is along with insulin or insulin secretagogues like glimepiride, glyburide, or glipizide; 910 individuals (1.2%) using GLP-1 receptor agonists (GLP-1 RAs) alongside metformin; 190 individuals (0.2%) on a regimen of GLP-1 RAs in combination with insulin or insulin secretagogues; and 127 individuals (0.2%) solely on GLP-1 RAs. Moreover, 26,259 individuals (34.2%) were on various other drug combinations or alternative medications such as SGLT-2 inhibitors, acarbose, or thiazolidinediones (refer to Table 1).




3.2. Population Characteristics


Within the primary cohort of individuals with T2DM, a total of 2910 required hospitalization, representing 3.8% of the cohort. Among these hospitalizations, 1922 cases (66.0%) were attributed to COVID-19, while the remaining 988 cases (34.0%) were due to other reasons. Table 1 provides a comprehensive overview of the distinctions between the two groups of subjects who were hospitalized for COVID-19 or alternative reasons. The p-values resulting from the comparison of COVID-19 and non-COVID-19 inpatients are presented.



Substantial differences were observed in terms of age; COVID-19 patients were relatively younger, with an average age of 73 ± 13 years compared to 74 ± 13 years for non-COVID-19 inpatients (p = 0.05). This age difference was particularly pronounced within the subgroup of individuals aged over 80, where those hospitalized for non-COVID-19 reasons were generally older (p = 0.05). Regarding sex distribution, males were more prevalent in both subgroups of inpatients.



In-hospital mortality rates demonstrated significant variation; COVID-19 patients experienced notably lower mortality, with rates of 21.9% compared to 32.2% for those hospitalized for other reasons (p < 0.001). Cumulative mortality data further supported this trend, with COVID-19-related mortality at a lower level of 28.9% in contrast to 42.8% for non-COVID-19-related reasons (p < 0.001).



The same categorization (subjects with T2DM hospitalized for COVID-19 versus those hospitalized for other reasons) was maintained in the second section of Table 1, wherein we assessed the differences in terms of individual MACEs and subsequently, 2-point, 3-point, and 4-point MACEs, as elaborated above. Noteworthy differences between the two groups emerged for non-fatal cerebrovascular accidents (CVA) (8.2% vs. 5.8%, p = 0.023), heart failure (HF) (12.7% vs. 9.6%, p = 0.022), and cardiac shock (CS) (0% vs. 0.5%, p = 0.019). COVID-19 inpatients presented generally lower rates of 4-point MACE (16.4% vs. 21.8%, p = 0.004). Aside from CS, where subjects admitted for other reasons did not experience this outcome, those admitted due to COVID-19 generally exhibited a lower occurrence of MACEs. This trend persisted across 2-point, 3-point, and 4-point MACE analyses.



Regarding antidiabetic treatments, no substantial differences were encountered in the comparisons between groups.



In Supplementary Table S2, we have presented the prevalence of each individual MACE, categorized based on patients’ antidiabetic home treatment. Given the notably low percentage of occurrences for each MACE within all subgroups, no statistical analysis or intergroup comparison was deemed relevant.




3.3. Antidiabetic Drugs and Outcomes


In Figure 1, we direct our attention to the primary treatment groups discussed earlier, excluding the subgroup treated with other drugs or combinations of drugs. For each treatment group, we calculated the respective percentages of hospitalizations (attributed to COVID-19 or other reasons), in-hospital deaths (separating COVID-19-related and other reasons), and cumulative deaths (encompassing both hospitalized and non-hospitalized subjects).



Regarding the need for hospitalization (Figure 1A), the breakdown is as follows: among subjects treated with metformin, 1.8% required hospitalization due to COVID-19, and 0.8% for other reasons; within the group receiving insulin/insulin secretagogues, 3.2% were hospitalized for COVID-19, and 1.9% for other reasons. For those treated with GLP-1 Ras, 2.8% were admitted due to COVID-19, and 1.5% for other reasons, while among the subjects treated with DPP-4 inhibitors (DPP-4is), the respective percentages were 3.6% for COVID-19-related hospitalization and 2.0% for other reasons.



The analysis pertaining to mortality yielded different results; among all treatment groups, patients with the lowest in-hospital mortality rates were those treated with GLP-1 RAs (0.4% due to COVID-19, and 0.2% for other reasons). Similar findings were observed for cumulative death over the two-year observation period. This trend persisted across all subjects, including those who did not require hospitalization within the two-year span, as well as those who experienced at least one hospitalization (Figure 1B,C).



Assessment of the length of stay, defined as the number of days spent during the primary hospitalization, revealed minimal disparities between the various subject groups. This observation held true even when comparing lengths of stay between COVID-19 and non-COVID-19 inpatients (refer to Supplementary Figure S2).




3.4. One-versus-One Comparisons


One-versus-one analyses revealed notable differences when considering the risks associated with hospital admission, COVID-19-related hospitalization, in-hospital death, and cumulative death (refer to Figure 2). In terms of hospital admission, insulin/insulin secretagogues, GLP-1 RAs, and DPP-4 inhibitors (DPP-4is) exhibited higher risks when each category was compared to metformin (with ORs of 2.05 [95% CI 1.86–2.27], 1.67 [95% CI 1.25–2.22], and 2.23 [1.93–2.59], respectively). Moreover, DPP-4is displayed a significantly higher risk than GLP-1 RAs (with an OR of 1.34) in terms of hospital admission.



Regarding COVID-19-related hospitalization, the most significant comparison was between insulin/insulin secretagogues and metformin (with an OR of 0.74 [95% CI 0.60–0.92]), indicating a lower risk associated with metformin use.



The most substantial findings emerged from the one-versus-one analyses related to mortality; concerning in-hospital death, both insulin/insulin secretagogues and DPP-4is demonstrated lower levels of protection compared to metformin (with ORs of 2.82 [95% CI 2.32–3.42] and 3.19 [95% CI 2.45–4.15], respectively). Furthermore, DPP-4is exhibited a higher risk of mortality than GLP-1 RAs (with an OR of 2.60 [95% CI 1.30–5.19]). However, the comparison between GLP-1 RAs and metformin did not yield statistically significant results in terms of in-hospital death.



These analyses provide important insights into the relative risks associated with different antidiabetic treatments in the context of hospitalization and mortality outcomes.



Indeed, the analyses pertaining to cumulative death provide some of the most compelling insights. These analyses reaffirm what was presented in Figure 1, highlighting that insulin/insulin secretagogues and DPP-4 inhibitors (DPP-4is) continue to exhibit worse outcomes compared to metformin (with ORs of 3.19 [95% CI 2.99–3.41] and 2.65 [95% CI 2.40–2.92], respectively). Furthermore, DPP-4is, when compared to GLP-1 receptor agonists (GLP-1 RAs), continue to display an elevated risk of cumulative death (with an OR of 6.33 [95% CI 4.39–9.13]).



However, a distinct finding emerges from the one-versus-one analysis between GLP-1 RAs and metformin. This analysis yields an OR of 0.42 (95% CI 0.29–0.60, p < 0.001). This substantial OR signifies the powerful protective effect exerted by GLP-1 RAs against mortality over a two-year period.




3.5. Logistic Regression Analyses


Logistic regression analyses were conducted to assess the individual contribution of each variable in influencing the three selected outcomes: hospital admission, in-hospital death, and cumulative death. The reference categories chosen for comparison were as follows: female sex, age below 60 years for age categories, and metformin for antidiabetic treatments. Notably, female sex was found to be independently associated with lower ORs across all considered outcomes, indicating a lower risk. Conversely, higher ORs were observed for the variable “4-point MACE” in relation to all outcomes (as detailed in Table 2).



