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Abstract: Antimicrobial resistance (AMR) is an ongoing phenomenon. It is a significant public health
issue that has existed long before the coronavirus disease of 2019 (COVID-19) pandemic. It develops
as microorganisms undergo genetic mutations that allow them to survive despite antimicrobial
treatment. This process is highly associated with excessive and often unnecessary antimicrobial
pharmacotherapy, which was often discussed during the COVID-19 pandemic. This article explores
how the pandemic has affected antimicrobial stewardship by shifting the focus away from antimicro-
bial resistance, as well as the impact of enhanced antibiotic usage and measures such as lockdowns,
mandatory testing and vaccination on antimicrobial resistance. Although these measures were re-
garded as successful in terms of limiting the pandemic, they have significantly contributed to an
already escalating AMR issue. Outpatient methods in primary care and intensive care units aiming
to prevent severe COVID-19 disease have contributed to the spread of multidrug-resistant bacteria,
while laboratories burdened with COVID-19 testing have indirectly interrupted the detection of these
bacteria. In this review, we summarize the pathogens whose AMRe has been greatly affected by
COVID-19 measures and emphasize the importance of efficient antimicrobial stewardship in future
pandemic and non-pandemic states to promote the responsible use of antibiotics and minimize AMR.
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1. Introduction

The coronavirus disease of 2019 (COVID-19) pandemic, caused by severe acute res-
piratory syndrome corona virus 2 (SARS-CoV-2), resulted in significant global impacts,
ranging from direct health consequences to widespread disruption of many aspects of
daily life, as well as social and economic challenges such as healthcare capacity issues and
supply chain disruptions [1]. Since it was initially detected in China (Wuhan) in 2019, the
virus has rapidly spread and, to this day, affected over 32.7 million people with more than
1 million fatal outcomes globally [2]. To promptly respond to this serious global health
threat and avoid the total collapse of public health systems, health authorities worldwide
had to establish and implement various aggressive prevention measures. These measures
included lockdowns, social distancing, requirements for face masks, rigorous hygiene
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measures, development of rapid COVID-19 tests, implementation of mandatory testing,
vaccination, as well as isolation (i.e., quarantine of diagnosed patients and their contacts)
and travel restrictions [2,3]. Although it has been reported that these activities contributed
to the reduced spread of other infectious diseases, including pneumococcal disease and
influenza, it became clear that the COVID-19 pandemic and its treatment-related policies set
aside an essential issue—antimicrobial resistance (AMR) [1,2]. Even before the pandemic
outbreak, it was reported that by 2050, the number of deaths per year due to AMR would
reach 10 million if required rigorous measures against AMR were not implemented [4].
Increased antibiotic consumption, personal protective equipment, biocides and other per-
sonal care products have contributed to the changed global landscape of AMR [1,3]. From
an economic point of view, according to the World Bank, high levels of antibiotic resistance
would reduce the GDP (gross domestic product) by 3.8% by the year 2050 [5]. Furthermore,
hospitals crowded with COVID-19 patients enabled the increased spread of multidrug-
resistance (MDR) bacteria, and the main work of laboratories, detection of the COVID-19
virus, indirectly interrupted the detection of MDR bacteria [6]. The aim of this review is
to explore how measures taken during the COVID-19 pandemic affected AMR as well
as changes in antimicrobial stewardship. We also highlight the importance of controlled
management of these issues in future pandemic crises as well as in non-pandemic states.

