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Objectives

Severe COVID-19 infection is characterized by excessive inflammatory responses, hypercoagulation, and microvascular dysfunction. However, limited research has investigated the effects of co-infections on these characteristics in COVID-19 patients. This study aims to explore how co-infections influence inflammation, hypercoagulability, and microvascular dysfunction in hospitalized COVID-19 patients, and to assess their impact on disease progression.





Methods

This was a retrospective cohort study involving 630 COVID-19 inpatients who tested positive for SARS-CoV-2 RNA at Xi’an Ninth Hospital. The patients were categorized into two groups: a severe group (n = 176) and a mild group (n = 454). Additionally, they were further subdivided into a co-infected (n = 106) group and a non-co-infected group (n=524) based on the presence or absence of co-infections. Clinical characteristics and laboratory findings were analyzed and compared between the groups.





Results

In the co-infected group, 60 patients (56.6%) were classified as severe cases, and 15 (14.2%) died. By comparison, in the non-co-infected group, 97 patients (18.5%) were severe cases, with 4 (0.8%) deaths. The severity and mortality rates were significantly higher in co-infected patients compared to those non-co-infections. The severe and co-infected groups exhibited significantly higher levels of inflammatory cells, inflammatory factors, coagulation biomarkers, and myocardial injury markers compared to the mild and non-co-infected groups. Conversely, lymphocyte counts, RBC counts, HGB, HCT, TP, and ALB levels were significantly lower in the severe and co-infected groups than in the mild and non-co-infected groups. Furthermore, a notable positive correlation was observed among inflammatory factors, coagulation function, and myocardial injury biomarkers in COVID-19 patients.





Conclusion

Co-infections in COVID-19 patients can trigger severe inflammatory responses. This excessive inflammation may lead to coagulation disorders and myocardial injury, all of which are key contributors to disease progression and deterioration. Therefore, implementing infection prevention measures to minimize the spread of co-infections among hospitalized COVID-19 patients is crucial.
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1 Introduction

Novel coronavirus pneumonia (COVID-19) is an acute respiratory illness with high transmissibility, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (1). First identified in December 2019 in Wuhan, China, COVID-19 rapidly spread globally. As of July 14, 2024, the World Health Organization reported over 775 million cases worldwide, with more than 7.05 million deaths (2). Statistics indicate that secondary and opportunistic infections are especially common in severe COVID-19 patients. These include co-infections with pathogens such as influenza viruses and bacteria, particularly among those requiring respiratory support or intensive care (3). Early studies suggest a clear link between bacterial or viral co-infections and more severe clinical outcomes during pandemics (4, 5). Bacterial infections, particularly those caused by Streptococcus pneumoniae, Staphylococcus aureus, and fungi, are well-known complications of influenza-induced pneumonia. Consequently, this raises questions about whether similar co-infections worsen COVID-19 progression and how they affect disease outcomes (6).

Severe COVID-19 infection is characterized by excessive inflammatory responses, a hypercoagulable state, and microvascular dysfunction (7, 8). In COVID-19, dysregulated immune responses can cause excessive cytokine production, leading to widespread inflammation, commonly known as a ‘cytokine storm.’ This condition can drive hypercoagulability and multi-organ dysfunction. In severe cases, it may progress to multi-organ failure, especially affecting the cardiovascular system (9, 10). Acute inflammation may trigger ventricular arrhythmias, cardiogenic shock, and even death, making cardiovascular complications a recognized feature of severe COVID-19 (11). Remarkably, even patients without pre-existing cardiovascular disease (CVD) may develop abnormalities such as myocardial injury, arrhythmias, and thrombotic events (12). Therefore, cardiovascular complications not only heighten the risk of adverse outcomes but also serve as direct manifestations of COVID-19. Research also shows that COVID-19 can cause coagulation disorders, heightening the risk of thrombosis and contributing to multi-organ failure, including heart failure. The coagulation process entails the activation of a protein cascade involving thrombin and fibrinogen. Conversely, the fibrinolytic system breaks down clots, generating fibrin degradation products. Elevated D-Dimer levels are frequently observed in COVID-19 patients and are strongly correlated with disease severity and mortality risk (13).

Extensive research has examined the inflammatory response in COVID-19 and its isolated effects on coagulation dysfunction and myocardial injury. However, the combined impact of co-infection, inflammation, coagulation, and myocardial dysfunction on disease progression remains underexplored. This retrospective study compared the clinical characteristics and laboratory findings of mild and severe COVID-19 patients, as well as those with and without co-infections. The study analyzed changes in inflammatory markers, coagulation parameters, and myocardial injury biomarkers to facilitate early identification and timely intervention for critically ill patients (Figure 1).




Figure 1 | Impact of co-infections on inflammatory response, coagulation function, and myocardial injury in COVID-19 patients. Co-infections in COVID-19 patients can lead to lymphopenia and neutrophilia, triggering a cytokine storm. This is accompanied by significant elevations in coagulation function markers and cardiac injury biomarkers, all of which are critical factors in disease progression and worsening outcomes. IL-6, interleukin-6; hs-CRP, Hypersensitivity C-reactive protein; SAA, serum amyloid A; PCT, Procalcitonin; APTT, activated prothrombin time; PT, prothrombin time; FIB, fibrinogen; FDP, Fibrinogen degradation products; hs-TnT, Hypersensitive cardiac troponin; LDH, lactic dehydrogenase; HBDH, α Hydroxybutyrate dehydrogenase; IMA, Ischemic modified albumin; AST, aspartate aminotransferase; m-AST, mitochondrialaspartate aminotransferase; CK, creatine kinase; CK-MB, Creatine kinase isoenzyme MB.






2 Materials and methods



2.1 Study design, patient, and clinical data collection

This retrospective cohort study analyzed 630 patients who tested positive for SARS-CoV-2 RNA and were hospitalized at Xi’an Ninth Hospital (Shaanxi, China) from December 10, 2022 to December 31, 2023. COVID-19 diagnoses and classifications followed the “Diagnosis and Treatment Protocol for Novel Coronavirus Infection (Trial Version 10)” issued by China’s National Health Commission (14). Patients exhibited typical COVID-19 symptoms, such as fever and cough, and were confirmed positive via RT-PCR, which differentiated them from other respiratory infections or non-infectious conditions. Excluding hospitalized patients with chronic inflammatory diseases, autoimmune diseases, immunodeficiency, organ transplants, malignant tumors, hematological disorders, or coagulation abnormalities as well as myocardial injury caused by diabetes or heart disease prior to admission, and those with incomplete data. Patients were categorized as mild, moderate, severe, or critical based on clinical symptoms, imaging, and respiratory status. For analysis, mild and moderate cases were grouped as the ‘mild group,’ while severe and critical cases formed the ‘severe group.’ Additionally, patients were categorized into ‘co-infected’ and ‘non-co-infected’ groups based on the presence or absence of co-infections.

Data were collected on demographics (gender, age, illness duration, and medical history), laboratory results (including blood cell counts, inflammatory markers, coagulation parameters, and myocardial injury indicators), and co-infections. Data extraction and verification were performed by two independent researchers. The study was approved by the Institutional Review Board of Xi’an Ninth Hospital (NO.202311) and conducted in accordance with the Declaration of Helsinki. Given its retrospective design, the requirement for informed consent was waived.