Insulin/insulin secretagogues and DPP-4 inhibitors (DPP-4is) displayed notably elevated and statistically significant ORs for all three outcomes examined. In contrast, GLP-1 receptor agonists (GLP-1 RAs) demonstrated comparable results only in relation to hospital admission and in-hospital death, with ORs of 1.69 (95% CI 1.41–2.52) and 1.84 (95% CI 1.13–4.42), respectively. However, no significant differences were observed concerning cumulative death when GLP-1 RAs were compared to metformin as the reference treatment.




3.6. Survival Estimates


The Mantel–Cox log-rank tests conducted over the course of the two-year observation period (Figure 3) revealed significant differences (p < 0.001) in terms of cumulative survival between subjects who were hospitalized and those who were not. As anticipated, non-hospitalized subjects exhibited markedly higher survival rates (Figure 3A). This initial observation prompted us to delve deeper into our investigation, wherein we sought differences among both the hospitalized and non-hospitalized subjects, while stratifying for different antidiabetic drugs.



Remarkably, GLP-1 receptor agonists (GLP-1 RAs) exhibited significantly better survival estimates (p < 0.001) for both cohorts of subjects throughout the entire observation period (Figure 3B,C). The Kaplan–Meier survival curves among hospitalized subjects displayed a consistent decline over time across all treatment groups. Conversely, for non-hospitalized subjects, the curves maintained a relatively stable trajectory up to around 300 days, after which they experienced a more rapid decrease across all treatment groups. Notably, non-hospitalized subjects treated with GLP-1 RAs demonstrated a higher likelihood of survival compared to those treated with other medications (with p < 0.05).



These findings persisted even when variables associated with COVID-19 and non-COVID-19-related hospitalizations were introduced into the analysis. Once again, GLP-1 receptor agonists (GLP-1 RAs) demonstrated significantly improved survival curves when compared to all other antidiabetic drugs (with p-values < 0.05) (Figure 3D–F).





4. Discussion


In addition to their hypoglycemic effects, DPP-4 inhibitors (DPP-4is) and GLP-1 receptor agonists (GLP-1 RAs) exert a broad anti-inflammatory influence. They achieve this by facilitating the transformation of blood and tissue monocyto-macrophagic cells into the anti-inflammatory M2 phenotype. Simultaneously, they decrease the production of inflammatory cytokines [15,20,21,22].



A recent study conducted on a total of 338 COVID-19 inpatients revealed that the administration of sitagliptin, a DPP-4 inhibitor, upon admission yielded substantial benefits. Among the group of 169 patients treated with sitagliptin, there was a significant reduction in in-hospital mortality when compared to the control group of 169 patients receiving conventional insulin treatment (18% vs. 37%; Hazard Ratio [HR] = 0.44). Notably, the use of sitagliptin was also associated with a reduced risk of mechanical ventilation and admission to intensive care units (ICUs), with Hazard Ratios (HRs) of 0.27 and 0.51, respectively [23]. In addition to these data and always in the context of COVID-19 inpatients, a multination meta-analysis showed that DPP-4is administration was associated with significantly reduced overall mortality rates (OR 0.75) [24].



GLP-1 RAs were considered excellent candidates for treating COVID-19 also in patients without diagnosis of T2DM owing to their multiple beneficial effects on excessive inflammation-induced acute lung injury [8], once again showing that COVID-19 can be considered a model of acute stressor against which molecules with a marked anti-inflammatory role can act.



A plausible explanation for the favorable effect of GLP-1 receptor agonists (GLP-1 RAs) on the clinical course of COVID-19 stems from an experimental study conducted in an animal model using streptozotocin-induced diabetes rats. This study demonstrated that liraglutide, a type of GLP-1 RA, can stimulate the expression of pulmonary ACE2 and Angiotensin (1-7) [A(1-7)], thereby reversing the imbalance within the renin-angiotensin system (RAS) in rats with type 1 diabetes mellitus (T1DM). This imbalance is characterized by a preponderance of the vasoconstrictor component of the RAS. This results in elevated levels of angiotensin II (AII), which subsequently leads to right ventricle hypertrophy. The study’s findings revealed that liraglutide effectively counteracted right ventricle hypertrophy and promoted increased production of proteins A and B of the pulmonary surfactant (SP-A and SP-B) in diabetic rats [25].



The role of ACE2 expression in COVID-19 pathogenesis was already hypothesized in many previous studies and its modulation was thought to be one of the keys for modulating the inflammatory response [26,27]. Moreover, it was also theorised that uncontrolled hyperglycemia may cause aberrant glycosylation of ACE2 in lungs, nasal airways, tongue, and oropharynx, thus increasing SARS-CoV-2 viral binding sites and leading to a higher trend of SARS-CoV-2 infections and more severe forms of COVID-19 [28]. For this reason, an efficacy regulation of plasma sugar levels plays a fundamental role in COVID-19 management.



The activation of the ACE2/A(1-7)/MasR axis is also able to determine an important antithrombotic effect [29,30], mediated by the production of prostacyclin and nitric oxide (NO) [31]. Furthermore, the restoration of the renin-angiotensin system (RAS) balance achieved by enhancing the activity of the ACE2/Angiotensin (1-7)/MasR axis has the potential to mitigate the pro-inflammatory state and suppress the excessive activation of the coagulation process. This modulation of the RAS can also help mitigate the development of thrombotic complications commonly associated with COVID-19, which is often referred to as COVID-19 coagulopathy [32,33], which plays a fundamental role in the pathogenesis of ARDS and multi-organ failure during SARS-CoV-2 infection [34] and is often associated with an ominous prognosis of COVID-19 [35]. Therefore, it is conceivable that the previously described effects of GLP-1 RAs on the synthesis of pulmonary surfactants proteins [25], may be able to determine a further protective effect on the COVID-19 clinical outcomes. Additionally, while the elevated expression of ACE2 might be assumed as a potential facilitator for SARS-CoV-2 cell entry, it is plausible that GLP-1 receptor agonists (GLP-1 RAs), through their counteraction of pro-inflammatory cytokine effects and restoration of RAS balance (including the enhancement of the ACE2/Angiotensin(1-7)/MasR axis activity), could potentially exert a protective effect against lung damage and the onset of multi-organ failure. In this context, GLP-1 RAs might contribute to reducing the severity of COVID-19 by mitigating the detrimental impact on lung function and overall organ health [9,36].



In the current state of research, numerous literature reports have emphasized the necessity for conducting clinical and epidemiological studies with the objective of evaluating the effects of GLP-1 receptor agonists (GLP-1 RAs) on the clinical outcomes of COVID-19 in patients with type 2 diabetes (T2DM) [8,9]. A recent retrospective observational clinical study highlighted that the prior use of GLP-1 RAs and SGLT-2 inhibitors (SGLT-2is), when compared to the utilization of DPP-4 inhibitors (DPP-4is), was linked to a substantial 60-day mortality reduction. Additionally, it was associated with noteworthy reductions in overall mortality, Emergency Room (ER) admissions, and hospitalizations [37]. Conversely, another retrospective observational study conducted in Denmark indicated that the utilization of incretin-based therapies was not associated with improved COVID-19 outcomes. However, it is worth noting that statistical power was constrained due to a small sample size [38].



A neutral effect of both incretin-based therapies (and SGLT-2is) on COVID-19-related mortality was also showed by a national retrospective observational study performed in England on a total of 2,851,465 T2DM patients [39].



Researchers from Indonesia conducted a study that revealed a significant association between the pre-admission use of GLP-1 receptor agonists (GLP-1 RAs) and a reduction in mortality rates related to COVID-19 among patients with type 2 diabetes (T2DM). The OR calculated for this association was 0.53, indicating a substantial reduction in the odds of mortality for those who were using GLP-1 RAs prior to their admission due to COVID-19. Importantly, this association held irrespective of other factors such as age, sex, pre-existing diagnosis of hypertension or other cardiovascular diseases, and the administration of other antidiabetic medications like metformin or insulin [40].