2. AMR before COVID-19 Pandemic

AMR is the ability of various microorganisms to adapt to and survive different chem-
ical agents that are designed either to slow their growth and help affected organisms in
the fight against infection or to eliminate the microorganism. Long before the COVID-19
pandemic, the world was aware of the threat that came with the unsupervised and un-
necessary use of antimicrobial agents. Even the discoverer of penicillin, Sir Alexandar
Fleming, was aware of this potential issue and tried to bring it to the public’s attention [7,8].
Today, studies suggest that the single use of antibiotics has immediate and lasting effects on
resistance for up to 4 years, and thus continuous use leads to a neverending cycle [9]. It is
considered that the last 80 years of antimicrobial misuse in veterinary, human medicine and
animal husbandry have accelerated the increase in the number of MDR bacteria, although
MDR-related genes have been found in the gut bacteria of people in the most remote
areas [10]. AMR was even discussed at the G8 summit in June 2013, and the conclusion was
that it is the “major health security challenge of the 21st century” and may be a pandemic
of its own kind. This meeting had a significant effect on US health care, as in the following
year the Centers for Disease Control and Prevention (CDC) issued the National Strategy
for Combating Antibiotic Resistance [11]. In 2017, the World Health Organisation (WHO)
published a list of priority resistant bacterial species. The list grouped these bacteria into
3 subsections based on priority—bacteria with critical, high and medium priority. This
type of division is still relevant today, showing the same bacteria but with a much greater
sense of urgency [12]. Hospital wards, especially intensive care units, are a major source of
nosocomial infections. The chance of acquiring infection in a hospital setting increases with
time spent in the hospital, number of interactions (patient to patient or patient to healthcare
worker), medical interventions (foreign body placement, surgery, etc.) and the patient’s
condition. One of the clinical presentations of COVID-19 is pneumonia, often resulting in
the requirement of breathing assistance via ventilators. Ventilators are a common cause of
hospital-acquired pneumonia, called ventilator-associated pneumonia (VAP), which is the
most common and the most fatal one [13,14]. One study, conducted in Barcelona [15], also
suggested that COVID-19 patients were most commonly superinfected in hospital settings.

Briefly, bacteria can be divided into two major groups: Gram-positive and Gram-
negative. Without getting into microbiology, it is necessary to know that Gram-negative
bacteria are prone to developing microbial resistance due to the complex build of their outer
layer [16]. Gram-positive bacteria are less likely to develop resistance and, according to the
WHO in 2017, only two Gram-positive bacteria made the high-priority list—Enterococcus
faecium and Staphylococcus aureus. The most common resistant pathogens with high priority
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were Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae (Escherichia coli,
Klebsiella pneumoniae, Enterobacter spp.) [12].

Acinetobacter baumannii is one of the most complex bacteria with multiple pathways to
avoid or destroy antibiotic molecules, thus easily becoming multidrug-resistant. Resistance
to amoxicillin, penicillin, carbapenems and aminoglycosides and their combinations are
frequently observed. It is a common cause of urinary tract infections (UTIs), pneumonia
and sepsis [17].

Pseudomonas aeruginosa is another important Gram-negative bacterium that is a com-
mon cause of ventilator-associated pneumonia (VAP), meaning that it is present in most
intensive care units (ICUs). This bacteria also has multiple ways of defending against
antimicrobial agents, easily developing resistance to generational cephalosporines (cef-
tazidime and cefepime), carbapenems and aminoglycosides (e.g., gentamycin) [18].

Enterobacteriaceae are the most common causes of UTIs and subsequent sepsis in criti-
cally ill patients. Their mechanism of developing antibiotic resistance is the production of
an enzyme called beta-lactamase, which degrades beta-lactam antibiotics, namely, amoxi-
cillin, penicillin and generational cephalosporines. Among them, Klebsiella pneumoniae is
commonly resistant to carbapenem antimicrobials [19,20].

All these bacteria fall under the umbrella acronym, ESKAPE (Enterococcus faecies,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa
and Enterobacter spp.), purposely spelled this way to emphasize how easily they become
resistant and highlight the importance of their prevention, rather than treatment [21].

One way of tracking antibiotic usage in a particular geographic location is by sampling
the local water bodies such as rivers or lakes and wastewater treatment plants [22]. This is
possible mainly due to the pharmacodynamic properties of most antibiotics. Studies suggest
that nearly 50–90% of antibiotics are not metabolized and are excreted, either in urine or
feces, in their active form into the environment [23]. Furthermore, over 50% of unused
antimicrobials are being disposed of in an inappropriate manner [24]. Combining these
factors with misuse and overuse in human medicine triggers even more antibiotic resistance,
as most of the wastewater treatment methods are not sufficient [23,25]. In particular, water
sampled from city canals in Hanoi, Vietnam, before the pandemic already showed excessive
concentrations of sulfamethoxazole, amoxicillin and erythromycin, confirming claims of
a pre-existing public health threat that could now be exacerbated by the latest pandemic.
Other geographic locations have an excess of different antimicrobials; nonetheless, they
all lead to the same global public health problem: AMR and the promotion of antibiotic
resistance genes (ARGs) [26]. Research conducted by analyzing water systems around
Wuhan, China, in the summer and autumn of 2020 has shown that the total concentrations of
PPCPs (pharmaceuticals and personal care products) were comparable to earlier measured
values but there was a significant increase in macrolides and their metabolic byproducts of
up to 78.9%, showing increased public demand for macrolides [27].

