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Background: Antimicrobial resistance is a critical and growing global health concern. While drug-resistant Gram-negative bacilli pose a significant threat, multidrug-resistant Gram-positive bacteria—such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus (VRE), and β-lactamase-resistant Streptococcus pneumoniae—also present serious clinical challenges.

Aim: This study provides an epidemiological analysis of resistant Gram-positive bacteria, focusing on VRE, at a tertiary university hospital in Western Greece from 2018 to 2023.

Results: A total of 276 blood cultures with vancomycin-resistant Enterococcus spp. were recorded. A significant increase in VRE prevalence was observed in intensive care units (ICUs), with cases rising from 4 in 2020 to 36 in 2021. A broader increase across medical and surgical wards was noted in 2022–2023. Linezolid resistance remained low throughout the study period. Mortality data revealed a marked increase in deaths after 2020 compared to 2018–2019, coinciding with the rise in VRE-related bloodstream infections. The Coronavirus Disease 2019 (COVID-19) pandemic was associated with higher VRE rates in ICU patients, likely due to prolonged hospitalizations, increased use of invasive devices, and broad-spectrum antibiotic use. Resistance rates to both linezolid and tigecycline remained low, while daptomycin resistance showed an increasing trend the same period.

Conclusion: The number of VRE increased over the study period. Linezolid and tigecycline remained largely effective, but emerging resistance patterns—particularly to daptomycin—underscore the urgent need for strengthened antimicrobial stewardship and the development of novel therapeutic options to address rising resistance among Gram-positive pathogens.
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1 Introduction

Antimicrobial resistance (AMR) represents a critical global health threat, causing up to 10 million deaths annually by 2050 (Amberpet et al., 2019). While drug-resistant Gram-negative bacilli are a well-recognized concern, multidrug-resistant Gram-positive organisms—such as methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus faecium (VRE), and β-lactamase-resistant Streptococcus pneumoniae—also pose serious clinical challenges (Zhang et al., 2023a).

Gram-positive bacteria are particularly problematic due to their high genetic adaptability, enabling them to acquire resistance to nearly all available antimicrobial agents. This makes resistance among these pathogens a persistent threat that necessitates ongoing surveillance to identify emerging resistance mechanisms and inform rational antibiotic use. Of particular concern in addition to methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Staphylococcus aureus (VRSA) is vancomycin-resistant Enterococcus (VRE) (Zhang et al., 2023a).

VRE have emerged as a significant global nosocomial threat, nearly three decades after their initial identification in Europe in the late 1980s (Al Rubaye et al., 2021). To date, eight distinct acquired vancomycin resistance gene clusters have been identified—vanA, vanB, vanD, vanG, vanE, vanL, vanM, and vanN (Al Rubaye et al., 2021). In contrast, the vanC gene cluster is intrinsic to Enterococcus casseliflavus and Enterococcus gallinarum which exhibit low-level resistance to vancomycin (MIC 8–32 mg/L) while remaining susceptible to teicoplanin.

Generally, van gene clusters encode three groups of functionally related enzymes: (1) enzymes involved in the synthesis of altered peptidoglycan precursors, (2) enzymes that eliminate the native D-Ala-D-Ala termini, and (3) a two-component regulatory system that enables inducible resistance (Al Rubaye et al., 2021). Specifically, Enterococcus species exhibiting high-level resistance to vancomycin (MIC ≥ 64 mg/L) and to teicoplanin (MIC ≥ 16 mg/L) are classified under the VanA phenotype. Species with variable resistance to vancomycin (MIC 4–64 mg/L) but remaining susceptible to teicoplanin are classified as VanB phenotype. It is now known that levels of vancomycin resistance among VanB isolates may range from 4 to > 1,000 μg/ml while susceptibility to teicoplanin resistance is retained. The VanC resistance phenotype was described in E. casseliflavus and E. gallinarum which demonstrate intrinsic, low-level resistance to vancomycin (MIC 4 to 32 μg/ml) and are susceptible to teicoplanin. The VanD phenotype is characterized by intrinsic high-level resistance to both vancomycin and teicoplanin (Al Rubaye et al., 2021; Cetinkaya et al., 2000).