2.2 Detection of peripheral blood cell counts, inflammatory factors, protein concentrations, coagulation function, and biomarkers of myocardial injury

Blood samples were collected within ≤48 hours after the clinical diagnosis of COVID-19. Peripheral blood was collected in EDTA anticoagulant tubes for hematological analysis using the Mindray CAL8000 blood cell analyzer. Serum was collected in separation gel tubes, with hypersensitivity c-reactive protein (hs-CRP) and serum amyloid A (SAA) measured by the Siemens BN II analyzer. Interleukin-6 (IL-6), procalcitonin (PCT), and hypersensitive cardiac troponin (hs-TnT) levels were analyzed using the Roche Cobas e411 electrochemiluminescence immunoassay system. Serum proteins and myocardial enzymes, including total protein (TP), albumin (ALB), aspartate aminotransferase (AST), mitochondrialaspartate aminotransferase (m-AST), creatine kinase, creatine kinase isoenzyme MB (CK-MB), lactic dehydrogenase (LDH), α Hydroxybutyrate dehydrogenase (HBDH), and ischemic modified albumin (IMA), quantified with the TBA-FX8 biochemical analyzer. Additional samples in sodium citrate anticoagulant tubes were used to assess prothrombin time (PT), activated prothrombin time (APTT), fibrinogen (FIB), D-Dimer (DD), and fibrinogen degradation products (FDP) levels with the Stago-Max.




2.3 Microbial cultivation, pathogen identification, and antimicrobial susceptibility testing

Microbiological culture specimens included blood, sputum, and urine samples. Blood specimens were inoculated into both aerobic and anaerobic culture bottles and incubated using the BacT/ALERT 3D automated system. Upon bacterial growth, broth cultures were inoculated onto specific media to isolate pathogens. Deep sputum and midstream urine samples were cultured on blood agar, MacConkey agar, and chocolate agar for pathogen isolation. Pathogen identification was conducted with the VITEK2-compact system and Bruker MALDI-TOF mass spectrometer. Strain isolation, suspension preparation, and antimicrobial susceptibility testing were performed using various methods, including instrumental techniques, the Kirby-Bauer method, and the E-test, with results interpreted according to CLSI M100 standards (2021) (15).




2.4 Statistical analysis

Graphpad Prism version 9.5 (Graphpad, LaJolla, CA, USA) and Origin version 2021 (Origin, OriginLab Corporation, USA) were utilized for graphical representation and statistical analysis. For the comparison of continuous data between groups, independent samples t-tests were employed, while categorical data were expressed as frequencies and percentages, with group comparisons performed by chi-square tests. Spearman’s rank correlation coefficient was used to analyze the correlation between the two sets of variables, with a two-tailed α level of less than 0.05 considered statistically significant.





3 Results



3.1 Basic information of patients with COVID-19

Based on the inclusion and exclusion criteria, a total of 630 hospitalized COVID-19 patients were included in this study (Figure 2A), divided into 454 mild cases (52.20% male, 47.80% female) and 176 severe cases (71.02% male, 28.98% female), with 20 total deaths (3.2%), the severe group had a higher proportion of males (Figure 2B) and was generally older, averaging 79.70 ± 10.92 years, with a notably higher proportion of patients aged ≥70 (Figure 2C). Time from symptom onset to discharge was longer in severe cases (22.35 ± 7.81days) than in mild cases (10.1 ± 3.63 days) (Figure 2D). Hypertension (48.10%) was the most common comorbidity, and the severe group had higher rates of pulmonary diseases, cardiovascular disease, and kidney disease (Figure 2E).




Figure 2 | Demographics and clinical characteristics of 630 patients with COVID-19. (A) Flowchart of patient inclusion and exclusion; (B) Comparison of male and female counts and percentages between the severe group (n=176) and the mild group (n=454); (C) Age and percentage distribution comparison between the severe group (n=176) and the mild group (n=454); (D) Days from onset to discharge comparison between the severe group (n=176) and the mild group (n=454); (E) Comparison of underlying conditions between the severe group (n=176) and the mild group (n=454). n: Total number of patients with available data. P values comparing the severe group and the non-severe group are from χ2 test and unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant.



In addition, we observed that 106 out of 630 patients with COVID-19 (16.8%) experienced co-infections, while 524 cases (83.2%) were only infected with SARS-CoV-2. Among those infected solely with SARS-CoV-2, 423 cases (80.73%) were mild and 101 cases (19.27%) were severe. Among co-infected patients, 75 cases (70.75%) were severe and 31 cases (29.24%) were mild. Co-infections significantly increased the risk of severe symptoms. In the mild co-infected group, 30 cases (96.77%) had single co-infections, while 1 case (3.23%) had mixed co-infections. In severe co-infected patients, 55 cases (73.33%) had single-pathogen infections, and 20 cases (26.67%) had mixed infections. These findings manifest that the risk of severe symptoms increases with multiple pathogen infections. Severe co-infections included 11 Gram-positive, 63 Gram-negative, 11 fungal, and 2 viral cases, while mild co-infections included 4 Gram-positive and 14 Gram-negative bacterial infections, and 3 viral infection. Detailed co-infection characteristics are provided in Table 1.


Table 1 | Findings of the 106 patient s with COVID-19 detected to have other pathogens co-infections.






3.2 Changes in inflammatory cells and factors in COVID-19 patients

Our analysis of peripheral blood cell counts in COVID-19 patients reveals that the severe group shows significantly elevated white blood cell (WBC) and neutrophil counts compared to the mild group. In contrast, lymphocyte and monocyte counts are markedly reduced. Despite these differences, both groups maintain WBC and monocyte counts (M) within the normal physiological range (WBC: 3.5-9.5×109/L, M: 0.1-0.6×109/L). However, in the severe group, the neutrophil count (N) exceeds the upper limit of the normal range, while the lymphocyte count (L) falls below the lower limit of the reference range (N: 1.8-6.3×109/L, L: 1.1-3.2×109/L), as shown in Figure 3A. In COVID-19 patients without co-infections, neutrophil and monocyte counts remain within the normal reference range, whereas lymphocyte counts fall below the lower limit. Notably, lymphocyte counts in severe patients are significantly lower than those in mild patients (Figure 3B). These findings suggest that SARS-CoV-2 infection may suppress the host immune system’s antiviral response by reducing lymphocyte populations. Among co-infected patients, neutrophil counts are significantly higher than those in non-co-infected patients, while lymphocyte counts show a marked decline. Monocyte counts in co-infected patients exhibit an increasing trend, although this difference is not statistically significant (Figure 3C). Additionally, in both mild and severe patients, the co-infected group demonstrates significantly elevated neutrophil counts compared to the non-co-infected group. However, no significant differences in lymphocyte counts are observed between these groups, as shown in Figure 3D. These results indicate that co-infections substantially affect neutrophil counts in COVID-19 patients, whereas their impact on lymphocyte counts appears to be comparatively minimal.




