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Aims

Pre-existing conditions, such as age, hypertension, obesity, and diabetes, constitute known risk factors for severe COVID-19. However, the impact of prediabetes mellitus (PDM) on COVID-19 severity is less clear. This study aimed to evaluate the influence of PDM in the acute and long-term phases of COVID-19.



Materials and methods

We compared inflammatory mediators, laboratory and clinical parameters and symptoms in COVID-19 patients with prediabetes (PDM) and without diabetes (NDM) during the acute phase of infection and at three months post-hospitalization.



Results

Patients with PDM had longer hospital stays and required intensive care unit admission more frequently than NDM. Upon hospitalization, PDM patients exhibited higher serum levels of interleukin 6 (IL-6), which is related to reduced partial pressure of oxygen (PaO2) in arterial blood, oxygen saturation (SpO2) and increased COVID-19 severity. However, at three months after discharge, those with PDM did not exhibit significant alterations in laboratory parameters or residual symptoms; however, PDM was observed to influence the profile of reported symptoms.



Conclusions

PDM seems to be associated with increased risk of severe COVID-19, as well as higher serum levels of IL-6, which may constitute a potential biomarker of severe COVID-19 risk in affected patients. Furthermore, while PDM correlated with more severe acute-phase COVID-19, no long-term worsening of sequelae was observed.
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Introduction

The deadly Coronavirus disease 2019 (COVID-19) pandemic due to the novel Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) continues to present an enormous challenge to health systems worldwide. Gaps in our understanding of COVID-19 have undoubtedly exacerbated the death toll of over 6 million people worldwide, according to the World Health Organization.

The impact of the COVID-19 pandemic has been largely accentuated by the transmission capabilities of SARS-CoV-2. This new coronavirus interacts with different host cells by binding its viral SPIKE protein to the host’s ACE2 receptor, mediated by proteases such as transmembrane serine protease 2 (TMPRSS2) and FURIN (1).

The spectrum of COVID-19 presentation varies widely, from mild to moderate and severe clinical forms. The severe form of disease occurs predominantly in elderly, hypertensive, obese, and diabetic individuals (2). In the context of diabetes, researchers around the world have been struggling to identify the mechanism underlying increased severe COVID-19 risk in these individuals. Recently, our group demonstrated the involvement of the Leukotriene B4 (LTB4) pathway in severe cases of COVID-19 in individuals with diabetes, and reported increased expression of ACE2 and TMPRSS2 in peripheral blood mononuclear cells (3). Other studies have also highlighted the importance of increased expression of these SARS-CoV-2 gateway receptors to the pathogenesis of COVID-19 using different cell types placed under hyperglycemic conditions (4–7).

Based on preliminary exploratory study, prediabetes also appears to be a risk factor for severe COVID-19 (8–10). However, the mechanisms that lead to disease exacerbation remain unknown. Moreover, the potential for these patients to develop residual symptoms after acute phase of the COVID-19 has yet to be investigated. Thus, we sought to assess the involvement of inflammatory mediators in PDM individuals with severe COVID-19 requiring hospitalization. Our results indicate that COVID-19 patients with PDM experience a greater degree of lung injury, require prolonged hospitalization and intensive care admission. However, PDM does not seem to impact the long-term prevalence of symptoms post-acute COVID-19. Finally, our results suggest that serum levels of IL-6 may represent a promising marker of unfavorable outcomes associated with PDM in COVID-19 patients.



Materials and Methods


Study Approval

This study followed the principles of the Declaration of Helsinki. The Institutional Board for Ethics in Human Research at the Gonçalo Moniz Institute, Oswaldo Cruz Foundation (CAAE 36199820.6.0000.0040), and Irmã Dulce Social Works (CAAE 33366020.5.0000.0047) approved this study. Participants gave informed consent previous to any data and sample collection.