An alarming synergy has been observed between SARS-CoV-2 infection and Enterococcus species. Evidence suggests that SARS-CoV-2 pneumonia may disrupt the gut microbiota, promote the overgrowth of Enterococcus spp. and increase intestinal permeability. These alterations may help explain the observed increase in bloodstream infections (BSIs) caused by Enterococcus spp. in patients with COVID-19 (Toc et al., 2022). Furthermore, the COVID-19 pandemic has disrupted antimicrobial stewardship and infection prevention programs globally, raising concerns about the acceleration of AMR. An unexpected consequence of the pandemic has been the increased incidence of Enterococcus infections in patients hospitalized with COVID-19 (Toc et al., 2022).

In this study, we aimed to conduct a comprehensive epidemiological analysis of VRE bloodstream infections at a tertiary university hospital in Western Greece, focusing on the period before and after the onset of the COVID-19 pandemic (2018–2023). Our objectives included evaluating the distribution of VRE across hospital departments and analyzing their antimicrobial susceptibility patterns to key therapeutic agents (Amberpet et al., 2019; Reffat et al., 2024).



2 Materials and methods


2.1 Study design and population

This retrospective observational study analyzed all bloodstream isolates of VRE obtained from patients hospitalized at the University General Hospital of Patras (a tertiary care center in Western Greece) between January 2018 and December 2023. A total of 276 blood cultures with VRE were recorded. The patient search was conducted using a specialized database from the Infection Control Nursing Department, which records all multidrug-resistant pathogens in our hospital (pathogen type, resistance to representative antibiotics, infection site). For the purposes of this study, we selected bloodstream infections caused by VRE species.

Patient records were obtained from four key departments: Medical Wards (MW): Including Internal Medicine, Cardiology, Nephrology, Neurology, Hematology-Oncology, and the Hematopoietic Stem Cell Transplantation Unit, Surgical Departments (SD): Covering General Surgery, Orthopedics, Obstetrics, Neurosurgery, and Urology, the adult Intensive Care Unit (ICU), the Neonatal Intensive Care Unit (NICU), and Pediatric Intensive Care Unit (PICU). The search for antibiotic susceptibility profiles, for the recording of resistance, was conducted through the hospital's central information system for each patient individually.

Identification of Enterococcus spp. was performed by VITEK® 2 Gram-positive identification cards (bioMérieux, Marcy-l' Etoile, France), an automated system for the identification of microorganisms and antimicrobial susceptibility testing (AST). Antimicrobial susceptibility testing regarding daptomycin was also performed using the concentration gradient diffusion assay (E-test bioMérieux SA, France). According to the European Committee on Antimicrobial Susceptibility Testing (EUCAST), VRE were defined as Enterococcus spp. with a vancomycin Minimal Inhibitory Concentration (MIC) ≥ 4 mg/L. Tigecycline resistance to Enterococcus spp. was considered a MIC > 0.25 mg/L.

The study was conducted in accordance with the Hospital Research Ethics Committee's guidelines (Approval Number PN: 10408/10.07.2023), the Declaration of Helsinki, and STROBE guidelines.



2.2 Statistical analyses

Data were statistically analyzed using the Statistical Package for the Social Sciences (SPSS), version 22.0 for Windows (IBM Corp., Armonk, NY, USA). Data were presented as mean ± standard deviation (SD). A p-value of less than 0.05 was considered statistically significant. Frequencies and percentages of resistant bacteria were determined for all clinical isolates. For the calculation of statistical differences, the chi-square test was used.




3 Results


3.1 Vancomycin resistant Enterococcus

During the study period, a total of 276 blood cultures with VRE were recorded. The annual number of cases of VRE are shown in Figure 1.
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FIGURE 1
 Annual number of cases of Vancomycin Resistant Enterococcus per year (pre-COVID and post-COVID period). The values in the Figure represent the absolute number of cases per year.