Figure 3 | Comparison of inflammatory cell and factors in peripheral blood of patients with COVID-19. Count of inflammatory cells: (A) Severe group (n=176) VS. Mild group (n=454); (B) Severe group (n=101) VS. Mild group (n=423) in non-co-infected patients; (C) Co-infected group (n=106) VS. Non-co-infected group (n=524); (D) Non-co-infected VS. Co-infected patients in the mild (co-infected: n=31, non-co-infected: n=423) and the severe groups (co-infected: n=75, non-co-infected=101), respectively. Inflammatory factors: (E) Severe group (n=117 for IL-6, n=144 for hs-CRP, n=79 for SAA, and n=151 for PCT) VS. Mild group (n=233 for IL-6, n=439 for hs-CRP, n=132 for SAA, and n=330 for PCT); (F) Severe group (n=73 for IL-6, n=101 for hs-CRP, n=50 for SAA, and n=87 for PCT) VS. Mild group (n=216 for IL-6, n=409 for hs-CRP, n=118 for SAA, and n=302 for PCT) in non-co-infected patients; (G) Co-infected group (n=61 for IL-6, n=103 for hs-CRP, n=43 for SAA, and n=92 for PCT) VS. Non-co-infected group (n=289 for IL-6, n=510 for hs-CRP, n=168 for SAA, and n=389 for PCT); (H) Non-co-infected VS. Co-infected patients in the mild(co-infected: n=14 for IL-6, n=30 for hs-CRP, n=14 for SAA, and n=28 for PCT; non-co-infected: n=216 for IL-6, n=409 for hs-CRP, n=118 for SAA, and n=302 for PCT) and the severe group (non-co-infected: n=44 for IL-6, n=73 for hs-CRP, n=29 for SAA, and n=64 for PCT; non-co-infected: n=73 for IL-6, n=101 for hs-CRP, n=50 for SAA, and n=87 for PCT), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. NS, not significant. WBC, White blood cell count; N, Neutrophil count; L, Lymphocyte count; M, Monocyte Count; IL-6, interleukin-6; hs-CRP, Hypersensitivity C-reactive protein; SAA, serum amyloid A; PCT, Procalcitonin.



Nearly all COVID-19 patients exhibit elevated inflammatory markers, including IL-6, hs-CRP, SAA, and PCT, exceeding normal reference ranges (IL-6: 0-7 pg/mL, hs-CRP: 0-3 mg/L, SAA: 0-6.4 mg/L, PCT: 0-0.046 ng/mL). Serum levels of these markers were significantly higher in the severe group compared to the mild group (Figure 3E). Among patients without co-infections, inflammatory marker levels in the severe group were markedly elevated compared to the mild group (Figure 3F). Patients with co-infections showed significantly higher levels of inflammatory markers than those non-co-infections (Figure 3G). In mild cases, inflammatory marker levels in the co-infected group were moderately elevated compared to the non-co-infected group. In severe cases, the co-infected group exhibited significantly higher levels of inflammatory markers than the non-co-infected group (Figure 3H). These findings suggest that COVID-19 infection leads to elevated inflammatory markers, and co-infections further amplify these inflammatory responses, exacerbating disease progression.




3.3 Levels of coagulation biomarkers in patients with COVID-19

The biomarkers for coagulation function in the severe group include PT, APTT, FIB, D-Dimer, and FDP, all of which exceed the upper limit of the normal reference range (PT: 11-14 s, APTT: 28-43.5 s, FIB: 2-4 g/L, D-Dimer: 0-0.5 μg/mL, and FDP: 0-5 μg/mL). These markers are significantly elevated compared to those in the mild group, as shown in Figure 4A. Among non-co-infected COVID-19 patients, coagulation function markers in the severe group were notably higher than those in the mild group, where certain markers also showed mild increases (Figure 4B). Furthermore, coagulation function markers in the co-infected group were substantially higher than in the non-co-infected group, as demonstrated in Figure 4C. In both mild and severe cases, the co-infected group exhibited varying degrees of elevation in coagulation function markers compared to the non-co-infected group (Figure 4D). These findings suggest that COVID-19 infection is associated with significant increases in coagulation function markers, and that co-infections further amplify this elevation, contributing to the development of coagulation dysfunction.




Figure 4 | Comparison of coagulation function biomarker levels in COVID-19 patients. (A) Severe group (n=173) VS. Mild group (n=431); (B) Severe group (n=100) VS. Mild group (n=402) in non-co-infected patients; (C) Co-infected group (n=102) VS. Non-co-infected group (n=502); (D) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=29, non-co-infected: n=402) and severe groups (co-infected: n=73, non-co-infected=100), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant. PT, prothrombin time; APTT, activated prothrombin time; FIB, Fibrinogen; DD, D-Dimer; FDP, Fibrinogen degradation products.






3.4 Biomarkers of myocardial injury in patients with COVID-19

We observed that, compared to the mild group, the severe group had significantly elevated levels of AST, m-AST, hs-TnT, LDH, HBDH, and IMA, all exceeding the upper limits of the reference range (AST: 15-40 U/L; m-AST: 0-15 U/L; hs-TnT: 0-0.014 ng/mL; LDH: 120-250 U/L; HBDH: 72-182 U/L; IMA: 0-85 U/mL). CK and CK-MB levels showed a trend toward the upper limit of the reference range (CK: 50-310 U/L; CK-MB: 0-25 U/L), as depicted in Figure 5A. In non-co-infected COVID-19 patients, the severe group exhibited significantly higher levels of AST, m-AST, hs-TnT, LDH, HBDH, and IMA compared to the mild group. CK and CK-MB levels in the severe group showed an upward trend, but the increase was not statistically significant. In the mild group, hs-TnT levels exceeded the upper reference limit (Figure 5B), suggesting that COVID-19 infection can induce myocardial injury, thereby exacerbating disease progression. Furthermore, in the co-infected group, levels of AST, m-AST, hs-TnT, CK-MB, LDH, HBDH, and IMA were significantly higher than those in the non-co-infected group, while CK levels showed an upward trend (Figure 5C). Among mild patients, no significant difference in cardiac injury biomarkers was observed between co-infected and non-co-infected groups, although a tendency toward elevation was noted in the co-infected group (Figure 5D). In severe patients, the co-infected group had markedly higher levels of cardiac injury biomarkers compared to the non-co-infected group (Figure 5E). These findings suggest that co-infections in COVID-19 patients may heighten the risk of myocardial injury, particularly in those with severe disease manifestations.




Figure 5 | Comparative analysis of myocardial injury biomarkers in COVID-19 patients. (A) Severe group (n=115 for hs-TnT, n=132 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) VS. Mild group (n=217 for hs-TnT, n=291 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA); (B) Severe group (n=60 for hs-TnT, n=73 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) VS. Mild group (n=197 for hs-TnT, n=269 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) in non-co-infected patients; (C) Co-infected group (n=75 for hs-TnT, n=81 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) VS. Non-co-infected group (n=257 for hs-TnT, n=342 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA); (D) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=20 for hs-TnT, n=22 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA, non-co-infected: n=197 for hs-TnT, n=269 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA) and (E) the severe groups (co-infected: n=55 for hs-TnT, n=59 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA, non-co-infected: n=60 for hs-TnT, n=73 for AST, m-AST, CK, CK-MB, LDH, HBDH, and IMA), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant. hs-TnT, Hypersensitive cardiac troponin; AST, aspartate aminotransferase; m-AST, mitochondrialaspartate aminotransferase; CK, creatine kinase; CK-MB, Creatine kinase isoenzyme MB; LDH, lactic dehydrogenase; HBDH, α Hydroxybutyrate dehydrogenase; IMA, Ischemic modified albumin.