3. Antibiotic Use during the COVID-19 Pandemic

Initially, early in the pandemic, uncertainty and contagion fears reduced the overall
number of outpatients, thus reducing the gross number of antibiotics prescribed. From
April 2020 until July 2020, the numbers steadily increased for most antibiotics, including
clindamycin, doxycycline, nitrofurantoin and cephalexin, and returned to pre-pandemic
levels for others, i.e., azithromycin [28–31]. Some studies suggest this rebound was due to
the reinstitution of in-person visits and telemedicine [32].

In the majority of cases, first-line contact was primary care physicians. As they rely
heavily on antibiotics in their daily practices, with more than 81% of all antibiotic usage in
the UK, the pandemic was no exception [33]. On average, 74% of COVID patients received
antibiotic treatment, whereas only 17.4% had confirmed bacterial super/coinfection, with
some studies suggesting a lower number at 8% of bacterial coinfections [6,34]. More often
than not, they treated COVID-19 patients as they would any other community-acquired
pneumonia, despite being unable to affect the virus itself. This is because any COVID-19
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infection could have been easily presented as a bacterial superinfection, which is a daunting,
sometimes impossible diagnosis [35,36]. The previous influenza pandemic in 2009 taught
us that bacterial coinfection is a negative prognostic factor, hence the precautionary antibi-
otic prescribing [37]. More than 50% of viral pneumonia deaths correlate with bacterial
superinfection [38,39], making it difficult to distinguish between rational and irrational
antibiotic prescribing. An aggravating factor is that COVID-19 infection often presents
with non-specific symptoms such as fever and persistent cough, making the differential
diagnosis range-wide, especially in Third World countries, i.e., Zimbabwe, where tubercu-
losis and other bacterial infections as well as malaria are also very common [40], making
antibiotic use a rational choice. Diarrhea is also a common symptom of COVID-19 infection,
but it could also be the most common unwanted effect of antibiotic therapy. Early diarrhea
could mean COVID-19, but late diarrhea should be treated as a possible Clostridium difficile
infection, leading to further antibiotic therapy being indicated [41].

Some studies suggest that within the first 14 days of a positive COVID-19 infection,
the most commonly used antibiotic agents were co-amoxiclav and doxycycline [1,33].
Other studies show that macrolides and cephalosporins (ceftriaxone) were among the
most often prescribed antimicrobial therapy in mild to moderate COVID-19 infections,
especially macrolides due to their anti-inflammatory properties [42,43]. The macrolide
importance lies within their anti-inflammatory effects on airways. They have been shown
to downregulate prolonged inflammation, reduce mucus production and decrease bacterial
pathogenicity. Self-limiting adverse effects such as nausea, vomiting and diarrhea are
easy to manage, making them generally well accepted by the patients [44]. Increased
consumption of the same or similar antimicrobials is a worldwide phenomenon as multiple
studies conducted in geographically distant areas have concluded [42,45]. This alone led
to the doubling of azithromycin consumption globally [42]. Increased consumption of
azithromycin, ceftriaxone and levofloxacin was noted in intensive care units as early as
April 2020 [45]. Similar widespread use of azithromycin has been implicated in trachoma
treatment among children from 1 to 9 years of age. As a form of prevention, azithromycin
is periodically used to prevent infection with Chlamydia trachomatis. Although it has been
proven effective in preventing trachoma, caution is advised, as it has the potential to
increase macrolide resistance in C. trachomatis as well as in other common pathogens.
Follow-up studies show macrolide resistance in S. pneumoniae with incentive to decrease
over time. E. coli and S. aureus resistance has also been noted [46–48]. Given that there was
already a minimum of 30% of overall frequent bacterial species resistant to azithromycin
before its use spiked, it is believed that reason for concern is real [49].

Furthermore, viral M-pro protease could be the target of the fluoroquinolones and
block viral multiplication, thus justifying their role as a complementary therapy in moderate
to severe illness [50]. Fluoroquinolones could prove beneficial in limiting oxidative lung
reaction by modulating the NO pathway, reducing lung damage and increasing survival
rate [51]. The combined antiviral and modulatory effects of fluoroquinolones are enough
for them to fit into the COVID-19 treatment guidelines and recommendations [50].