The annual distribution of VRE in every department is shown in Figure 2 while Figure 3 shows the annual distribution of VRE species. Notably, a substantial increase in VRE cases was observed after the onset of COVID-19 pandemic. A statistically significant rise in VRE bacteremia incidence was recorded in all the examined wards during the post-COVID period, especially in the years 2021, 2022 and 2023 (p = 0.04), followed by a remarkable annual decrease in ICUs since 2021. Although an upward trend in VRE cases was also noted in medical and surgical departments during 2021–2023, these increases did not reach statistical significance (p = 0.881 and p = 0.931, respectively). Moreover, as shown in Figure 3, Enterococcus faecium the predominant species across all over the study period, with a marked increase after the onset of COVID-19 pandemic.


[image: Bar chart depicting the distribution of VRE cases in clinics from 2018 to 2023, categorized by ICU (blue), Medical (red), and Surgical (light blue). Medical cases consistently dominate, peaking in 2023, followed by ICU and then Surgical cases.]
FIGURE 2
 Annual distribution of VRE BSI cases by department and year. ICU: intensive care unit (Neonatal and adults); Medical wards: including Internal Medicine, Cardiology, Nephrology, Neurology, Hematology–Oncology and Hematopoietic Stem Cell Transplantation Unit; Surgical wards: including orthopedics, neurosurgery, general surgery.



[image: Bar chart showing annual distribution of Enterococcus species from 2018 to 2023. E. gallinarum had the highest counts, peaking in 2021. E. casseliflavus and E. faecium had lower counts throughout the years.]
FIGURE 3
 Annual distribution of Enterococcus spp. cases.




3.2 Mortality associated with VRE BSIs per year

Mortality data collected during the study period revealed a marked increase in deaths occurring after 2020 compared to 2018–2019, which corresponds temporally with the observed rise in VRE-related bloodstream infections during the same period. The annual mortality is shown in Figure 4.


[image: Bar chart showing VRE mortality percentages from 2018 to 2023. Mortality rates increase, peaking in 2020 and 2022 at 50%, with a slight decrease in 2023 to about 40%.]
FIGURE 4
 The figure displays the annual mortality of patients with VRE-related bacteremia from 2018 to 2023.




3.3 Antimicrobial resistance rates of VRE BSI isolates

Antibiotic resistance rates for VRE are presented in Table 1 and Figures 5, 6. Resistance to linezolid ranged from 3% to 11%. Teicoplanin resistance rates were notably high, at 83%, 81%, and 85% in 2021, 2022, and 2023, respectively. Enterococcus spp. showed very high susceptibility to tigecycline in 2019, 2020, 2021, and 2022 (Table 1, Figure 4). Interestingly, the increase in teicoplanin resistance observed since 2019 was followed by a rise in tigecycline resistance initiating in 2023.

TABLE 1  Antimicrobial resistance (%) of VRE species isolated in BSIs during 2018–2023.


	Type ofantibiotic
	Year
	Resistantrate (%)





	Tigecycline
	2018
	(no data)



	
	2019
	3



	
	2020
	3



	
	2021
	2



	
	2022
	8



	
	2023
	21

 
	Linezolid
	2018
	11



	
	2019
	7



	
	2020
	3



	
	2021
	5



	
	2022
	5



	
	2023
	8







[image: Bar chart showing the distribution of VRE phenotypes per year from 2018 to 2023. VANA (blue) varies with peaks in 2020, 2021, and 2022. VANB (red) and VANC (green) show minimal change.]
FIGURE 5
 Distribution of VRE phenotypes per year. The distribution refers to the Enterococcus exhibiting the VanA, VanB or VanC phenotypes.



[image: Line graph titled “Trends of Antibiotics Resistance” showing resistance trends from 2018 to 2023 for two antibiotics: Tigecycline (blue line) and Linezolid (red line). Tigecycline resistance rises sharply after 2021, while Linezolid shows moderate fluctuations.]
FIGURE 6
 Trends of antibiotic resistance of Enterococcus spp., isolated in BSIs during 2018–2023. Tigecycl, Tigecycline; Linezol, Linezolid.


MIC trends for daptomycin resistance among VRE species were stably under 0.75 mg/L until 2020, when an uprising initiated peaking in 2022 with a median MIC = 2 mg/L. In 2023, the proportion of Enterococcus isolates with daptomycin minimum inhibitory concentrations (MICs) >4 mg/L ranged from 11% to 45%, suggesting a potentially emerging resistance trend, reflecting previous years' increasing resistance, with a hopeful slight decrease in median MIC after 2022. Figure 7 illustrates the rising median MIC values for daptomycin among VRE isolates over the years of study.