3.5 Anemia and impaired protein synthesis in COVID-19 patients

We noted that the severe group exhibited dramatically lower red blood cell counts (RBC), hemoglobin (HGB), and hematocrit (HCT) compared to the mild group, all falling below the minimum reference range (RBC: 4.3-5.8×10¹²/L, HGB: 130-175 g/L, HCT: 0.40-0.50 L/L), as shown in Figure 6A. Among non-co-infected COVID-19 patients, RBC, HGB, and HCT levels were all below the minimum reference range, with significantly lower levels observed in the severe group compared to the mild group (Figure 6B). This suggests that COVID-19 infection may contribute to the development of anemia in these patients. Patients with co-infections exhibited significantly lower RBC, HGB, and HCT values compared to non-co-infected patients, as shown in Figure 6C. In both mild and severe cases, no significant differences in red blood cell parameters were observed between the co-infected and non-co-infected groups. However, both groups showed values that remained below the lower limit of the reference range (Figure 6D).




Figure 6 | Anemia and impaired protein synthesis in COVID-19 patients. Anemia biomarkers: (A) Severe group (n=454) VS. Mild group (n=176); (B) Severe group (n=454) VS. Mild group (n=176) in non-co-infected patients; (C) Co-infected group (n=106) VS. Non-co-infected group (n=524); (D) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=31, non-co-infected: n=423) and severe groups (co-infected: n=75, non-co-infected=101), respectively. Protein synthesis biomarkers: (E) Severe group (n=167) VS. Mild group (n=435); (F) Severe group (n=94) VS. Mild group (n=405) in non-co-infected patients; (G) Co-infected group (n=103) VS. Non-co-infected group (n=499); (H) Co-infected group VS. Non-co-infected group in the mild (co-infected: n=30, non-co-infected: n=405) and severe groups (co-infected: n=73, non-co-infected=94), respectively. n: Total number of patients with available data. All data presented as the mean ± SEM. Differences were tested using unpaired t test. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; NS, not significant. RBC, Red blood cell count; Hb, Hemoglobin; HCT, hematokrit; TP, Total protein; ALB, Albumin; GLB, Globulin.



In COVID-19 patients, TP and ALB levels drop below the lower limit of the reference range (TP: 65-85 g/L, ALB: 40-55 g/L), while globulin (GLB) levels remain within the reference range (20-40 g/L). The reduction in total protein primarily results from decreased albumin levels. Patients in the severe group exhibit significantly lower TP and ALB levels compared to those in the mild group, as shown in Figure 6E. Among non-co-infected COVID-19 patients, the severe group demonstrated significantly lower TP and ALB levels than the mild group, as illustrated in Figure 6F. Additionally, patients with co-infections exhibited significantly lower TP and ALB levels compared to those without co-infections, as shown in Figure 6G. In severe cases, TP and ALB concentrations were notably lower in patients with co-infections than in those non-co-infections, as illustrated in Figure 6H. These findings suggest that co-infections in COVID-19 patients may exacerbate reductions in host protein levels, contributing to malnutrition and potentially anemia. It is crucial for healthcare providers to ensure adequate nutritional support for critically ill patients during their treatment.




3.6 Correlation among inflammatory factors, coagulation function, and myocardial injury biomarkers in COVID-19 patients

As shown in Figure 7, we conducted a correlation analysis to investigate the interconnection between inflammatory response, coagulopathy, and myocardial damage in COVID-19 patients. The results revealed that inflammatory factors were positively correlated with coagulation function markers. Moreover, inflammatory factors were positively associated with cardiac injury biomarkers, and coagulation function markers also showed a positive correlation with cardiac injury biomarkers. In conclusion, cardiovascular biomarkers in COVID-19 patients are strongly correlated with inflammatory factors and coagulation function markers, suggesting potential cardiac involvement driven by inflammation and coagulopathy in these patients.




Figure 7 | Correlation analysis of inflammatory factors, coagulation function, and biomarkers of myocardial injury(n=101). Correlation matrix results of Spearman correlations, visualized by correlation coefficients (r) as a heat map alongside with P value. In the heat map, the color blocks are determined by correlation values. Red indicates positive correlation, while green signifies negative correlation. The intensity of the color correlates directly with the strength of the correlation. n: Total number of patients with available data. P<0.05 was considered significant. *P<0.05, **P<0.01, ***P<0.001.







4 Discussion

The results of this study indicate a higher prevalence of severe COVID-19 disease among males compared to females, with older age groups being predominantly affected, consistent with prior research. Severe cases among older males may result from diminished immune responses and a higher prevalence of underlying conditions, which increase susceptibility to SARS-CoV-2 infection (16). Research shows that 94.2% of severe COVID-19 patients were simultaneously infected with multiple microorganisms, including viruses, bacteria, and fungi (17). Our findings further suggest that severe COVID-19 patients experience prolonged recovery times and are more prone to co-infections, with antibiotic-resistant cases exhibiting a notable incidence of mixed infections. In contrast, co-infections among mild patients were relatively uncommon, underscoring the need for targeted care in severe cases where co-infections may exacerbate disease severity.

SARS-CoV-2 infection can rapidly activate both non-specific and specific immune responses. Neutrophils play a key role in the non-specific inflammatory response by releasing inflammatory mediators, while lymphocytes are crucial for the specific immune response (18). When the specific immune response fails to effectively eliminate the virus, the non-specific inflammatory response may intensify, resulting in tissue damage, hypoxia, and necrosis. This unchecked response can lead to a cytokine storm, causing acute lung injury and respiratory distress syndrome (19, 20). Imbalanced immune responses and weakened adaptive immunity are major contributors to severe inflammatory reactions in COVID-19. Peripheral blood leukocyte counts, neutrophil counts, and lymphocyte counts serve as indicators of inflammatory and immune status and may help predict disease severity in COVID-19 patients (21). We observed a significant reduction in lymphocyte counts among patients with COVID-19, along with an increase in neutrophil counts in individuals presenting with co-infections. Both neutrophilia and lymphopenia are closely linked to a heightened inflammatory state and cytokine storm, integral components of the pathogenic mechanisms of COVID-19 (22, 23).

COVID-19 progression is often mild in its initial stages but can progress to more severe stages over time. SARS-CoV-2 infection rapidly activates T cells, leading to the release of pro-inflammatory cytokines such as granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-6. GM-CSF, in turn, activates inflammatory granulocytes and macrophages, initiating an inflammatory cascade that contributes to severe inflammation and immune-mediated damage in the lungs and other organs (24–26). Elevated levels of inflammatory markers such as IL-6, CRP, and serum amyloid A (SAA) have been observed in most patients who succumbed to the disease, underscoring the central role of the inflammatory response (22). One study reported that 52% of COVID-19 patients exhibited elevated IL-6 levels, while 86% showed increased CRP, reflecting a significant inflammatory state (24). IL-6 is a strongly pro-inflammatory cytokine, a major trigger of cytokine storms, and a critical component of the acute inflammatory cascade (26). SAA can promote inflammatory responses directly or indirectly through various pathways, such as activating inflammatory cells and inducing the release of inflammatory factors by interacting with HDL to promote chemotaxis (27). Procalcitonin (PCT) serves as an important marker of systemic inflammatory response, with levels rapidly rising in response to inflammatory stimuli, particularly in bacterial infections or sepsis (28). Several studies have demonstrated a positive correlation between elevated PCT levels and COVID-19 severity (13, 25). Our analysis revealed significantly higher serum levels of IL-6, CRP, SAA, and PCT in severe COVID-19 patients compared to mild cases, indicating a strong association with disease severity. Moreover, COVID-19 patients with co-infections exhibited even higher levels of IL-6, CRP, and PCT, suggesting that bacterial co-infections may amplify the inflammatory response and worsen patient outcomes.