Patients

Patients diagnosed positive for COVID-19, based on the positivity of molecular test (RT-qPCR) or clinical history for COVID-19. In the study of the acute phase of COVID-19, patients were diagnosed through RT-qPCR or clinical plus radiologic criteria and were admitted to Ernesto Simões Filho General and Memorial Hospital, Salvador, Brazil, from July 2020 to February 2021. Forty-two patients were enrolled in this study, 23 without diabetes (NDM) and 19 with prediabetes (PDM). To analyze the consequences of COVID-19, patients with confirmed SARS-CoV-2 infection through RT-PCR/Lateral-flow or serologic tests, three hundred and three patients were enrolled 3 months after symptom onset (acute phase between August 2020 and May 2021) from Octávio Mangabeira Specialized Hospital, Salvador, Brazil, of which 130 are without diabetes and 173 with prediabetes. According to the Brazilian Diabetes Society guidelines, 2019-2020 (Lyra et al., 2020), in this study, patients with HbA1c between ≥ 39 mmol/mol (5.7%) and < 48 mmol/mol (6.5%) were considered with prediabetes (PDM) and patients with values < 5.7% were considered without diabetes (NDM). The score to assess mobility impairment in the post COVID-19 phase was based on EuroQol questionnaire. Clinical data from all patients were obtained on admission from medical records and managed on the REDCap platform. Patients who did not agree to sign the free and informed consent, were pregnant, who did not have the value of glycated hemoglobin, had symptoms for >14 days, and had been in the hospital for >48 h were excluded of this study.



Quantification of Inflammatory Mediators

Blood samples from all patients were collected at admission. Plasma was separated to quantify inflammatory mediators. Based on the highlight of specific inflammatory mediators in the outcome of COVID-19 (Pérez et al., 2021; Tay et al., 2020), serum levels of Tumor Necrosis Factor alpha (TNF-α), Interleukin 6 (IL-6) and LTB4 (Cayman Chemical, USA) were evaluated using Enzyme Linked Immunosorbent Assay (ELISA).



Gene Expression Analysis

Total RNA was extracted from peripheral blood mononuclear cells (PBMCs) collected at admission using miRNeasy Mini Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s guidelines. Relative expression of ACE2 (assay ID Hs.PT.58.27645939); transmembrane serine protease 2 (TMPRSS2) (assay ID Hs.PT.58.4661363); furin, paired basicamino acid cleaving enzyme (FURIN) (assay ID Hs.PT.58.1294962 were analyzed. cDNA synthesis was performed using the SuperScript III Reverse Transcriptase Kit (Invitro-gen, Carlsbad, CA). Then, cDNA was amplified by quantitative real-time PCR using the SYBR Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA). Relative gene expression is shown as the fold change between the NDM and PDM groups using b-actin as housekeeping gene (ACTB) (assay ID Hs.PT.39a.22214847). All primers were pur-chased from Integrated DNA Technologies (Coralville, IA).



Statistical Analysis

Data are presented as mean and SD or median and interquartile range values for numerical variables and proportions (%) for categorical variables. For variables with normal distribution, we used Student’s t-test (two groups). For non-normal distribution, we used Mann–Whitney test (two groups), Kruskal–Wallis with Dunn’s post-test (three or more groups), and the Spearman test we used for correlations analysis. Chi-Square or Fisher’s exact test was used to compare proportions. The hierarchical clustering analysis was performed based on the average of the Euclidean distance between symptoms and patients splitted by group using Orange software version 3.28 with patients without missing data. Outliers were identified using ROUT method (Q=1%). All tests were conducted using Prism 8 software (GraphPad, USA). Differences were considered statistically significant when p < 0.05, or adj. p < 0.05 for multiple comparisons.




Results


High Serum Levels of IL-6 and Severe COVID-19 Outcomes in Prediabetic Patients

This study evaluated 42 patients with COVID-19 in the acute phase of infection: 23 (10 F: 13 M; median age 54 years) non-diabetic (NDM) controls, and 19 prediabetic individuals (06 F: 13 M; median age 67 years). The groups were proportionately similar with regard to comorbidities and symptoms (Table 1) and no differences were seen in drug therapy during hospitalization between the groups (see Supplementary Table 1).