Two other recent meta-analyses have delved into the effects of preadmission use of antidiabetic medications on the in-hospital mortality of patients with type 2 diabetes (T2DM) and COVID-19. In the first meta-analysis, which encompassed 61 studies, it was found that preadmission use of certain antidiabetic medications correlated with distinct outcomes in terms of in-hospital mortality. Specifically, the use of metformin (OR 0.54), GLP-1 RAs (OR 0.51), and SGLT-2is (OR 0.60) was associated with lower mortality rates in individuals with diabetes and COVID-19. Conversely, the use of DPP-4is (OR 1.23) and insulin (OR 1.70) was linked to elevated mortality rates. Other antidiabetic medications such as sulfonylureas, thiazolidinediones, and alpha-glucosidase inhibitors exhibited a neutral impact on mortality outcomes [41]. The second meta-analysis showed instead that treatment with metformin (OR 0.74), DPP-4is (OR 0.88), SGLT-2is (OR 0.82), and GLP-1 RAs (OR 0.91) was related to reduced COVID-19 mortality rates in T2DM subjects, while insulin to increased mortality [42]. Additionally, GLP-1 RAs exhibited the most substantial and significant protective effect in reducing mortality rate, followed by SGLT-2is and metformin.



As for comparisons between the use of DPP-4is and GLP-1 RAs towards COVID-19 outcomes, conflicting results have been reported. While some studies have not shown a significant favourable effect on COVID-19 outcomes by DPP-4is [43,44], some others showed a possible protective action [45,46]. Moreover, while a recent meta-analysis performed on a total of 10 studies showed that DPP-4is therapy is not able to determine a significant improvement in COVID-19 outcomes [47], another meta-analysis which included the aforementioned study by Solerte et al. [23], in addition to 2 studies considering the intrahospital use of DPP-4is [46,48], highlighted a significant reduction in terms of mortality among T2DM patients treated with such drugs; the association was weaker in patients who were also taking metformin and/or ACE inhibitors [49]. A second recent meta-analysis by Indian scientists showed that intra-hospital administration of DPP-4is (pre-admission administration was not considered) was associated with significantly lower COVID-19-related mortality [50].



Based on the existing observational studies, it remains challenging to arrive at definitive conclusions regarding the impact of pre-existing DPP-4 inhibitor (DPP-4is) therapy on COVID-19 outcomes [51]. However, there is a plausible hypothesis that the continued use of incretin-based therapies within the hospital setting might have the potential to notably enhance clinical outcomes for COVID-19 patients. Therefore, it is crucial to conduct thorough analyses to investigate the potential effects of pre-admission treatment involving both DPP-4is and GLP-1 RAs on the clinical outcomes of COVID-19.



Even though the study did not specifically discuss treatment with SGLT-2 inhibitors (SGLT-2is), it is worth noting some recent research that highlights the anti-inflammatory effects of SGLT-2is. These medications have been shown to reduce the activity of pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin-6 (IL-6), and C-reactive protein (CRP) [52,53,54]. These effects are potentially mediated by SGLT-2is-induced reductions in uric acid, insulin levels [55], and leptin, as well as increases in adiponectin levels [56,57]. Additionally, SGLT-2is have demonstrated the ability to counteract low-grade inflammation and oxidative stress linked to diabetes [58], and they are associated with the polarization of monocyte-macrophage cells into the anti-inflammatory M2 phenotype [59,60].



Regarding sulfonylureas, a retrospective study conducted using the United Health Group Clinical Discovery Database revealed that both sulfonylureas and insulin were associated with increased odds of hospitalization among individuals with T2DM [61]. In contrast, a recent meta-analysis indicated that metformin and sulfonylureas might be linked to a reduced risk of mortality in patients with T2DM and COVID-19 [62]. Moreover, another recent meta-analysis corroborated the protective role of metformin against COVID-19-related deaths [63].



When assessing the effects of various antidiabetic medications on the clinical course of SARS-CoV-2 infection, it is important to note that there is a lack of definitive and conclusive data across the board. However, an exception to this trend appears to be metformin. Existing evidence suggests that metformin generally exerts a favorable effect, both in terms of reducing the risk of hospitalization and lowering mortality rates among individuals with SARS-CoV-2 infection [64,65,66,67]. A possible explanation of this phenomenon could involve the population of subjects with T2DM treated with metformin, the first line of treatment for T2DM and usually destinated to subjects with non-complicated forms of T2DM.



Our study demonstrates a favorable effect of GLP-1 RAs home therapy in the cohort of hospitalised and non-hospitalised subjects and also after a subgroups analysis concerning the subjects admitted for COVID-19 or for other reasons. Once again, we could state that GLP-1 RAs are able to offer an additional layer of protection for T2DM patients even under acute stressors like COVID-19, and this is in line with some of the aforementioned studies and meta-analyses [37,40,41,42]: in our cohort of patients the effects of GLP-1 RAs are evident in each step of the analyses performed, and it is linked to significantly lower percentage of death, even after a period of observation of two years.



The results of the logistic regression analyses performed clearly demonstrate how the burden of major adverse cardiovascular events (MACEs) in subjects with T2DM, coupled with their older age and male sex, directly correlates with a higher likelihood of hospital admission (for various reasons). This observation aligns well with the current literature and does not require further elaboration. Similarly, these same variables contribute to higher mortality rates in T2DM subjects, both during their hospital stay and cumulatively over time, leaving no room for misinterpretation. Simultaneously, the Mantel–Cox log-rank tests unambiguously reveal that both hospitalized and non-hospitalized T2DM subjects who achieve the best survival outcomes are those treated with GLP-1 RAs. This holds true for patients hospitalized due to a clear acute stressor, such as COVID-19, as well as those hospitalized for other medical reasons.



While many of the anti-inflammatory effects of GLP-1 RAs and DPP-4is still require further clarification, the current literature does not offer a consensus on the lasting benefits provided by these two categories of drugs. Additionally, a more extensive body of research dedicated to these antidiabetic agents could shed light on their potential to modulate the course of acute and/or chronic stressors to which patients with diabetes are particularly susceptible.



Our observations are subject to several limitations, primarily stemming from the retrospective nature of the study and variations in sample size among different subject cohorts. The use of current administrative data sources ensures immediate availability but comes with inherent limitations in terms of data variety. Accessing the necessary information would necessitate manual consultation of each patient’s electronic health record (EHR), which is both costly and time-consuming, hindering the analysis of comorbidities and the continuity of antidiabetic treatments during hospitalization. Furthermore, we consciously chose not to focus on certain other antidiabetic drugs (e.g., acarbose, SGLT-2is, thiazolidinediones), as their data were grouped under the umbrella category of “other drug combinations or other drugs”, a limitation that should also be acknowledged.



Additionally, important information regarding factors that could influence disease severity (such as medical history, level of physical activity, or laboratory results) is lacking due to the aforementioned reasons.



We recognize that drawing definitive conclusions from administrative data requires larger sample sizes and acknowledge the challenges in doing so. Nonetheless, we are confident that this study, akin to those exploring the effects of antidiabetic medications during acute stressors like COVID-19 or other medical conditions, can serve as a foundational step toward arriving at conclusive findings and a deeper understanding of these drugs.