The role of IL-6 in the pathophysiology of anemia in chronic diseases is significant (29). IL-6 suppresses the erythropoietin response and erythrocyte survival, while also inhibiting erythropoiesis and hemoglobin synthesis in the bone marrow. Our findings revealed that erythrocyte counts, hemoglobin levels, and hematocrit levels were significantly lower in the severe group than those in the mild group, all falling below the lower limit of the reference range. This suggests a predisposition to anemia in severe COVID-19 patients, likely due to inflammatory anemia caused by heightened inflammation. Additionally, these parameters were lower in co-infected patients than in non-co-infected individuals. We also observed that patients with severe infections experience impaired protein synthesis and are prone to hypoalbuminemia. This condition occurs more frequently in the later stages of infection and is linked to decreased synthesis and increased catabolism of serum proteins, alongside heightened capillary permeability induced by the inflammatory response to COVID-19 (30). The rapid decline in serum albumin levels during the acute phase of infection reflects the severity of the systemic inflammatory response and serves as a widely used indicator of poor prognosis in critical care settings (31).

COVID-19 has a complex interplay with the body’s coagulation system, where inflammation activates coagulation, and coagulation, in turn, amplifies inflammation. Elevated levels of IL-6 and IL-1 have been shown to increase coagulation markers such as D-Dimer, creating a feedback loop between inflammation and coagulation (32, 33). Approximately 20% of COVID-19 patients exhibit coagulation abnormalities, particularly in severe cases. In these patients, hypoxia and tissue damage activate coagulation pathways, leading to microthrombi formation and prolonged prothrombin time (PT) (34). This disruption is further evidenced by elevated fibrinogen (FIB) levels, which serve as both a coagulation factor and an inflammation biomarker (35, 36). In severe cases, significantly increased fibrin degradation products indicate hyperfibrinolysis and impaired coagulation function (37). Consistent with prior studies, our findings confirm that critically ill COVID-19 patients experience substantial coagulation dysfunction, which is strongly associated with poor clinical outcomes.

The cytokine storm induced by SARS-CoV-2 causes vascular endothelial damage, hypercoagulability, myocardial inflammation, and subsequent myocardial injury (38). Myocardial injury is a significant risk factor for in-hospital mortality among critically ill COVID-19 patients. Severe SARS-CoV-2 infection increases the risk of acute coronary syndromes, which often lead to myocardial injury (39), a major contributor to disseminated intravascular coagulation (DIC). Tang et al. (40) demonstrated that abnormal coagulation parameters, particularly elevated plasma D-Dimer and fibrin degradation products (FDP), are prevalent among COVID-19 patients who succumbed to the disease. When DIC occurs, vascular endothelial damage and the release of inflammatory factors, such as IL-6 and TNF-α, stimulate the release of large quantities of tissue factors from the vascular endothelium. This cascade creates a hypercoagulable state, leading to extensive microthrombi formation in the cardiac microcirculation and subsequent myocardial injury. Clinical data from COVID-19 patients revealed elevated levels of lactate dehydrogenase (LDH) and creatine kinase-MB (CK-MB), with troponin levels also elevated in some severe cases (41). These elevated cardiac injury markers were associated with myocardial injury, disease severity, and poor prognosis (42). In this study, we found that in the mild group of non-co-infected COVID-19 patients, hs-TnT levels exceeded the upper limit of the reference range. Biomarkers of myocardial injury were significantly elevated in the co-infected group compared to the non-co-infected group, particularly in severely ill patients. Cardiac troponin, a sensitive and specific indicator of myocardial injury, serves as a reliable measure of cardiovascular risk. Elevated hs-TnT levels at the time of consultation in SARS-CoV-2-infected patients indicate that the virus can impair myocardial function. The markedly high hs-TnT levels observed in severe cases suggest that myocardial injury is a key risk factor for COVID-19 exacerbation. Our correlation analysis showed that hs-TnT levels in COVID-19 patients were significantly and positively correlated with inflammatory factors and coagulation markers. This finding suggests that thrombotic inflammation is a major contributor to SARS-CoV-2-mediated myocardial injury. When hs-TnT levels are abnormally elevated, prompt intervention is necessary, and vigilance is required to mitigate the risk of thrombotic inflammation.

There are several limitations to our study. First, this was a single-center observational cohort study with a limited number of cases and small sample sizes for some parameters, which restricts the generalizability of the findings and is insufficient to draw fully reliable conclusions. Further cohort studies are needed for validation. Second, not all participants had complete data for markers related to inflammation, coagulation, and cardiac injury throughout their hospitalization. Incomplete data collection across multiple time points may have introduced confounding effects in analyzing the relationship between cardiac injury markers and those related to inflammation and coagulation in COVID-19 patients. Third, as this was a retrospective analytical study, data collection posed challenges and might not have accounted for all potential confounding factors, which could introduce bias despite rigorous data collection and analysis. Fourth, while this study excluded patients admitted primarily for heart disease, it did not exclude those with a history of heart disease. Considering that COVID-19 infection can induce abnormalities in coagulation function and cardiac injury biomarkers, the inclusion of patients with a history of cardiac conditions might have influenced the results. Finally, since all participants in this study were hospitalized patients, the findings may not be fully applicable to all individuals infected with SARS-CoV-2, such as outpatients or those with mild symptoms in the general population.

In summary, with the gradual understanding of COVID-19, it is now recognized not only as interstitial pneumonia but also as a vascular disease. Co-infections in COVID-19 patients can trigger severe inflammatory responses. This excessive inflammation may lead to coagulation disorders and myocardial injury, all of which are key contributors to disease progression and deterioration. Therefore, implementing infection prevention measures to minimize the spread of co-infections among hospitalized COVID-19 patients is essential.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Ethics statement

The study was approved by Xi’an Ninth Hospital’s Institutional Review Board (NO. 202311) and adheres to the Declaration of Helsinki. The studies were conducted in accordance with the local legislation and institutional requirements. The ethics committee/institutional review board waived the requirement of written informed consent for participation from the participants or the participants’ legal guardians/next of kin due to its retrospective nature.





Author contributions

XC: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Visualization, Writing – original draft. YL: Data curation, Formal analysis, Investigation, Writing – original draft. YYZ: Data curation, Formal analysis, Investigation, Writing – original draft. JZ: Data curation, Formal analysis, Investigation, Writing – original draft. YCZ: Data curation, Formal analysis, Investigation, Writing – original draft. XQ: Data curation, Investigation, Software, Writing – original draft. GZ: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Natural Science Foundation of Shaanxi (2019JQ-1000) and Ninth Hospital of Xi’an Research Funding (2022yb11 and 2022qn03).