The empiric use of the aforementioned antibiotic agents in primary care is consistent
with their therapeutic use in most hospital settings and could have been negotiated as a
precaution [52]; however, the WHO has recommended using antibiotics only if a bacterial
coinfection is highly suspected in mild to moderate COVID cases [53].

COVID-associated bacterial superinfection is a common cause of hospital-acquired
pneumonia. Guidelines suggest treatment with broad-spectrum antibiotics; namely, third-
generation cephalosporines (ceftazidime and cefepime), quinolones and carbapenems or
according to the antibiogram results of the cultivated organism [54].

Other studies suggest that antibiotic usage is of poor predictive value in terms of
survival [55]. It could even deplete the gut microbiota, leading to decreased immune
function and lower antibody production, thus snowballing into more infections [56] and
proving restrictive guidelines more reasonable [57].
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While the SARS-CoV-2 presented a great challenge itself, an additional issue during
COVID-19 patient treatment was the superinfections. Causes of superinfections during
COVID-19 include weakened immune responses, prolonged hospital stays, invasive medi-
cal procedures, the overuse or misuse of antibiotics, as well as corticosteroid therapy [58]. In
addition to antimicrobial therapy, glucocorticoids were administered as supportive therapy
in fighting COVID-19 as a proven effective treatment, mainly because of their immuno-
suppressive effect, preventing inflammation and excessive tissue damage (predominantly
in the lungs). This has been shown as an efficient method in patients with severe illness
and proven to decrease overall 28-day mortality [59]. Suppressing immunity, however, has
well-known disadvantages, enabling superinfections in treated patients, mostly bacterial,
as well as viral and fungal [60,61]. Most studies define co-infection when it is diagnosed
within the first 48 h, whereas superinfections are those infections diagnosed 48 h after
hospital admission or disease onset.

Although the WHO recently declared the end of the COVID-19 global health emer-
gency [62], the evidence regarding superinfections during COVID-19 incidence, causes,
risk factors and their clinical significance is still scarce. In 2021, a cross-sectional study
involving 399 patients diagnosed with COVID-19 in Colombia explored the prevalence of
bacterial superinfection as well as its causative pathogens. The results showed that bacterial
superinfection prevalence in hospitalized patients was 49.6%, and Klebsiella pneumoniae and
Klebsiella oxytoca was the causative pathogen in most cases. Staphylococcus aureus was the
second most frequent [60]. The summarized findings of the most frequent pathogens of
this study have been adapted and presented in Figure 1.

Figure 1. Most frequent causative pathogens of bacterial superinfections in hospitalized patients with
COVID-19. Adapted from a cross-section study [60].

Similar results have been reported by a more recent study regarding superinfections
in patients with COVID-19 admitted to the ICU; however, with a much smaller sample
size [63]. Another recent retrospective study was done in Western Romania with a larger
sample size that included 407 eligible patients that were hospitalized for COVID-19. The
study reported a total of 46 samples positive for pathogenic bacteria in their sputum
cultures, while 67 patients had positive sputum cultures for commensal bacteria associated
with respiratory tissue. Additionally, 51 sputum cultures were positive for fungi. The
remaining sputum cultures showed no signs of infection. Figure 2 adapted and summarized
these findings [64].
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Figure 2. Most frequently isolatedpathogens from sputum of hospitalized patients with COVID-19.
Adapted from a retrospective study [64].

Regarding fungi, the most frequently isolated were the opportunistic pathogens Can-
dida spp. and Aspergillus spp. Notable was also an increased number of yeast infections and
infections by the highly opportunistic Mucorales spp., which causes mucormycosis [64,65].
For example, mucormycosis in patients with COVID-19 has a mortality rate of around 30%.
Hyperglycemia was identified as the main predisposing factor induced by steroid therapy;
occasionally it was preexisting because of diabetes mellitus type 2 or both [65].

Among pathogenic bacteria, Pseudomonas aeruginosa was isolated in 31.5% of positive
sputum samples. The second most common was Klebsiella pneumoniae in 26.2% of positive
sputum samples.

Regarding commensal flora, Streptococcus pneumoniae was isolated in 34.1%, followed
by methicillin-sensitive (21.6%) and methicillin-resistant (17.0%) Staphylococcus aureus [64].