5. Conclusions


In our cohort of individuals with T2DM, those receiving home treatment with GLP-1 RAs exhibit lower mortality rates compared to any other subgroup treated with various antidiabetic medications. Notably, favorable survival trends were consistently observed for both hospitalized individuals (for acute stressors such as COVID-19 or other medical conditions) and those who were not hospitalized. Furthermore, the beneficial impact of GLP-1 RAs appears to be enduring, resulting in enhanced cumulative survival among individuals with diabetes, even over a two-year observation period.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/biomedicines11082292/s1, Figure S1: Prevalence of diabetes in the overall adult subjects in the districts of Ferrara and Romagna (A), percentage of diabetic subjects in the districts of Ferrara and Romagna and overall average of diabetic subjects (B); Figure S2: Evaluation of the length of stay in terms of days in the subgroup of patients treated with the four main antidiabetic treatments (A); length of stay among the same four subgroups of inpatients and comparison between COVID-19 and non-COVID-19 subjects (B); Table S1: The institutions serving the districts of Ferrara and Romagna participating in the study; Table S2: MACEs and antidiabetic drugs.





Author Contributions


S.G.: acquisition, analysis and interpretation of data, drafting the article; V.M.M.: the conception and design of the study, drafting the article and revising it critically for important intellectual content; G.V. and N.N.: collection and processing of data; C.C., F.P. and A.M.: acquisition of information concerning drug prescriptions and dispensation, processing data relating to local pharmacies; A.P.: conception and design of the study; revising the article critically for important intellectual content; and final approval of the version to be submitted. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was reviewed and approved by the local ethics committee and complies with the ethical principles for medical research involving human subjects, as required by the 2013 revision of the Declaration of Helsinki—WMA Declaration of Helsinki—Ethical Principles for Medical Research Involving Human Subjects. The study protocol was approved by the Ethics Committees (Comitato Etico di Area Vasta Emilia Centro—CE- AVEC—and Comitato Etico della Romagna—C.E.ROM.) on 18 March 2021(268/2021/Oss/AOUFe) and 22 July 2022 (Prot. 5415/2022).




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are protected by a research consortium. The corresponding author will share the data upon receipt of a formal proposal from interested researchers.




Acknowledgments


Our sincere thanks to all the patients who decided to participate in the study, to all the members of the medical staff, to all the extremely skillful and valuable nursing staff members, and to our assistance personnel, who work on the front lines for our patients every day. We also thank the personnel employed in the health system and in information management. Special thanks from all the authors and contributors of the study to Paola Bardasi (Azienda Ospedaliero-Universitaria di Ferrara), Monica Calamai (Azienda Unità Sanitaria Locale di Ferrara), and Tiziano Carradori (Azienda Unità Sanitaria Locale della Romagna) for making it possible to share the databases necessary for the development of the study.




Conflicts of Interest


On behalf of all authors, the corresponding author declares no conflict of interest. The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




References


	



Dal Canto, E.; Ceriello, A.; Rydén, L.; Ferrini, M.; Hansen, T.B.; Schnell, O.; Standl, E.; Beulens, J.W. Diabetes as a cardiovascular risk factor: An overview of global trends of macro and micro vascular complications. Eur. J. Prev. Cardiol. 2019, 26, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Kim, L.; Garg, S.; O’halloran, A.; Whitaker, M.; Pham, H.; Anderson, E.J.; Armistead, I.; Bennett, N.M.; Billing, L.; Como-Sabetti, K.; et al. Risk Factors for Intensive Care Unit Admission and In-hospital Mortality Among Hospitalized Adults Identified through the US Coronavirus Disease 2019 (COVID-19)-Associated Hospitalization Surveillance Network (COVID-NET). Clin. Infect. Dis. 2021, 72, e206–e214. [Google Scholar] [CrossRef]

	



Holman, N.; Knighton, P.; Kar, P.; O’Keefe, J.; Curley, M.; Weaver, A.; Barron, E.; Bakhai, C.; Khunti, K.; Wareham, N.J.; 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, 823–833. [Google Scholar] [CrossRef] [PubMed]

	



Feldman, E.L.; Savelieff, M.G.; Hayek, S.S.; Pennathur, S.; Kretzler, M.; Pop-Busui, R. COVID-19 and Diabetes: A Collision and Collusion of Two Diseases. Diabetes 2020, 69, 2549–2565. [Google Scholar] [CrossRef] [PubMed]

	



Corrao, S.; Pinelli, K.; Vacca, M.; Raspanti, M.; Argano, C. Type 2 Diabetes Mellitus and COVID-19: A Narrative Review. Front. Endocrinol. 2021, 12, 609470. [Google Scholar] [CrossRef] [PubMed]

	



Williamson, E.J.; Walker, A.J.; Bhaskaran, K.; Bacon, S.; Bates, C.; Morton, C.E.; Curtis, H.J.; Mehrkar, A.; Evans, D.; Inglesby, P.; et al. Factors associated with COVID-19-related death using OpenSAFELY. Nature 2020, 584, 430–436. [Google Scholar] [CrossRef]

	



Solerte, S.B.; Di Sabatino, A.; Galli, M.; Fiorina, P. Dipeptidyl peptidase-4 (DPP4) inhibition in COVID-19. Acta Diabetol. 2020, 57, 779–783. [Google Scholar] [CrossRef]

	



Mirabelli, M.; Chiefari, E.; Puccio, L.; Foti, D.P.; Brunetti, A. Potential Benefits and Harms of Novel Antidiabetic Drugs During COVID-19 Crisis. Int. J. Environ. Res. Public Health 2020, 17, 3664. [Google Scholar] [CrossRef]

	



Monda, V.M.; Porcellati, F.; Strollo, F.; Gentile, S. ACE2 and SARS-CoV-2 Infection: Might GLP-1 Receptor Agonists Play a Role? Diabetes Ther. 2020, 11, 1909–1914. [Google Scholar] [CrossRef]

	



Lu, R.; Zhao, X.; Li, J.; Niu, P.; Yang, B.; Wu, H.; Wang, W.; Song, H.; Huang, B.; Zhu, N.; et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: Implications for virus origins and receptor binding. Lancet 2020, 395, 565–574. [Google Scholar] [CrossRef]

	



Kuba, K.; Imai, Y.; Rao, S.; Gao, H.; Guo, F.; Guan, B.; Huan, Y.; Yang, P.; Zhang, Y.; Deng, W.; et al. A crucial role of angiotensin converting enzyme 2 (ACE2) in SARS coronavirus–induced lung injury. Nat. Med. 2005, 11, 875–879. [Google Scholar] [CrossRef] [PubMed]

	



Raj, V.S.; Mou, H.; Smits, S.L.; Dekkers, D.H.; Müller, M.A.; Dijkman, R.; Muth, D.; Demmers, J.A.; Zaki, A.; Fouchier, R.A.; et al. Dipeptidyl peptidase 4 is a functional receptor for the emerging human coronavirus-EMC. Nature 2013, 495, 251–254. [Google Scholar] [CrossRef] [PubMed]

	



Parker, H.E.; Reimann, F.; Gribble, F.M. Molecular mechanisms underlying nutrient-stimulated incretin secretion. Expert Rev. Mol. Med. 2010, 12, e1. [Google Scholar] [CrossRef] [PubMed]

	



Rowlands, J.; Heng, J.; Newsholme, P.; Carlessi, R. Pleiotropic Effects of GLP-1 and Analogs on Cell Signaling, Metabolism, and Function. Front. Endocrinol. 2018, 9, 672. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.-S.; Jun, H.-S. Anti-Inflammatory Effects of GLP-1-Based Therapies beyond Glucose Control. Mediat. Inflamm. 2016, 2016, 3094642. [Google Scholar] [CrossRef]

	



Lontchi-Yimagou, E.; Sobngwi, E.; Matsha, T.E.; Kengne, A.P. Diabetes Mellitus and Inflammation. Curr. Diabetes Rep. 2013, 13, 435–444. [Google Scholar] [CrossRef]

	