Conflict of interest

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





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Chen, L, Liu, W, Zhang, Q, Xu, K, Ye, G, Wu, W, et al. Rna based mngs approach identifies a novel human coronavirus from two individual pneumonia cases in 2019 wuhan outbreak. Emerg Microbes Infect. (2020) 9:313–9. doi: 10.1080/22221751.2020.1725399

2. Who. Coronavirus (covid-19) dashboard . Available online at: https://covid19.Who.Int (Accessed 14 july 2024).

3. Aghbash, PS, Eslami, N, Shirvaliloo, M, and Baghi, HB. Viral coinfections in covid-19. J Med Virol. (2021) 93:5310–22. doi: 10.1002/jmv.27102

4. Joseph, C, Togawa, Y, and Shindo, N. Bacterial and viral infections associated with influenza. Influenza Other Respir Viruses. (2013) 7 Suppl 2:105–13. doi: 10.1111/irv.12089

5. Cuadrado-Payan, E, Montagud-Marrahi, E, Torres-Elorza, M, Bodro, M, Blasco, M, Poch, E, et al. Sars-cov-2 and influenza virus co-infection. Lancet. (2020) 395:e84. doi: 10.1016/S0140-6736(20)31052-7

6. Garcia-Vidal, C, Sanjuan, G, Moreno-Garcia, E, Puerta-Alcalde, P, Garcia-Pouton, N, Chumbita, M, et al. Incidence of co-infections and superinfections in hospitalized patients with covid-19: A retrospective cohort study. Clin Microbiol Infect. (2021) 27:83–8. doi: 10.1016/j.cmi.2020.07.041

7. Lazzaroni, MG, Piantoni, S, Masneri, S, Garrafa, E, Martini, G, Tincani, A, et al. Coagulation dysfunction in covid-19: The interplay between inflammation, viral infection and the coagulation system. Blood Rev. (2021) 46:100745. doi: 10.1016/j.blre.2020.100745

8. Gencer, S, Lacy, M, Atzler, D, van der Vorst, EPC, Doring, Y, and Weber, C. Immunoinflammatory, thrombohaemostatic, and cardiovascular mechanisms in covid-19. Thromb Haemost. (2020) 120:1629–41. doi: 10.1055/s-0040-1718735

9. Chousterman, BG, Swirski, FK, and Weber, GF. Cytokine storm and sepsis disease pathogenesis. Semin Immunopathol. (2017) 39:517–28. doi: 10.1007/s00281-017-0639-8

10. Maiese, A, Manetti, AC, La Russa, R, Di Paolo, M, Turillazzi, E, Frati, P, et al. Autopsy findings in covid-19-related deaths: A literature review. Forensic Sci Med Pathol. (2021) 17:279–96. doi: 10.1007/s12024-020-00310-8

11. Guo, T, Fan, Y, Chen, M, Wu, X, Zhang, L, He, T, et al. Cardiovascular implications of fatal outcomes of patients with coronavirus disease 2019 (covid-19). JAMA Cardiol. (2020) 5:811–8. doi: 10.1001/jamacardio.2020.1017

12. Saed Aldien, A, Ganesan, GS, Wahbeh, F, Al-Nassr, N, Altarawneh, H, Al Theyab, L, et al. Systemic inflammation may induce cardiac injury in covid-19 patients including children and adolescents without underlying cardiovascular diseases: A systematic review. Cardiovasc Revasc Med. (2022) 35:169–78. doi: 10.1016/j.carrev.2021.04.007

13. Guan, WJ, Ni, ZY, Hu, Y, Liang, WH, Ou, CQ, He, JX, et al. Clinical characteristics of coronavirus disease 2019 in China. N Engl J Med. (2020) 382:1708–20. doi: 10.1056/NEJMoa2002032

14. General Office Of National Health Commission Of The People’SRepublic Of China GCAD. Diagnosis and treatment of novel coronavirus infection (10th trial edition). China Med. (2023) 2:161–6. doi: 10.3760/jssn.1673-4777.2023.02.001

15. Humphries, R, Bobenchik, AM, Hindler, JA, and Schuetz, AN. Overview of changes to the clinical and laboratory standards institute performance standards for antimicrobial susceptibility testing, m100, 31st edition. J Clin Microbiol. (2021) 59:e0021321. doi: 10.1128/JCM.00213-21

16. Barek, MA, Aziz, MA, and Islam, MS. Impact of age, sex, comorbidities and clinical symptoms on the severity of covid-19 cases: A meta-analysis with 55 studies and 10014 cases. Heliyon. (2020) 6:e05684. doi: 10.1016/j.heliyon.2020.e05684

17. Zhu, X, Ge, Y, Wu, T, Zhao, K, Chen, Y, Wu, B, et al. Co-infection with respiratory pathogens among covid-2019 cases. Virus Res. (2020) 285:198005. doi: 10.1016/j.virusres.2020.198005

18. Hamada, H, Bassity, E, Flies, A, Strutt, TM, Garcia-Hernandez Mde, L, McKinstry, KK, et al. Multiple redundant effector mechanisms of cd8+ t cells protect against influenza infection. J Immunol. (2013) 190:296–306. doi: 10.4049/jimmunol.1200571

19. Braciale, TJ, Sun, J, and Kim, TS. Regulating the adaptive immune response to respiratory virus infection. Nat Rev Immunol. (2012) 12:295–305. doi: 10.1038/nri3166

20. Xiang, N, Havers, F, Chen, T, Song, Y, Tu, W, Li, L, et al. Use of national pneumonia surveillance to describe influenza a(h7n9) virus epidemiology, China, 2004-2013. Emerg Infect Dis. (2013) 19:1784–90. doi: 10.3201/eid1911.130865

21. Ying, HQ, Deng, QW, He, BS, Pan, YQ, Wang, F, Sun, HL, et al. The prognostic value of preoperative nlr, d-nlr, plr and lmr for predicting clinical outcome in surgical colorectal cancer patients. Med Oncol. (2014) 31:305. doi: 10.1007/s12032-014-0305-0

22. Li, X, Wang, L, Yan, S, Yang, F, Xiang, L, Zhu, J, et al. Clinical characteristics of 25 death cases with covid-19: A retrospective review of medical records in a single medical center, wuhan, China. Int J Infect Dis. (2020) 94:128–32. doi: 10.1016/j.ijid.2020.03.053

23. Fan, BE, Chong, VCL, Chan, SSW, Lim, GH, Lim, KGE, Tan, GB, et al. Hematologic parameters in patients with covid-19 infection. Am J Hematol. (2020) 95:E131–4. doi: 10.1002/ajh.25774

24. Chen, N, Zhou, M, Dong, X, Qu, J, Gong, F, Han, Y, et al. Epidemiological and clinical characteristics of 99 cases of 2019 novel coronavirus pneumonia in wuhan, China: A descriptive study. Lancet. (2020) 395:507–13. doi: 10.1016/S0140-6736(20)30211-7

25. Huang, C, Wang, Y, Li, X, Ren, L, Zhao, J, Hu, Y, et al. Clinical features of patients infected with 2019 novel coronavirus in wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/S0140-6736(20)30183-5