[image: Line graph titled “MIC Evolution of Daptomycin in Enterococcus (2018–2023)” shows the Minimum Inhibitory Concentration (MIC) of daptomycin over time. The blue line indicates an increase from 2018 to 2022, peaking above 1.75 in 2022, and then declining in 2023. A red dashed line marks the average MIC at 0.93, while a green dashed trend line shows a general upward trend. The x-axis represents years, and the y-axis indicates MIC values.]
FIGURE 7
 The escalating resistance of VRE in daptomycin. All values represent the median MIC for daptomycin.





4 Discussion

This study investigated the detection rates and antimicrobial resistance patterns of VRE at a tertiary university hospital in Western Greece over a 6-year period (2018–2023). Although the COVID-19 pandemic appears to have subsided, its impact on hospital-acquired infections caused by multidrug-resistant pathogens remains a subject of ongoing debate.

Enterococcus is an opportunistic pathogen and a well-established cause of nosocomial infections, particularly in critically ill patients. Since VRE remains under constant surveillance by healthcare professionals, several protocols have been proposed to avoid its spread. However, the increased pressure on healthcare systems during the COVID-19 pandemic has been associated with documented breaches in infection control practices, contributing to hospital-wide dissemination of VRE (Toc et al., 2023).

Our findings revealed a progressive increase in the number of VRE isolates across three major hospital departments. The increasing number of VRE infections caused by Enterococcus spp., was reported also by Polemis et al. in samples by other hospitals in Greece. The upward trend in vancomycin and teicoplanin resistance starting in 2021 was observed in this study with a 33% increase for both regimens (Polemis et al., 2021). These results are particularly concerning, as the World Health Organization (WHO) has classified resistant Gram-positive organisms as “high priority” pathogens due to their rapid development of resistance and their significant contribution to global morbidity and mortality (Tacconelli et al., 2018).

In our study, we observed a clear upward trend in VRE bloodstream infections (BSIs) after 2020, particularly in intensive care units (ICUs). This trend is consistent with surveillance data from WHONET Greece, which also reported a rise in Enterococcus BSIs among ICU patients during the COVID-19 pandemic (Polemis et al., 2021). Similar observations have been documented internationally. Studies of ICU-treated COVID-19 patients reported significantly higher rates of VRE isolation from both mono- and polymicrobial BSIs compared to pre-pandemic levels (20–33%) [Bonazzetti et al., 2021; DeVoe et al., 2022; European Centre for Disease Prevention Control (ECDC), 2018].

Our study identified a significant increase in VRE bacteremia in 2021 and 2022 across all departments, with the most pronounced rise observed in ICUs. A study conducted by Karakosta et al. reported similar findings: in non-ICU settings, VRE BSI rates increased from 0.03 infections per 1,000 patient-days (pd) in 2019 to 0.17 in 2021 and 1.07 in 2022. In ICUs, the rate rose from 0.44 infections/1,000 pd in 2019 to 1.56 in 2021 and 1.03 in 2022, reflecting a substantial increase of approximately 260% in ICUs and 380% in non-ICU settings in 2021 (Karakosta et al., 2024).

The VRE mortality diagram provides useful data regarding the clinical impact of Enterococcus spp. infections. Notably, the pandemic was associated with a marked rise in VRE BSI incidence and overall colonization/infection rates in 2021 and 2022, accompanied by increased mortality. These findings are consistent with results from other clinical studies and systematic reviews that also detected this post-COVID-19 era upward trend (Karakosta et al., 2024; Abubakar et al., 2023; Micheli et al., 2023; Grasselli et al., 2021). In a recent meta-analysis, (Eichel et al. 2023) reported significantly higher mortality for VRE faecium BSIs compared to vancomycin-susceptible faecium (VSE) BSIs (risk ratio [RR] 1.46; 95% confidence interval [CI]: 1.17–1.82), while no significant difference was observed between VRE faecium and VRE faecalis BSIs (RR 1.00; 95% CI: 0.52–1.93).