The most concerning finding was that almost 80% of isolated bacteria showed mul-
tidrug resistance [64]. Similar findings can be seen in a study conducted by Alcantar-
Curiel et al., which concluded that the number is even above 80% [66]. Using non-selective,
non-effective antimicrobials in cases like these could promote multidrug resistance even
further and continue the chain reaction.

4. Antimicrobial Stewardship

Antimicrobial stewardship is a time-consuming and tedious process of planning, or-
ganizing and counselling physicians all over the world in what are the best treatment
options with minimal unintended effects. It is also a necessity, given that the availability
of antimicrobials is the most powerful treatment option. In Europe, for example, the Eu-
ropean Center for Disease Control (CDC) is the main stewardship body for the European
Union and the European Economic Area (EEA) [67–70]. The Centres for Disease Control
and Prevention (CDC) is responsible for the US area. Umbrella organizations promote
stewardship and publish guidelines, but real-time stewardship, also called diagnostic stew-
ardship, is one of the key roles of clinical microbiology laboratories. Real-time correlation
with clinical findings, biochemical analysis (namely, procalcitonin serum levels as a sepsis
biomarker) and PCR results can optimize therapy usage by discontinuing or changing
treatment plans [71]. A conservative procalcitonin cutoff value in patients with COVID-19
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was established at PCT 0.25 ng/mL, with PCT values below 0.25 ng/mL being strongly
indicative against bacterial coinfection, thus justifying wide-spectrum antibiotics being
withheld [72]. Antimicrobial stewardship programs were already implemented in most
hospital settings and healthcare systems but there were none in disaster planning or emer-
gency response. Prior to the COVID-19 pandemic, in 2018, a journal article summarized
the outcome of a survey conducted among 244 active members of different stewardship
programs. The outcome reported was, in some measure, 85% effectiveness in the past
2 years, with 67% reported savings and 20% reported decreased rate in drug-resistant
microbials [73]. Showing how effective these programs can be and how seamless they
could be, it is frustrating that most microbiology laboratories were swamped with PCR
COVID-19 testing and there was not enough manpower to coordinate PCR test results with
clinical findings in real time [74,75]. As we can now see, antimicrobial stewardship was
yet another COVID-19 victim. Global panic, changes in clinical care delivery and global
supply chain issues contributed to the downfall of stewardship programs [71]. In one of
New York’s hospitals, the main problem with conducting ASPs during the pandemic was
consistency. With the increased influx of critically ill patients, many wards, for example,
pediatric wards, were transformed into ICUs. Newly made ICUs had outsourced staff that
were not familiar with the hospital’s operating procedures and that is when ASP programs
started to fall behind, by postscript reviewing of the justification for different antimicrobials
administered [76]. If they had been properly staffed and prepared, this could have been an
opportunity to conduct ASPs and maintain responsible antibiotic usage [74]. Between the
first two Waves in September 2020, a multidisciplinary team consisting of an array of medi-
cal specialists evaluated therapeutic effects during the 1st Wave to prepare and optimize
therapy for the 2nd Wave. This led to discouragement in the use of some wide-spectrum
antibiotics such as meropenem without altering the overall survival rate [77]. By providing
clinically adequate patient evaluation, maintaining quality control at a high level, speeding
up diagnostics, having a reasonable approach to therapy and continuously re-evaluating
common practices, we could curb the AMR [78,79].

5. AMR Stewardship Challenges during and Post-COVID AMR Status

Whereas in 2019 the CDC saw a 19% reduction in MDR bacterial infections, 2020
has told a different story. An estimated 15% increase from 2019 to 2020 in MDR hospital
infections has been noted. The COVID-19 pandemic has influenced all measures for battling
against antibiotic resistance. Stewardship programs were less effective by testing less and
allowing more. Preventing other hospital-acquired infections was much harder because
more patients were in need of invasive medical devices such as catheters and intravenous
cannulas. These foreign bodies can form a biofilm consisting of many different bacterial and
fungal species [69,80]. It is often specific to an individual, but it mostly differs from ward
to ward. Biofilm formation is one of the risk factors for contracting multidrug-resistant
bacterial infection [81]. Antibiotics have been uncritically used, even for mild to moderate
COVID-19 disease, thus increasing antimicrobial burden, inducing bacterial adaptation
mechanisms and increasing resistance. According to the CDC’s 2022 special report, there is
a concerning threat following this pandemic. The CDC has divided most common resistant
pathogens into three groups based on the level of concern for global health: urgent, serious
and concerning [69,82]. We provide summarized information regarding these groups
in Table 1.