Martin, J.H.; Deacon, C.F.; Gorrell, M.D.; Prins, J.B. Incretin-based therapies—Review of the physiology, pharmacology and emerging clinical experience. Intern. Med. J. 2011, 41, 299–307. [Google Scholar] [CrossRef]

	



Hedrington, M.S.; Davis, S.N. Oral semaglutide for the treatment of type 2 diabetes. Expert Opin. Pharmacother. 2019, 20, 133–141. [Google Scholar] [CrossRef]

	



Iacobellis, G.; Fricke, A.C.V. Effects of Semaglutide Versus Dulaglutide on Epicardial Fat Thickness in Subjects with Type 2 Diabetes and Obesity. J. Endocr. Soc. 2020, 4, bvz042. [Google Scholar] [CrossRef]

	



Lima-Martínez, M.M.; Paoli, M.; Rodney, M.; Balladares, N.; Contreras, M.; D’marco, L.; Iacobellis, G. Effect of sitagliptin on epicardial fat thickness in subjects with type 2 diabetes and obesity: A pilot study. Endocrine 2016, 51, 448–455. [Google Scholar] [CrossRef]

	



Ma, X.; Liu, Z.; Ilyas, I.; Little, P.J.; Kamato, D.; Sahebka, A.; Chen, Z.; Luo, S.; Zheng, X.; Weng, J.; et al. GLP-1 receptor agonists (GLP-1RAs): Cardiovascular actions and therapeutic potential. Int. J. Biol. Sci. 2021, 17, 2050–2068. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Yuan, G.; Cheng, F.; Zhang, J.; Guo, X.; Zeman, M.; Vecka, M.; Burda, M.; Tvrzická, E.; Staňková, B.; et al. Mast Cell and M1 Macrophage Infiltration and Local Pro-Inflammatory Factors Were Attenuated with Incretin-Based Therapies in Obesity-Related Glomerulopathy. Metab. Syndr. Relat. Disord. 2017, 15, 344–353. [Google Scholar] [CrossRef]

	



Solerte, S.B.; D’addio, F.; Trevisan, R.; Lovati, E.; Rossi, A.; Pastore, I.; Dell’acqua, M.; Ippolito, E.; Scaranna, C.; Bellante, 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, 2999–3006. [Google Scholar] [CrossRef] [PubMed]

	



Zein, A.F.M.Z.; Raffaello, W.M. Dipeptidyl peptidase-4 (DPP-IV) inhibitor was associated with mortality reduction in COVID-19—A systematic review and meta-analysis. Prim. Care Diabetes 2022, 16, 162–167. [Google Scholar] [CrossRef]

	



Romaní-Pérez, M.; Outeiriño-Iglesias, V.; Moya, C.M.; Santisteban, P.; González-Matías, L.C.; Vigo, E.; Mallo, F. Activation of the GLP-1 Receptor by Liraglutide Increases ACE2 Expression, Reversing Right Ventricle Hypertrophy, and Improving the Production of SP-A and SP-B in the Lungs of Type 1 Diabetes Rats. Endocrinology 2015, 156, 3559–3569. [Google Scholar] [CrossRef]

	



Pal, R.; Bhansali, A. COVID-19, diabetes mellitus and ACE2: The conundrum. Diabetes Res. Clin. Pract. 2020, 162, 108132. [Google Scholar] [CrossRef]

	



Chaudhry, F.; Lavandero, S.; Xie, X.; Sabharwal, B.; Zheng, Y.-Y.; Correa, A.; Narula, J.; Levy, P. Manipulation of ACE2 expression in COVID-19. Open Heart 2020, 7, e001424. [Google Scholar] [CrossRef]

	



Shajahan, A.; Pepi, L.E.; Rouhani, D.S.; Heiss, C.; Azadi, P. Glycosylation of SARS-CoV-2: Structural and functional insights. Anal. Bioanal. Chem. 2021, 413, 7179–7193. [Google Scholar] [CrossRef]

	



Pai, W.-Y.; Lo, W.-Y.; Hsu, T.; Peng, C.-T.; Wang, H.-J. Angiotensin-(1-7) Inhibits Thrombin-Induced Endothelial Phenotypic Changes and Reactive Oxygen Species Production via NADPH Oxidase 5 Downregulation. Front. Physiol. 2017, 8, 994. [Google Scholar] [CrossRef]

	



Fraga-Silva, R.A.; Costa-Fraga, F.P.; De Sousa, F.B.; Alenina, N.; Bader, M.; Sinisterra, R.D.; Santos, R.A.S. An orally active formulation of angiotensin-(1-7) produces an antithrombotic effect. Clinics 2011, 66, 837–841. [Google Scholar] [CrossRef] [PubMed]

	



Fang, C.; Stavrou, E.; Schmaier, A.A.; Grobe, N.; Morris, M.; Chen, A.; Nieman, M.T.; Adams, G.N.; LaRusch, G.; Zhou, Y.; et al. Angiotensin 1-7 and Mas decrease thrombosis in Bdkrb2−/− mice by increasing NO and prostacyclin to reduce platelet spreading and glycoprotein VI activation. Blood 2013, 121, 3023–3032. [Google Scholar] [CrossRef] [PubMed]

	



Becker, R.C. COVID-19 update: COVID-19-associated coagulopathy. J. Thromb. Thrombolysis 2020, 50, 54–67. [Google Scholar] [CrossRef] [PubMed]

	



Verdecchia, P.; Cavallini, C.; Spanevello, A.; Angeli, F. The pivotal link between ACE2 deficiency and SARS-CoV-2 infection. Eur. J. Intern. Med. 2020, 76, 14–20. [Google Scholar] [CrossRef]

	



Asakura, H.; Ogawa, H. COVID-19-associated coagulopathy and disseminated intravascular coagulation. Int. J. Hematol. 2021, 113, 45–57. [Google Scholar] [CrossRef] [PubMed]

	



Helms, J.; Tacquard, C.; Severac, F.; Leonard-Lorant, I.; Ohana, M.; Delabranche, X.; Merdji, H.; Clere-Jehl, R.; Schenck, M.; Gandet, F.F.; et al. High risk of thrombosis in patients with severe SARS-CoV-2 infection: A multicenter prospective cohort study. Intensive Care Med. 2020, 46, 1089–1098. [Google Scholar] [CrossRef]

	



Shukla, A.K.; Banerjee, M. Angiotensin-Converting-Enzyme 2 and Renin-Angiotensin System Inhibitors in COVID-19: An Update. High Blood Press. Cardiovasc. Prev. 2021, 28, 129–139. [Google Scholar] [CrossRef]

	



Kahkoska, A.R.; Abrahamsen, T.J.; Alexander, G.C.; Bennett, T.D.; Chute, C.G.; Haendel, M.A.; Klein, K.R.; Mehta, H.; Miller, J.D.; Moffitt, R.A.; et al. Association Between Glucagon-Like Peptide 1 Receptor Agonist and Sodium–Glucose Cotransporter 2 Inhibitor Use and COVID-19 Outcomes. Diabetes Care 2021, 44, 1564–1572. [Google Scholar] [CrossRef]

	



Israelsen, S.B.; Pottegård, A.; Sandholdt, H.; Madsbad, S.; Thomsen, R.W.; Benfield, T. Comparable COVID-19 outcomes with current use of GLP-1 receptor agonists, DPP-4 inhibitors or SGLT-2 inhibitors among patients with diabetes who tested positive for SARS-CoV-2. Diabetes Obes. Metab. 2021, 23, 1397–1401. [Google Scholar] [CrossRef]

	