Table 1 | Clinical characteristics among non-diabetic (NDM) and prediabetic (PDM) patients with Coronavirus Disease 2019 (COVID-19) stratified according to low or high IL-6 production.



Our analysis of inflammatory mediators revealed that prediabetic patients demonstrated increased IL-6 levels (p = 0.0001) during acute COVID-19; however, no differences were seen in TNF-a or LTB4 (Figures 1A-C). Figure 1D shows the percentage of patients who were producers of detectable levels of inflammatory mediators. While both groups produced LTB4 and none produced TNF-a, approximately 63% of PDM exhibited high levels of IL-6 compared to NDM.




Figure 1 | COVID-19 disease is more severe in individuals with prediabetes. Systemic levels of IL-6 (A), TNF-a (B) and LTB4 (C) in individuals without diabetes (NDM) and prediabetes (PDM) with COVID-19. (D) Percentage of individuals producing inflammatory mediators in NDM and PDM with COVID-19. (E) Total hospitalization time between NDM and PDM individuals. (F) Number and percentage of NDM and PDM individuals admitted to clinical beds (CB) (white) or intensive care unit (ICU) (black) due to COVID-19. (G) Days of hospitalization in ICU or CB in NDM and PDM with COVID-19. (H) Number and percentage of patients who required (black) mechanical ventilation or not (white) between NDM and PDM group. (I) SpO2/FiO2 and (J) PaO2/FiO2 ratio in NDM and PDM patients with COVID-19. [(A, B, E) = Mann Whitney test]; [(F, H) = Fisher’s exact test]; [(G) = Kruskal-Wallis with Dunn’s post-test); [(I, J) = Unpaired t-test]. *p < 0.05; **p < 0.01; ***p < 0.001.



We observed that PDM patients with COVID-19 required extended hospital stays [15 days (IQR 8-22)] compared to NDM [8 days (IQR 5-15)], as illustrated in Figure 1E (p = 0.044). Among the PDM COVID-19 patients, 78% were admitted to an intensive care unit (ICU), in contrast to 56% of NDM (Figure 1F). Additionally, patients with PDM had longer ICU stays than NDM (10 days, IQR 1-17 vs. 2 days, IQR 1-4, respectively, p = 0.024) (Figure 1G). Regarding mechanical ventilation (MV), 64% of the PDM group required invasive respiratory support, compared to 33% of NDM patients (Figure 1H). PDM patients also developed more lung dysfunction based on ratios of oxygen saturation (SpO2) (mean ± SD: 243.3 ± 143.7 vs 363.8 ± 130.4, p = 0.009) and arterial oxygen partial pressure (PaO2) (185.0 ± 105.9 vs 320.5 ± 171.1, p = 0.043) to fractional inspired oxygen (FiO2) (S/F and P/F ratios, respectively) (Figures 1I, J). Together, these findings indicate that PDM is associated with higher IL-6 serum levels and increased risk of severe COVID-19 (lung dysfunction, more frequent and prolonged hospitalization and ICU admission). Our analysis of the expression of gateway receptors for SARS-CoV-2 (ACE2, TMPRSS2 and FURIN) in PBMCs revealed no differences between the groups (see Supplementary Figure 1).



IL-6 Serum Levels as a Biomarker of Severe COVID-19 in Patients With Prediabetes

We further sought to identify correlations between IL-6 serum levels and different clinical outcomes as well as laboratory parameters. Correlation matrixes constructed for NDM (Figure 2A) and PDM (Figure 2B) patients revealed no associations regarding IL-6 levels in the NDM group (Figure 2A – blue bar). However, positive correlations between IL-6 and WBC (r = 0.5; p = 0.057), lactate dehydrogenase (LDH) (r = 0.9; p = 0.001), C-reactive protein (CRP) (r = 0.8; p = 0.002), and urea (r = 0.6; p = 0.014) were identified in PDM patients. Additionally, IL-6 was observed to negatively correlate with the S/F and P/F ratio (r = -0.7; p = 0.002 and -0.6; p = 0.023, respectively) in PDM (Figure 2B).