Table 1. Summarized CDC information regarding antimicrobial resistant pathogens based on the
level of concern after COVID-19.

Concern Levels Increased AMR AMR Not Affected

Urgent Escherichia coli
Klebsiella pneumoniae

Clostridium difficile
(Insufficient information)

Serious Pseudomonas aeruginosa
Acinetobacter baumannii

MRSA
VRE
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A study conducted by Langford et al. suggests that Gram-positive bacteria, specifically
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci
(VRE) have not been affected by COVID-19, as there was no change in the incidence of these
pathogens during the pandemic [83]. On the contrary, a more comprehensive systematic
review conducted by Abubakar et al. points out that the pandemic only sped up an
already rising incidence and prevalence of both MRSA and VRE. This discrepancy could
be explained by the varying incidence trends in different regions, hospitals and even in
different hospital wards [84]. Nonetheless, multiple studies show a significant increase in
Gram-negative resistant bacteria [83,85]. A systematic review conducted by Sulayyim et al.
reviewed 23 studies, all of them showing increases in the number of antibiotic-resistant
bacteria. The most commonly isolated species were Acinetobacter baumannii, Klebsiella
pneumoniae, Escherichia coli and Pseudomonas aeruginosa, without reporting increased MRSA
or VRE incidence [86]. Infections with resistant Gram-negative bacteria also had a higher
incidence in one Iranian hospital. Escherichia coli was the most commonly isolated bacteria
with antibiogram results, showing resistance to ampicillin, cefazolin and cefepime in
89.6%, 74.0% and 71.4% of bacteria, respectively. The second most common was Klebsiella
pneumoniae, which also showed the highest resistance to ampicillin (98.1%), levofloxacin
(92.9%) and ceftazidime (92.4%). Next in line was Pseudomonas aeruginosa, with resistance
to imipenem (91.8%), meropenem (91.5%) and cefepime (87.1%), and finally, Acinetobacter
baumannii, with around 94% of samples being resistant to cephalosporins (cefotaxime,
ceftazidime and ceftriaxone) [85]. Similarly, other studies point out that Klebsiella pneumoniae
and Acinetobacter baumannii among other pathogens also show resistance numbers around
80% [87,88]. Klebsiella pneumoniae has also been shown to be a problem in Italy, spreading
across the ICU via endotracheal tubes and prolonged patient-staff contact [89]. Comparing
these percentages with pre-pandemic numbers strongly suggests that AMR poses a more
serious threat to public health because of the pandemic. For example, the numbers were
compared in a Turkish study by Bahce et al., showing increased resistance to ceftazidime
and levofloxacin in Pseudomonas aeruginosa, as well as higher counts of resistant Acinetobacter
baumannii [90].

6. Other Measures

Social distancing, avoiding close-up meetings with others, is one of the key public
measures undertaken to slow down the rapid spread of COVID-19. Social distancing is
meant to slow down the viral spread among asymptomatic individuals while isolation is
meant for symptomatic patients and quarantining is a way of restricting the movement
of those in direct contact with infected patients [91,92]. It is shown that it not only lowers
the rate of infection but also reduces individual risk of contracting the novel coronavirus
as well as other respiratory transmitted viruses [92,93]. There is a low chance of a single
measure being effective but combining these 3 aforementioned measures has proven to
be of value. Numbers suggest that the timely implementation of these measures reduces
the infection rate by a minimum of 80% [94]. Social distancing has proven effective in
preventing all types of respiratory infections, not only COVID-19 [93]. Physical distancing
was not sustainable for lower income classes, as they were being isolated from work,
making it difficult to comply with strict restrictions thus leading to a low compliance rate
and low effectiveness of physical distancing.

Travel restrictions might contribute to decreasing AMR and the prevalence of AROs.
People coming from countries with high AMR prevalence could become unaffected carriers
of multidrug-resistant pathogens and move them from one location to another, thus creating
a new AMR gene pool [95,96]. We can only speculate whether short-term travel restrictions
have any long-term consequences.