Khunti, K.; Knighton, P.; Zaccardi, F.; Bakhai, C.; Barron, E.; Holman, N.; Kar, P.; Meace, C.; Sattar, N.; Sharp, S.; et al. Prescription of glucose-lowering therapies and risk of COVID-19 mortality in people with type 2 diabetes: A nationwide observational study in England. Lancet Diabetes Endocrinol. 2021, 9, 293–303. [Google Scholar] [CrossRef]

	



Hariyanto, T.I.; Intan, D.; Hananto, J.E.; Putri, C.; Kurniawan, A. Pre-admission glucagon-like peptide-1 receptor agonist (GLP-1RA) and mortality from coronavirus disease 2019 (COVID-19): A systematic review, meta-analysis, and meta-regression. Diabetes Res. Clin. Pract. 2021, 179, 109031. [Google Scholar] [CrossRef]

	



Nguyen, N.N.; Ho, D.S.; Nguyen, H.S.; Ho, D.K.N.; Li, H.-Y.; Lin, C.-Y.; Chiu, H.-Y.; Chen, Y.-C. Preadmission use of antidiabetic medications and mortality among patients with COVID-19 having type 2 diabetes: A meta-analysis. Metabolism 2022, 131, 155196. [Google Scholar] [CrossRef]

	



Chen, Y.; Lv, X.; Lin, S.; Arshad, M.; Dai, M. The Association Between Antidiabetic Agents and Clinical Outcomes of COVID-19 Patients with Diabetes: A Bayesian Network Meta-Analysis. Front. Endocrinol. 2022, 13, 895458. [Google Scholar] [CrossRef] [PubMed]

	



Roussel, R.; Darmon, P.; Pichelin, M.; Goronflot, T.; Abouleka, Y.; Bachir, L.A.; Allix, I.; Ancelle, D.; Barraud, S.; Bordier, L.; et al. Use of dipeptidyl peptidase-4 inhibitors and prognosis of COVID-19 in hospitalized patients with type 2 diabetes: A propensity score analysis from the CORONADO study. Diabetes Obes. Metab. 2021, 23, 1162–1172. [Google Scholar] [CrossRef]

	



Pérez-Belmonte, L.M.; Torres-Peña, J.D.; López-Carmona, M.D.; Ayala-Gutiérrez, M.M.; Fuentes-Jiménez, F.; Huerta, L.J.; Muñoz, J.A.; Rubio-Rivas, M.; Madrazo, M.; Garcia, M.G.; et al. Mortality and other adverse outcomes in patients with type 2 diabetes mellitus admitted for COVID-19 in association with glucose-lowering drugs: A nationwide cohort study. BMC Med. 2020, 18, 359. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, S.Y.; Lee, J.; Nam, H.; Kyoung, D.-S.; Shin, D.W.; Kim, D.J. Effects of a DPP-4 Inhibitor and RAS Blockade on Clinical Outcomes of Patients with Diabetes and COVID-19. Diabetes Metab. J. 2021, 45, 251–259. [Google Scholar] [CrossRef]

	



Mirani, M.; Favacchio, G.; Carrone, F.; Betella, N.; Biamonte, E.; Morenghi, E.; Mazziotti, G.; Lania, A.G. Impact of Comorbidities and Glycemia at Admission and Dipeptidyl Peptidase 4 Inhibitors in Patients with Type 2 Diabetes with COVID-19: A Case Series from an Academic Hospital in Lombardy, Italy. Diabetes Care 2020, 43, 3042–3049. [Google Scholar] [CrossRef]

	



Hariyanto, T.I.; Kurniawan, A. Dipeptidyl peptidase 4 (DPP4) inhibitor and outcome from coronavirus disease 2019 (COVID-19) in diabetic patients: A systematic review, meta-analysis, and meta-regression. J. Diabetes Metab. Disord. 2021, 20, 543–550. [Google Scholar] [CrossRef]

	



Nyland, J.E.; Raja-Khan, N.T.; Bettermann, K.; Haouzi, P.A.; Leslie, D.L.; Kraschnewski, J.L.; Parent, L.J.; Grigson, P.S. Diabetes, Drug Treatment, and Mortality in COVID-19: A Multinational Retrospective Cohort Study. Diabetes 2021, 70, 2903–2916. [Google Scholar] [CrossRef]

	



Rakhmat, I.I.; Kusmala, Y.Y.; Handayani, D.R.; Juliastuti, H.; Nawangsih, E.N.; Wibowo, A.; Lim, M.A.; Pranata, R. Dipeptidyl peptidase-4 (DPP-4) inhibitor and mortality in coronavirus disease 2019 (COVID-19)—A systematic review, meta-analysis, and meta-regression. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 777–782. [Google Scholar] [CrossRef] [PubMed]

	



Pal, R.; Banerjee, M.; Mukherjee, S.; Bhogal, R.S.; Kaur, A.; Bhadada, S.K. Dipeptidyl peptidase-4 inhibitor use and mortality in COVID-19 patients with diabetes mellitus: An updated systematic review and meta-analysis. Ther. Adv. Endocrinol. Metab. 2021, 12, 204201882199648. [Google Scholar] [CrossRef]

	



Bonora, B.M.; Avogaro, A.; Fadini, G.P. Disentangling conflicting evidence on DPP-4 inhibitors and outcomes of COVID-19: Narrative review and meta-analysis. J. Endocrinol. Investig. 2021, 44, 1379–1386. [Google Scholar] [CrossRef] [PubMed]

	



Panchapakesan, U.; Pegg, K.; Gross, S.; Komala, M.G.; Mudaliar, H.; Forbes, J.; Pollock, C.; Mather, A. Effects of SGLT2 Inhibition in Human Kidney Proximal Tubular Cells—Renoprotection in Diabetic Nephropathy? PLoS ONE 2013, 8, e54442. [Google Scholar] [CrossRef]

	



Bonnet, F.; Scheen, A.J. Effects of SGLT2 inhibitors on systemic and tissue low-grade inflammation: The potential contribution to diabetes complications and cardiovascular disease. Diabetes Metab. 2018, 44, 457–464. [Google Scholar] [CrossRef] [PubMed]

	



Vallon, V.; Gerasimova, M.; Rose, M.A.; Masuda, T.; Satriano, J.; Mayoux, E.; Koepsell, H.; Thomson, S.C.; Rieg, T.; Layton, A.T.; et al. SGLT2 inhibitor empagliflozin reduces renal growth and albuminuria in proportion to hyperglycemia and prevents glomerular hyperfiltration in diabetic Akita mice. Am. J. Physiol. Physiol. 2014, 306, F194–F204. [Google Scholar] [CrossRef] [PubMed]

	



La Grotta, R.; de Candia, P.; Olivieri, F.; Matacchione, G.; Giuliani, A.; Rippo, M.R.; Tagliabue, E.; Mancino, M.; Rispoli, F.; Ferroni, S.; et al. Anti-inflammatory effect of SGLT-2 inhibitors via uric acid and insulin. Cell. Mol. Life Sci. 2022, 79, 273. [Google Scholar] [CrossRef]

	



Garvey, W.T.; Van Gaal, L.; Leiter, L.A.; Vijapurkar, U.; List, J.; Cuddihy, R.; Ren, J.; Davies, M.J. Effects of canagliflozin versus glimepiride on adipokines and inflammatory biomarkers in type 2 diabetes. Metabolism 2018, 85, 32–37. [Google Scholar] [CrossRef] [PubMed]

	



Packer, M. Do sodium-glucose co-transporter-2 inhibitors prevent heart failure with a preserved ejection fraction by counterbalancing the effects of leptin? A novel hypothesis. Diabetes Obes. Metab. 2018, 20, 1361–1366. [Google Scholar] [CrossRef]

	