Figure 2 | IL-6 production induced by prediabetes dictates the severity of COVID-19. Correlation matrix between clinical parameters of NDM (A) and PDM (B) patients with COVID-19. Values of (C) PCR, (D) WBC, (E) S/F and (F) P/F ratio in PDM patients with low (empty blue box) or high (full blue box) production of IL-6 cytokine. (G) IL-6 levels produced by PDM patients hospitalized in CB or ICU. (H) IL-6 levels produced by PDM patients who required (MV) or not of ventilation mechanic (WMV). (I) Analysis of ROC curve based on IL-6 production in PDM patients in ICU hospitalization (full line) and need for invasive mechanical ventilation (dotted line). (J) IL-6 production induced by prediabetes in patients in the moderate, severe and critical form of COVID-19. Correlation positive (red), correlation negative (green). [(A, B) = Spearman]; [(C–H) = Mann Whitney test]; [(J) = Kruskal-Wallis with Dunn’s post-test]. *p < 0.05; **p < 0.01.



Within the PDM patients, a subgroup of 12 patients were observed to produce high levels of IL-6 (termed “high producers”), while 7 had undetectable levels of IL-6 (i.e., “low producers”). We found that the high producers of IL-6 presented increased levels of CRP and WBC (Figures 2C, D), while lower S/F and P/F ratios were found in high IL-6 producers (Figures 2E, F). Unfortunately, laboratory data was not available for all PDM patients who were low and high IL-6 producers.

We further confirmed that higher levels of IL-6 in PDM patients with COVID-19 was associated with ICU admission (Figure 2G) and MV (Figure 2H). Figure 2I indicates that systemic levels of IL-6 >1.4 pg/mL increase the risk of severe COVID-19 in PDM patients with respect to the outcome of ICU admission (AUC = 0.89; sensitivity of 78.5% and specificity of 100%; p = 0.019), while >15.9 pg/mL increased the risk of need for MV (AUC = 0.84; sensitivity of 77.8% and specificity of 80%, LR 3.9; p = 0.038) (Figure 2I). Finally, high serum levels of IL-6 were also observed in some PDM patients who died following ICU admission (Figure 2J). These findings suggest that serum levels of IL-6 are associated with COVID-19 severity in PDM individuals (see Supplementary Table 2).



Prediabetes Does not Worsen Complications in Long-Term COVID-19

We investigated the impact of PDM at 3 months after acute COVID-19 by analyzing laboratory parameters, quality of life and residual symptoms in 130 NDM and 170 PDM patients with post-acute symptoms of COVID-19 (PASC). Patients were matched for age, sex, comorbidities, and disease severity according to ICU admission (Table 2). With the exceptions of increased ALT and Urea in PDM patients, no significant differences were noted in the other laboratory parameters analyzed three months following the acute phase of COVID-19 (Figure 3A). Despite higher ALT (median of 26 U/L vs 21 U/L, p = 0.0185) and Urea (median of 30.0 mg/dL vs 26.5 mg/dL, p = 0.0057) levels, values remained within respective reference ranges (See Supplementary Figure 2).


Table 2 | Clinical characteristics between individuals without diabetes (NDM) and with prediabetes (PDM) after 3 moths of the COVID-19 acute phase.






Figure 3 | Prediabetes does not alter the symptoms of long-term COVID-19. (A) HeatMap shown the median of laboratory parameters values in NDM and PDM patients 3 moths after COVID-19 (blue = low values; yellow = high values). (B) Percentage of the degree of mobility impairment in NDM and PDM patients. (C) Percentage of symptoms in NDM and PDM patients after COVID-19. (D) HeatMap clustered showing symptoms reported by NDM and PDM patients 3 months after COVID-19 (Blue = negative and Yellow = positive for symptoms). (E) Percentage of symptoms in NDM and PDM in a population of patients with the highest Percentage of symptoms in NDM and PDM in a population of patients with the highest (E, F) percentage of symptoms after COVID-19. (A = Mann Whitney test); (E, F = c² test or Fisher’s exact test). *p < 0.05; **p < 0.01.