26. Younan, P, Iampietro, M, Nishida, A, Ramanathan, P, Santos, RI, Dutta, M, et al. Ebola virus binding to tim-1 on t lymphocytes induces a cytokine storm. mBio. (2017) 8:e00845–00817. doi: 10.1128/mBio.00845-17

27. Digre, A, Nan, J, Frank, M, and Li, JP. Heparin interactions with apoa1 and saa in inflammation-associated hdl. Biochem Biophys Res Commun. (2016) 474:309–14. doi: 10.1016/j.bbrc.2016.04.092

28. Rooney, KL, and Domar, AD. The relationship between stress and infertility. Dialogues Clin Neurosci. (2018) 20:41–7. doi: 10.31887/DCNS.2018.20.1/klrooney

29. Moreno-Torres, V, Sanchez-Chica, E, Castejon, R, Caballero Bermejo, AF, Mills, P, Diago-Sempere, E, et al. Red blood cell distribution width as a marker of hyperinflammation and mortality in covid-19. Ann Palliat Med. (2022) 11:2609–21. doi: 10.21037/apm-22-119

30. Huang, J, Cheng, A, Kumar, R, Fang, Y, Chen, G, Zhu, Y, et al. Hypoalbuminemia predicts the outcome of covid-19 independent of age and co-morbidity. J Med Virol. (2020) 92:2152–8. doi: 10.1002/jmv.26003

31. Alfaraj, SH, Al-Tawfiq, JA, Assiri, AY, Alzahrani, NA, Alanazi, AA, and Memish, ZA. Clinical predictors of mortality of middle east respiratory syndrome coronavirus (mers-cov) infection: A cohort study. Travel Med Infect Dis. (2019) 29:48–50. doi: 10.1016/j.tmaid.2019.03.004

32. Rao, KM, Pieper, CS, Currie, MS, and Cohen, HJ. Variability of plasma il-6 and crosslinked fibrin dimers over time in community dwelling elderly subjects. Am J Clin Pathol. (1994) 102:802–5. doi: 10.1093/ajcp/102.6.802

33. Shorr, AF, Thomas, SJ, Alkins, SA, Fitzpatrick, TM, and Ling, GS. D-Dimer correlates with proinflammatory cytokine levels and outcomes in critically ill patients. Chest. (2002) 121:1262–8. doi: 10.1378/chest.121.4.1262

34. Katsoularis, I, Fonseca-Rodriguez, O, Farrington, P, Jerndal, H, Lundevaller, EH, Sund, M, et al. Risks of deep vein thrombosis, pulmonary embolism, and bleeding after covid-19: Nationwide self-controlled cases series and matched cohort study. BMJ. (2022) 377:e069590. doi: 10.1136/bmj-2021-069590

35. Fuss, C, Palmaz, JC, and Sprague, EA. Fibrinogen: Structure, function, and surface interactions. J Vasc Interv Radiol. (2001) 12:677–82. doi: 10.1016/s1051-0443(07)61437-7

36. Rostami, M, Khoshnegah, Z, and Mansouritorghabeh, H. Hemostatic system (fibrinogen level, d-dimer, and fdp) in severe and non-severe patients with covid-19: A systematic review and meta-analysis. Clin Appl Thromb Hemost. (2021) 27:10760296211010973. doi: 10.1177/10760296211010973

37. Guevara-Noriega, KA, Lucar-Lopez, GA, Nunez, G, Rivera-Aguasvivas, L, and Chauhan, I. Coagulation panel in patients with sars-cov2 infection (covid-19). Ann Clin Lab Sci. (2020) 50:295–8.

38. Rastogi, A, and Tewari, P. Covid 19 and its cardiovascular effects. Ann Card Anaesth. (2020) 23:401–8. doi: 10.4103/aca.aca_237_20

39. Libby, P, Loscalzo, J, Ridker, PM, Farkouh, ME, Hsue, PY, Fuster, V, et al. Inflammation, immunity, and infection in atherothrombosis: Jacc review topic of the week. J Am Coll Cardiol. (2018) 72:2071–81. doi: 10.1016/j.jacc.2018.08.1043

40. Tang, N, Li, D, Wang, X, and Sun, Z. Abnormal coagulation parameters are associated with poor prognosis in patients with novel coronavirus pneumonia. J Thromb Haemost. (2020) 18:844–7. doi: 10.1111/jth.14768

41. Gaze, DC. Clinical utility of cardiac troponin measurement in covid-19 infection. Ann Clin Biochem. (2020) 57:202–5. doi: 10.1177/0004563220921888

42. Vasile, VC, Chai, HS, Khambatta, S, Afessa, B, and Jaffe, AS. Significance of elevated cardiac troponin t levels in critically ill patients with acute respiratory disease. Am J Med. (2010) 123:1049–58. doi: 10.1016/j.amjmed.2010.06.021




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

Copyright © 2025 Chang, Lai, Zhao, Zhao, Zhang, Qian and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1522313-g007.jpg
hs-CRP
PCT
0.8
IL-6
SAA 0.6
PT
0.4
APTT 033 027 035
Sk ExS EXEY
FIB 0.25
¥ 0.2
D-Dimer
FDP 0
AST 027 027 0.26 0.29 028
*%k L3 k% kokk % ET
-0.2
m-AST 028 029 027 0.19 028 0.13 011 026 026
ET3 EES Hk sk *% xS
CK 016 0.025 0.15 0.03 0.15 0.044 0.18 -0.0035 -0.056
-0.4
CK-MB 024 014 025 0.092 022 0.07 011 012 0.15
* * *
LDH 0.32 0.22 03
EETS * ek -0'6
HBDH 033 0 0.28 021 027
wEk ks * LE :
IMA 0.32 032 0.19 0.15 0.24 0.22 -0.074 014 032 035 -0.8
EXS #% * % ok EELS
hs-TnT 023 0.14 0.22 0.066 0.24
* * 1






OEBPS/Images/fimmu-16-1522313-g002.jpg
A B Fekk C I
1026 patients with positive COVID-19 500 Rk 100 Female 100 — 100 B <70 Years
RNA detection were assessed for reliability
400 = s Male -~ W 270 Years
(J
Excluding 30 patients with incomplete data: = % 75 _— é 75
22 patients were only positive for COVID-19 RNA | & 300 %0 4 o
8 patients were not involved in the data related to g < 50 — S 50 S 50
; = s g =
this study z 200 3 S
s S
25
996 patients were considered for P 25 A~ 25
inclusion in this retrospective study
g 0 0
366 patients were excluded: S K R R R
45 patients with chronic inflammatory diseases Q}e Q}o ‘e" ,‘e" ‘e" ,‘00
7 patients with autoimmune diseases .\b & 6% @00 6% @%
. . . @\ AQJ '§ é '\\ @‘
15 immunocompromised patients %Q, @ & @ &
5 organ transplant patients =
206 patients with diabetes E "
51 patients with malignant tumors Gallbladder disesses|Ns 264 2.27 % Mild group

9 patients with blood disease
28 patients with coagulation abnormalities and

wn
heart damage before admission %
o
« 15 &
630 patients were included = ":
in this retrospective study (= 10 — .f:"
E
S g
g
Patients were classified Patients were classified according to 0 8
according to their severity: whether there was a co-infection: 2 L
Severe group=176 Co-infected group = 106 *00 ‘00
Mild group=454 Non-co-infected group = 524 b% q}%
&
&
%Q