Gager, G.M.; von Lewinski, D.; Sourij, H.; Jilma, B.; Eyileten, C.; Filipiak, K.; Hülsmann, M.; Kubica, J.; Postula, M.; Siller-Matula, J.M. Effects of SGLT2 Inhibitors on Ion Homeostasis and Oxidative Stress associated Mechanisms in Heart Failure. Biomed. Pharmacother. 2021, 143, 112169. [Google Scholar] [CrossRef] [PubMed]

	



Xu, L.; Nagata, N.; Nagashimada, M.; Zhuge, F.; Ni, Y.; Chen, G.; Mayoux, E.; Kaneko, S.; Ota, T. SGLT2 Inhibition by Empagliflozin Promotes Fat Utilization and Browning and Attenuates Inflammation and Insulin Resistance by Polarizing M2 Macrophages in Diet-induced Obese Mice. Ebiomedicine 2017, 20, 137–149. [Google Scholar] [CrossRef]

	



Xu, L.; Ota, T. Emerging roles of SGLT2 inhibitors in obesity and insulin resistance: Focus on fat browning and macrophage polarization. Adipocyte 2017, 7, 121–128. [Google Scholar] [CrossRef]

	



Boye, K.S.; Erdemir, E.T.; Zimmerman, N.; Reddy, A.; Benneyworth, B.D.; Dabora, M.C.; Hankosky, E.R.; Bethel, M.A.; Clark, C.; Lensing, C.J.; et al. Risk Factors Associated with COVID-19 Hospitalization and Mortality: A Large Claims-Based Analysis Among People with Type 2 Diabetes Mellitus in the United States. Diabetes Ther. 2021, 12, 2223–2239. [Google Scholar] [CrossRef] [PubMed]

	



Kan, C.; Zhang, Y.; Han, F.; Xu, Q.; Ye, T.; Hou, N.; Sun, X. Mortality Risk of Antidiabetic Agents for Type 2 Diabetes with COVID-19: A Systematic Review and Meta-Analysis. Front. Endocrinol. 2021, 12, 708494. [Google Scholar] [CrossRef] [PubMed]

	



Kow, C.S.; Hasan, S.S. Mortality risk with preadmission metformin use in patients with COVID-19 and diabetes: A meta-analysis. J. Med. Virol. 2021, 93, 695–697. [Google Scholar] [CrossRef] [PubMed]

	



Li, J.; Wei, Q.; Li, W.X.; McCowen, K.C.; Xiong, W.; Liu, J.; Jiang, W.; Marin, T.; Thomas, R.L.; He, M.; et al. Metformin Use in Diabetes Prior to Hospitalization: Effects on Mortality in COVID-19. Endocr. Pract. 2020, 26, 1166–1172. [Google Scholar] [CrossRef] [PubMed]

	



Ghany, R.; Palacio, A.; Dawkins, E.; Chen, G.; McCarter, D.; Forbes, E.; Chung, B.; Tamariz, L. Metformin is associated with lower hospitalizations, mortality and severe coronavirus infection among elderly medicare minority patients in 8 states in USA. Diabetes Metab. Syndr. Clin. Res. Rev. 2021, 15, 513–518. [Google Scholar] [CrossRef]

	



Scheen, A. Metformin and COVID-19: From cellular mechanisms to reduced mortality. Diabetes Metab. 2020, 46, 423–426. [Google Scholar] [CrossRef] [PubMed]

	



Bramante, C.T.; Ingraham, N.E.; Murray, T.A.; Marmor, S.; Hovertsen, S.; Gronski, J.; McNeil, C.; Feng, R.; Guzman, G.; Abdelwahab, N.; et al. Metformin and risk of mortality in patients hospitalised with COVID-19: A retrospective cohort analysis. Lancet Healthy Longev. 2021, 2, e34–e41. [Google Scholar] [CrossRef]








[image: Biomedicines 11 02292 g001] 





Figure 1. Comparison between the main four subgroups of diabetic inpatients in terms of hospital admission (admitted for COVID-19, right column, and for other reasons, left column) (A); Metformin vs. all drugs p < 0.001. Differences between groups in terms of in-hospital death (admitted for COVID-19, right column, and for other reasons, left column) (B); Metformin versus insulin/insulin secretagogues and versus DPP-4is. p < 0.001, GLP-1RAs vs. other drugs p < 0.001. Differences between groups in terms of cumulative death within the period of observation (admitted to hospital, right column, and not admitted to hospital, left column) (C). GLP-1 RAs vs. metformin and insulin/insulin secretagogues p < 0.001. DPP-4is vs. metformin and insulin/insulin secretagogues p < 0.005. 
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Figure 2. One-versus-one analyses evaluating the risk for worse outcomes (hospital admission, COVID-19-related/associated hospitalization, in-hospital death, and cumulative death). OR = odds ratio; 95% CI = 95% confidence interval; GLP-1 RAs = GLP-1 receptor agonists; DPP-4is = DPP-4 inhibitors. 
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Figure 3. Mantel–Cox log-rank tests. Analysis of two-year survival among diabetic subjects subcohorts. Differences in terms of cumulative survival between hospitalised and non-hospitalised subjects (A); cumulative survival among non-hospitalised subjects based on antidiabetic treatment (B); cumulative survival among hospitalised subjects based on antidiabetic treatment (C); differences in terms of cumulative survival among non-hospitalised, hospitalised for COVID-19 and hospitalised for other reasons (D); cumulative survival among subjects hospitalised for other reasons based on antidiabetic treatment (E); cumulative survival among subjects hospitalised for COVID-19 based on antidiabetic treatment (F). 
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Table 1. Population characteristics.






Table 1. Population characteristics.





	
Variables

	
Total

	
Non-Hospitalized Subjects

	
Hospitalized Subjects (n = 2910)

	
p Value




	
Non-COVID-19

Hospitalization

	
COVID-19

Hospitalization






	
Subjects, n (%)

	
76,764

	
73,854 (96.2)

	
988 (34.0)

	
1922 (66.0)

	
<0.001




	
Age (years), mean ± SD

	
70 ± 13

	
70 ± 13

	
74 ± 13

	
73 ± 13

	
0.05




	
Age < 60 years, n (%)

	
14,861 (19.4)

	
14,435 (19.5)

	
135 (13.7)

	
291 (15.1)

	
0.36




	
Age 60–69 years, n (%)

	
18,291 (23.8)

	
17,789 (24.1)

	
164 (16.6)

	
338 (17.6)

	
0.57




	
Age 70–79 years, n (%)

	
24,278 (31.6)

	
23,372 (31.6)

	
288 (29.1)

	
618 (32.2)

	
0.23




	
Age ≥ 80 years, n (%)

	
19,334 (25.2)

	
18,258 (24.7)

	
401 (40.6)

	
675 (35.1)

	
0.05




	
Sex, n (%)

	
Female

	
35,418 (46.1)

	
34,231 (46.5)

	
410 (41.5)

	
777 (40.4)

	
<0.001




	
Male

	
41,251 (53.9)

	
39,528 (53.5)

	
578 (58.5)

	
1145 (59.6)




	
Days of hospital stay, mean ± SD

	
-

	
-

	
18.5 ± 16.3

	
18.2 ± 17.7

	
0.73




	
In-hospital death, n (%)

	
739 (1.0)

	
-

	
318 (32.2)

	
421 (21.9)

	
<0.001




	
Cumulative death, n (%)

	
6926 (9.0)

	
5947 (8.1)

	
423 (42.8)

	
556 (28.9)

	
<0.001




	
Cardiovascular events




	
Non-fatal MI, n (%)

	
573 (0.7)

	
524 (0.7)

	
22 (2.2)

	
27 (1.4)

	
0.11




	
Non-fatal CVA, n (%)

	
1470 (1.9)

	
1277 (1.7)

	
81 (8.2)

	
112 (5.8)

	
0.023




	
Heart failure (HF), n (%)