A plausible explanation for the observed increase in VRE prevalence during and after the pandemic is the heightened vulnerability of COVID-19 patients, who often require prolonged hospital stays, ICU admission, central venous catheters (especially femoral one), and mechanical ventilation—all of which are known risk factors for bloodstream infections. In addition, the intense pressure on healthcare systems during the pandemic led many clinicians to rely heavily on empirical antibiotic therapy to manage suspected bacterial infections (Langford et al., 2020; Buetti et al., 2021; Weiner-Lastinger et al., 2022).

Recent studies have shown that over 70% of hospitalized COVID-19 patients received antibiotics, most commonly broad-spectrum agents such as fluoroquinolones and third-generation cephalosporins (Karakosta et al., 2024; Langford et al., 2020). This widespread and frequently untargeted use of antimicrobials likely contributed to selective pressure, promoting the emergence and spread of multidrug-resistant organisms, including VRE.

It is also important to underscore the role of gut microbiome dysbiosis in COVID-19 patients, which may help explain the observed rise in bloodstream infections caused by Enterococcus spp. SARS-CoV-2 infection causes significant disruptions to the gut microbiota, resulting in dysbiosis, characterized by microbial imbalance (Ancona et al., 2023; Smail et al., 2025). On one hand, recent studies have reported a reduction in beneficial commensal bacteria such as Faecalibacterium prausnitzii and Bifidobacterium spp., alongside an increase in opportunistic pathogens, including Enterococcus and Escherichia coli, in patients with COVID-19 (Smail et al., 2025; Zhang et al., 2023b; Wang et al., 2023; Lamers et al., 2020). On the other hand, growing evidence indicates that SARS-CoV-2 can directly infect enterocytes—key regulators of gut microbiota. Damage to enterocytes caused by infection or inflammation can compromise their function, leading to dysbiosis and increased intestinal permeability (“leaky gut”) (Ra and Bang, 2024), thereby promoting the translocation of opportunistic and overgrown pathogens like Enterococcus into the systemic circulation.

Given these challenges, linezolid has emerged as a key therapeutic option for managing infections caused by resistant Gram-positive pathogens. Encouragingly, susceptibility to oxazolidinones (linezolid) among Enterococcus species has remained consistently high. In our study, linezolid demonstrated high in vitro activity, with resistance rates ranging from 3% to 14% for Enterococcus spp. These findings support the continued use of linezolid as a reliable agent in settings where vancomycin resistance is prevalent.

The lowest resistance rates were reported for tigecycline. Our findings are in line with those of Toc et al., who observed no tigecycline-resistant Enterococcus spp. strains in the pre-COVID period, whereas resistance emerged in the post-COVID periods from 1st May 2021 to 30th October 2021 and from 1st November 2021 to 30th April 2022 (Al Rubaye et al., 2021; Buetti et al., 2022).

Limitations of our study include the retrospective nature of the data analysis. Furthermore, it is important to mention that all the data included are from only one academic hospital in Greece. Additionally, the unavailability of MIC data for new agents limited our ability to categorize microorganisms strictly according to standard definitions. Moreover, our results are based on the evaluation of antimicrobial susceptibility phenotypes and were not correlated to the presence of resistance genes. Finally, no molecular techniques were used to identify the diversity of VRE strains.

In conclusion, the total number of Gram-positive bacteria isolated increased over the 6-year study period with a marked emergence of highly resistant Enterococcus strains. This study highlights the steady rise in the emergence of highly resistant Enterococcus species. While high efficacy against glycopeptides and linezolid was observed among Enterococcus spp. isolates, the gradual increase in resistance to these last-line antibiotics in multidrug-resistant Gram-positive pathogens underscores the urgent need for new antibiotic research to address these challenging infections. As previously highlighted, the unregulated use of antibiotics continues to evolve and plays an increasingly critical role in the emergence of highly resistant bacterial strains. In the context of analyzing the aftermath of the COVID-19 pandemic, it becomes essential to assess the contribution of prior antibiotic use to the development of resistant pathogens capable of causing severe infections (Reffat et al., 2024).
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