Gastrointestinal diseases

Cerebrovascular diseases

Cardiovascular disease

40400 3.41 0 Severe group

6.2417 1.70
11.2370 0 13.64
17.8400 | 40.91
NS 46,030 5341
wrsr 39870 I 59,10
6.86 | 53.41
5291 17.61
9.25 [ 13.07

20 0 20
Percentage(%)

Thyroid diseases

NS
Pulmonary diseases
Hypertension

skekkok

Co-infection | s

Kidney diseases | s s

Hepatic diseases| ns

80 60 40 40 60 80





OEBPS/Images/fimmu-16-1522313-g005.jpg
Non-co-infected

Non-co-infected

[ Mild group

1000

[ Severe group

*kkk

0.01

I Non-co-infected
[ Co-infected

g %,
2 )
2 2,
o ® (e
= z \W
= 2
= 6,9
. %
“ 2
2
=) =) =) =) «VQ
=] =] S 7
(yr] N -
7
vov%
<
2, %
g @,v R
B o .
=|” 2, %
= &O
.
%
), T
Q. % 2
2, 23
E T
Zz O
HA
-
2 “,
5 N
%
3 %,
%,
ey %
%,
=) =) =) =) (73
=] =] =] 7
© < N
.
Vov%
@&
e - ¢,
3 %y,
S| @&\
2. Y
& @&O
”
2
%,
&Y (A
% %,
8 8 -3 383 % 8 8 -3 3 %
=





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Co-infections exacerbate inflammatory responses in COVID-19 patients, promoting coagulopathy and myocardial injury, leading to increased disease severity

      

        		

          Objectives

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Study design, patient, and clinical data collection

          



          		

            2.2 Detection of peripheral blood cell counts, inflammatory factors, protein concentrations, coagulation function, and biomarkers of myocardial injury

          



          		

            2.3 Microbial cultivation, pathogen identification, and antimicrobial susceptibility testing

          



          		

            2.4 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Basic information of patients with COVID-19

          



          		

            3.2 Changes in inflammatory cells and factors in COVID-19 patients

          



          		

            3.3 Levels of coagulation biomarkers in patients with COVID-19

          



          		

            3.4 Biomarkers of myocardial injury in patients with COVID-19

          



          		

            3.5 Anemia and impaired protein synthesis in COVID-19 patients

          



          		

            3.6 Correlation among inflammatory factors, coagulation function, and myocardial injury biomarkers in COVID-19 patients

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2025.1522313_cover.jpg
’ frontiers | Frontiersin Immunology

Co-infections exacerbate inflammatory
responses in COVID-19 patients, promoting
coagulopathy and myocardial injury, leading

to increased disease severity





OEBPS/Images/fimmu-16-1522313-g006.jpg
Non-co-infected
A B —_—

150 = 150 o [ Mild group
100 100 [ Severe group
50 50
*kkk
*kkk —
4 4
3 3
2 5 -
1 ek 1 —
0 0
N O o) V @ @
N ¥ Y & @
S & & SR O
Mild grou; Severe grou
C p - —eEer .-

NS
150 150 — [ Non-co-infected

il
100 100 100 [0 Co-infected
50 50 50
NS NS

*%

4 4 P/ —
3 3 3
2 2 2
1 ke 1 NS 1 NS
0 0 0
& D ) N & N & \) )
¥ o & S Y& &
Q&C’\ > < Q&CJ\ S < §C\ 'S <
E F Non-co-infected
80 80 [ Mild group
60 60 [ Severe group
40 240
20 20
0 0
TP ALB GLB
G H - s
Mild evere group
80 80 group 80 I Non-co-infected
Rl _Ns _— [0 Co-infected
60 60 60
Fekekede £
= 40 \s =40 . =40 -
20 20 20
0 0 0

TP ALB GLB TP ALB GLB TP ALB GLB





OEBPS/Images/fimmu-16-1522313-g001.jpg
I\
4 ¢
nT
/LDH
AST /m-AST
cK/ OW.%A
B

JMWV I ¢
Myoc

A .
1rus






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-16-1522313-g004.jpg
Non-co-infected

100 e 1003 o« 0 Mild group
Hekkke R - w10 Severe group
10 Fkkk AR*E 10 dekkk e
1 1 .

100 w @ Non-co-infected

[0 Co-infected

10






OEBPS/Images/fimmu-16-1522313-g003.jpg
>
>~

Non-co-infected

16 ... - 16 [0 Mild group
3 8 — g 8 * dokhx [0 Severe group
R B
s 2 - 5 2 -
[>9 1 ] 1 _
= =
) * 9 *
© 05 © 05
0.25 0.25
WBC N L M
C D Mild group Severe group
167 sexnx s 16 16 =% sl I Non-co-infected
g 8 Q 8 [ Co-infected
T 4 B
£ E 2
= 1 NS = 1
C o5 © o5
0.25 0.25
WBC N L M
E F
Non-co-infected
1000 dudui 1000 dekkk - Mild group
100 [ Severe group

Mild group Severe group

8 Non-co-infected
[0 Co-infected





OEBPS/Images/table1.jpg
Infection category Mild group Severe P valu
Mixed co-infection (%) 1(3.23) 20 (26.67) 0.006
Single co-infection (%) 30 (96.77) 55 (73.33) 0.006
Candida albicans (%)(G*") 0 9(12) 0.098
Candida glabrata (%)(G") 0 1(1.33) 0.518
Candida krusei (%)(G") 0 1(1.33) 0.518
Staphylococcus aureus (%) (G*) 2 (6.45) 6(8) 0784
Staphylococcus hominis (%) (G*) 0 1(1.33) 0.518
Enterococcus faecium (%) (G*) 0 1(1.33) 0518
Streptococcus pneumoniae (%) (G*) 1(3.23) 2(2.67) 0.875
I Acinetobacter baumannii(%)(G") 1(3.23) 17 (22.67) 0.015
Klebsiella pneumoniae(%)(G) 6 (19.35) 18 (24) 0.603
Klebsiella oxytoca(%)(G") 0 1(1.33) 0518
Escherichia coli(%)(G") 0 9(12) 0.044
Pseudomonas aeruginosa(%)(G) 4 (12.90) 13 (17.33) 0.572
Burkholderia cepacia(%)(G’) 0 1(1.33) 0.518
Achromobacter xylooxidans (%)(G") 0 1(1.33) 0.518
Enterobacter cloacae (%)(G") 1(3.23) 3(4) 0.879
Mycobacterium tuberculosis 2(6.45) 0 0.026
Stenotrophomonas maltophilia (%)(G") 1(3.23) 0 0.118
Corynebacterium striatum(%) (G*) 1(3.23) 1(1.33) 0515
Legionella pneumophila (%)(G") 1(3.23) 0 0.118
Mycoplasma pneumoniae 6(19.35) 0 <0.0001
Influenza A virus 1(3.23) 1(1.33) 0.515
Human metapneumovirus 1(3.23) 1(1.33) 0.515
Influenza B virus 1(3.23) 0 0.118

Data are n (%), where n is the total number of patients with available data. P values are from a x analysis, P<0.05 was considered significant.
G*, Gram positive; G', Gram negative;