	
1898 (2.5)

	
1589 (2.2)

	
125 (12.7)

	
184 (9.6)

	
0.022




	
Malignant dysrhythmia (MD), n (%)

	
323 (0.4)

	
287 (0.4)

	
14 (1.4)

	
22 (1.1)

	
0.53




	
Cardiac shock (CS), n (%)

	
50 (0.1)

	
40 (0.1)

	
0 (0.0)

	
10 (0.5)

	
0.019




	
4-point MACE, n (%)

	
3794 (4.9)

	
3263 (4.4)

	
215 (21.8)

	
316 (16.4)

	
0.004




	
Antidiabetic drugs

	

	

	

	

	




	
Metformin, n (%)

	
30,238 (39.4)

	
29,455 (39.9)

	
239 (24.2)

	
544 (28.3)

	
0.07




	
Insulin or insulin secretagogues, n (%)

	
14,739 (19.2)

	
13,976 (18.9)

	
284 (28.7)

	
479 (24.9)

	
0.09




	
GLP-1 RAs, n (%)

	
1227 (1.6)

	
1175 (1.6)

	
18 (1.8)

	
34 (1.8)

	
0.92




	
GLP-1 RAs + metformin, n (%)

	
910 (1.2)

	
875 (1.2)

	
9 (0.9)

	
26 (1.4)

	
0.31




	
GLP-1 RA alone, n (%)

	
127 (0.2)

	
122 (0.2)

	
2 (0.2)

	
3 (0.2)

	
0.78




	
GLP-1 RAs + insulin or insulin secretagogues, n (%)

	
190 (0.2)

	
178 (0.2)

	
7 (0.7)

	
5 (0.3)

	
0.08




	
DPP-4is, n (%)

	
4301 (5.6)

	
4060 (5.5)

	
87 (8.8)

	
154 (8.0)

	
0.50




	
DPP-4i alone, n (%)

	
1169 (1.5)

	
1078 (1.5)

	
38 (3.8)

	
53 (2.8)

	
0.12




	
DPP-4is + metformin, n (%)

	
2037 (2.7)

	
1972 (2.7)

	
16 (1.6)

	
49 (2.5)

	
0.12




	
DPP-4is + insulin or insulin secretagogues, n (%)

	
1095 (1.4)

	
1010 (1.4)

	
33 (3.3)

	
52 (2.7)

	
0.35




	
Other drug combinations or other drugs, n (%)

	
26,259 (34.2)

	
25,188 (34.1)

	
360 (36.4)

	
711 (37.0)

	
0.84








Non-COVID-19 hospitalization, non-COVID-19-related/associated hospitalization but for other reasons; COVID-19 hospitalization, COVID-19-related/associated hospitalization; MI = myocardial infarction; CVA = cardiovascular accidents; HF = heart failure; CS = cardiac shock; MD = malignant dysrhythmia; 4-point MACE = 4-point major adverse cardiovascular events (non-fatal MI, non-fatal CVA, HF with or without CS, and MD); GLP-1 RAs = GLP-1 receptor agonists; DPP-4is = DPP-4 inhibitors. Data are presented as number (%), and if not are appropriately specified.













 





Table 2. Logistic regression analyses.
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B

	
S.E.

	
Wald

	
df

	
p Value

	
OR

	
95% CI

(Upper-Lower)






	
Hospital admission




	
Sex (F/M)

	
−0.27

	
0.05

	
29.63

	
1

	
<0.001

	
0.77

	
0.70–0.84




	
Age < 60 years

	
-

	
-

	
82.01

	
3

	
<0.001

	
-

	
-




	
Age 60–69 years

	
−0.01

	
0.09

	
0.01

	
1

	
0.99

	
1.00

	
0.84–1.18




	
Age 70–79 years

	
0.23

	
0.08

	
8.87

	
1

	
0.003

	
1.26

	
1.08–1.46




	
Age ≥ 80 years

	
0.55

	
0.08

	
51.96

	
1

	
<0.001

	
1.73

	
1.49–2.01




	
4-point MACE

	
1.31

	
0.07

	
396.51

	
1

	
<0.001

	
3.72

	
3.27–4.24




	
Metformin

	
-

	
-

	
115.75

	
3

	
<0.001

	
-

	
-




	
Insulin or insulin secretagogues

	
0.51

	
0.05

	
88.79

	
1

	
<0.001

	
1.66

	
1.50–1.85




	
GLP-1 RAs

	
0.64

	
0.15

	
18.37

	
1

	
<0.001

	
1.69

	
1.41–2.52




	
DPP-4is

	
0.58

	
0.08

	
55.97

	
1

	
<0.001

	
1.78

	
1.53–2.08




	
In-hospital death




	
Sex (F/M)

	
−0.50

	
0.09

	
29.09

	
1

	
<0.001

	
0.61

	
0.51–0.72




	
Age < 60 years

	

	

	
179.07

	
3

	
<0.001

	
-

	
-




	
Age 60–69 years

	
0.67

	
0.30

	
4.88

	
1

	
0.03

	
1.95

	
1.08–3.53




	
Age 70–79 years

	
1.74

	
0.27

	
43.04

	
1

	
<0.001

	
5.68

	
3.38–9.53




	
Age ≥ 80 years

	
2.45

	
0.26

	
88.65

	
1

	
<0.001

	
11.62

	
6.97–19.35




	
4-point MACE

	
1.55

	
0.10

	
229.20

	
1

	
<0.001

	
4.71

	
3.85–5.75




	
Metformin

	

	

	
42.07

	
3

	
<0.001

	
-

	
-




	
Insulin or insulin secretagogues

	
0.59

	
0.10

	
33.33

	
1

	
<0.001

	
1.81

	
1.48–2.20




	
GLP-1 RAs

	
0.80

	
0.35

	
5.33

	
1

	
0.021

	
1.84

	
1.13–4.42




	
DPP-4is

	
0.67

	
0.14

	
23.59

	
1

	
<0.001

	
1.96

	
1.49–2.56




	
Cumulative death




	
Sex (F/M)

	
−0.24

	
0.03

	
53.59

	
1

	
<0.001

	
0.79

	
0.74–0.84




	
Age < 60 years

	
-

	
-

	
2269.81

	
3

	
<0.001

	
-

	
-




	
Age 60–69 years

	
1.02

	
0.10

	
107.46

	
1

	
<0.001

	
2.76

	
2.28–3.35




	
Age 70–79 years

	
1.72

	
0.09

	
368.67

	
1

	
<0.001

	
5.57

	
4.67–6.64




	
Age ≥ 80 years

	
2.84

	
0.09

	
1066.26

	
1

	
<0.001

	
17.14

	
14.45–20.33




	
4-point MACE

	
1.16

	
0.05

	
578.85

	
1

	
<0.001

	
3.20

	
2.91–3.51




	
Metformin

	
-

	
-

	
565.10

	
3

	
<0.001

	
-

	
-




	
Insulin or insulin secretagogues

	
0.82

	
0.04

	
545.72

	
1

	
<0.001

	
2.28

	
2.13–2.44




	
GLP-1 RAs

	
−0.20

	
0.19

	
1.12

	
1

	
0.29

	
0.82

	
0.57–1.18




	
DPP-4is

	
0.60

	
0.05

	
124.76

	
1

	
<0.001

	
1.81

	
1.63–2.01








Logistic regression modelling for identifying the variables associated with outcomes (hospital admission, in-hospital death, and cumulative death). OR = odds ratio; 95% CI = 95% confidence interval; 4-point MACE = 4-point major adverse cardiovascular events (non-fatal MI, non-fatal CVA, HF with or without CS, and MD); GLP-1 RAs = GLP-1 receptor agonists; DPP-4is = DPP-4 inhibitors.
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