Based on EuroQol questionnaire results, with scores ranging from 1 (no impairment) to 5 (extremely severe impairment), only 1% of PDM patients reported a score in the mobility dimension (Figure 3B). With respect to the other domains, no significant differences were observed (data not shown).

Regarding residual symptoms reported at three months after disease onset, dyspnea (~50%) and fatigue (~43%) were the most frequent, yet no differences among these symptoms were seen between the NDM and PDM patients (Figure 3C). For further assessment, an unsupervised analysis was performed to identify hierarchical clustering of symptoms. After removing missing data, 167 patients were analyzed (67 NDM and 100 PDM). Two well-defined clusters were evidenced in both NDM and PDM patients, an oligosymptomatic cluster 1 (green) and a polysymptomatic cluster 2 (red) (Figure 3D). The groups were proportionately similar in terms of age, gender, ICU admission and need for invasive mechanical ventilation (IMV) (Supplementary Table 3).

In patients with more post-acute COVID-19 symptoms (polysymptomatic), with the exception of cough [30% (PDM) vs 70% (NDM), odds ratio (OR), 0.17, 95% confidence interval (CI) 0.05 to 0.5, p = 0.0028], PDM patients more frequently reported body pain (78% vs 37%, OR 5.9, 95% CI 1.82 to 17.81, p = 0.0025), anosmia (30% vs 0%, OR infinity, 95% CI 1.9 to infinity, p = 0.0100) and ageusia (26% vs 0%, OR infinity, 95% CI 2.543 to infinity, p = 0.0043) compared to NDM patients (Figure 3E). On the other hand, regarding patients with fewer reported symptoms post-acute COVID-19 (oligosymptomatic), PDM patients reported more coughing (19% vs 2%, OR 9.2, 95% CI 1.60 to 100.5, p = 0.0125) and less olfactory dysfunction (1% vs 12%, OR 0.09, 95% CI 0.008 to 0.77, p = 0.0116) than NDM (Figure 3F).

These findings reveal that despite the presence of post-COVID-19-related symptoms in both groups, differences in the profiles of reported symptoms were evidenced between the polysymptomatic and oligosymptomatic patients. Oligosymptomatic PDM patients present more cough and less anosmia, while more body pain, anosmia, ageusia and less cough were reported by polysymptomatic PDM compared to their respective NDM counterparts. Importantly, no differences in the profile of post-COVID-19-related symptoms were observed in patients admitted to the ICU or those requiring IMV during the acute phase of disease compared to those with milder COVID-19, suggesting that post-acute COVID-19 symptomatology was not dependent on disease severity in the studied patients.




Discussion

Isolated studies have reported that prediabetes implies an increased risk of severe infection and mortality by COVID-19 (10–12); however, the pathogenic mechanism underlying this risk remains unclear. It was recently demonstrated that 6% to 39.4% of individuals with PDM develop severe COVID-19 (9–11, 13, 14). Although these studies are still scarce, there is accumulating evidence that prediabetes, as well as diabetes, may also culminate in severe COVID-19 (8, 10, 15). The findings reported herein suggest that IL-6 may play a role in the increased risk of severe COVID-19 in PDM individuals. However, it is important to consider that our study was limited in terms of its sample size. PDM patients in the acute phase of infection were older (67 vs 54 years) and more obese (28% vs 0%) than NDM individuals, despite a lack of statistical significance. However, the PDM individuals herein were found to have significantly higher rates of ICU admission and IMV than the NDM patients, which is concordant with age and obesity being known risk factors for severe COVID-19 (16–18).

Previous studies have demonstrated the influence of hyperglycemia on the expression patterns of SARS-CoV-2 gateway receptors, such as ACE2 and TMPRSS2 (3, 4). In this context, differently than COVID-19 patients with diabetes who exhibited increased ACE2 and TMPRSS2 receptor expression in PBMCs, the PDM patients investigated herein had no altered expression patterns for these receptors (3). On the other hand, as with individuals with diabetes, the extent of lung injury (based on the P/F and S/F ratio) was also observed to be significantly greater in patients with prediabetes (3).

Previous studies have reported the impact of hyperglycemia on severe outcomes of COVID-19 in the acute phase, as well the reduced efficiency of tocilizumab therapy, an inhibitor of IL-6 cytokine signaling (19, 20). An exacerbated inflammatory state is known to be one of the main triggers for severe COVID-19 (1). Associations between IL-6 production and COVID-19 severity have been widely reported (1, 3, 21). While the production of this mediator appears to be related to blood glucose levels (22) in the context of COVID-19, no associations with prediabetes have been reported to date (1, 21, 23). Our findings indicate that similarly to diabetic patients, those with prediabetes also induce increased levels of IL-6 during the acute phase of COVID-19 (3, 22). However, while other inflammatory mediators, such as Leukotriene B4, were found to be elevated in patients with diabetes and COVID-19, this was not the case in the PDM patients studied herein (3). As approximately 63% of the PDM patients evaluated produced high levels of IL-6, it is possible that this inflammatory mediator may be a relevant factor in driving patients with prediabetes to develop severe COVID-19 (9–11, 13, 14).

Elevated IL-6 production by individuals with prediabetes was found to correlate with important parameters of severe COVID-19, such as LDH, CRP, and low O2 saturation. Koh et al. showed that CRP was a key biomarker associated with diabetes-induced severe COVID-19 (14). In addition, the relationship between IL-6 production and increased CRP has also been reported as a possible trigger for severe COVID-19 (21). LDH has additionally been cited in cases with severe COVID-19, as well as a participation in the activation of inflammasomes, which is related to a worse prognosis of the disease (24, 25). These findings reinforce the notion that enhanced IL-6 production may indeed be associated with a worse prognosis of COVID-19, as the PDM patients evaluated herein produced higher levels of this cytokine non-diabetic COVID-19 patients and were more likely to experience severe outcomes.

Although serious complications have been associated with the acute phase of COVID-19, disease recovery can occur slowly in some cases and may imply residual symptoms, termed “long COVID.” (26, 27) Consistent with our results, Fernández-de-las-Peñas et al. showed that the symptoms reported by patients with diabetes were not different from those without diabetes (28). The present findings indicate that the most frequently reported symptoms in our patients with long COVID-19 were dyspnea, fatigue, headache, cough and body pain, which is consistent with the symptomatology reported in other studies (26, 27, 29).

The persistence of residual symptoms post-COVID-19 requires further study. Importantly, patient sex may be a factor for the reporting of these symptoms regardless of glycemic level (as evidenced by the predominance of females in the polysymptomatic group). Previous reports have argued that sociocultural aspects may be relevant, as women tend to be more concerned with their health (29–31).

In conclusion, despite a relatively limited sample size in the acute phase of SARS-CoV-2 infection, our results indicate that individuals with prediabetes faced an increased risk of developing severe COVID-19, which correlated with high serum levels of IL-6 in these patients. Furthermore, while prediabetes was not shown to significantly exacerbate symptomatology post-acute COVID-19, prediabetic patients present different symptom profiles, depending on their oligosymptomatic and polysymptomatic status, compared to non-diabetic individuals.
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Supplementary Figure 1 | Expression of gateway receptors for SARS-CoV-2 is not altered in PBMCs from patients with prediabetes and COVID-19. Gene expression of (A) ACE2, (B) TMPRRS2 and (C) FURIN in peripheral blood mononuclear cells (PBMCs) from patients with COVID-19, without diabetes or with prediabetes.

Supplementary Figure 2 | Laboratory parameters after 3 months of the acute phase of COVID-19. Values of (A) Urea, (B) Alanine aminotransferase, (C) Aspartate aminotransferase, (D) Creatinofosfoquinase, (E) Hemoglobin, (F) Cretinine, (G) Platelets, (H) C-reactive protein, (I) White Blood Cells and (J) Lymphocytes in NDM and PDM patients 3 moths after COVID-19. Gray region = limit of reference values. Mann Whitney test, *p < 0.05; **p < 0.01.
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