Telephone appointments are playing a bigger role in primary care settings. To avoid
transmission among other patients and staff, primary care physicians opted to advise
remotely. This made assessing patients’ health much more challenging, as it felt riskier
and wrong not to give medicine to worried, ill patients. Therefore, many GPs prescribed
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antibiotics to cover any possibility [97,98]. There is no doubt that remote consultations are
becoming more popular among both patients and doctors, but for now, there is inconclusive
evidence showing higher prescription rates. For instance, for UTIs, general practitioners are
more likely to prescribe antibiotics remotely [99]. However, few studies also show higher
prescriptions for RTI, and some show lower prescription rates [100,101]. To summarize,
telemedicine might have fast-tracked the patient–doctor interaction but has not made a
significant difference [32].

Face masks were and still are a huge controversy in the public eye, but the scientific
community mostly agree that they were effective at reducing germ transmission. A prime
example to support this claim is that there was a significant decrease in the number
of reported influenza cases and pneumonia in general [102]. From an environmental
aspect, besides plastic pollution, the use of facial masks has another problem and it is their
disposal. Study by Zhou et al. investigated the dissemination of antibiotic-resistance genes
(ARGs) through discarded facemasks and revealed that these masks may potentially offer
a hiding place for the accumulation of ARGs in the marine ecosystem and thus contribute
to increased AMR [103].

7. Future Directions

In general, the chance of spreading AMR is reduced by using precise and effective
antimicrobial therapy in patients; it could potentially save the life of a patient with a serious
infection caused by bacteria resistant to antibiotics. The problem with common laboratory
methods—that they have long turnaround times and need up to a few days to identify
and classify bacteria—should be explored to a greater extent. One of the main goals of
the “National Action Plan for Combating Antibiotic-Resistant Bacteria 2020–2025” is to
develop innovative rapid diagnostic tests to identify and characterize resistant bacteria.
Development of these tests is costly, technically demanding and requires utility study on
their use in clinical settings. Currently, there are some genotypic tests approved by the FDA
which identify genes and mutations responsible for AMR and give results in less than a
few hours but they still need to be proven in clinical practice [104]. This can be achieved
by further developing stewardship programs and continuously educating medical staff as
well as the general population [105]. Future pandemics are unavoidable, and healthcare
systems all over the globe should work together towards finding effective and sustainable
prevention methods and predicting future pathogens.

8. Conclusions

Unjustified antimicrobial pharmacotherapy was a problem long before the pandemic
outbreak. Overuse of antibiotics during the pandemic has only exacerbated this issue.
As identified by the CDC and summarized in this review, the pathogens with levels of
antimicrobial resistance most affected by the overuse of antibiotics during the pandemic are
Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii.
Antimicrobial stewardship programs are crucial for promoting the responsible use of
antibiotics; however, they have been greatly impacted by the COVID-19 pandemic.

Pharmacovigilance regarding antimicrobial use and effective antimicrobial steward-
ship are crucial in the fight against AMR. This requires coordinated efforts between clinical
microbiology laboratories, healthcare providers and policymakers, as well as the education
of patients about this issue. Efficient antimicrobial stewardship can mitigate the risk of
antibiotic-resistant infections and ensure that future pandemics do not divert attention and
resources away from this critical health threat.
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20. Mijović, G.; Čizmović, L.; Vuković, M.N.; Stamatović, S.; Lopičić, M. Antibiotic consumption in hospitals and resistance rate of

Klebsiella pneumoniae and Escherichia coli in Montenegro. Acta Clin. Croat. 2020, 59, 469–479. [CrossRef]
21. Santajit, S.; Indrawattana, N. Mechanisms of Antimicrobial Resistance in ESKAPE Pathogens. Biomed Res. Int. 2016, 2016, 2475067.

[CrossRef]
22. Russell, J.N.; Yost, C.K. Alternative, environmentally conscious approaches for removing antibiotics from wastewater treatment

systems. Chemosphere 2021, 263, 128177. [CrossRef] [PubMed]
23. Watkinson, A.J.; Murby, E.J.; Costanzo, S.D. Removal of antibiotics in conventional and advanced wastewater treatment:

Implications for environmental discharge and wastewater recycling. Water Res. 2007, 41, 4164–4176. [CrossRef] [PubMed]
24. Rosenblatt-Farrell, N. The landscape of antibiotic resistance. Environ. Health Perspect. 2009, 117, A244–A250. [CrossRef] [PubMed]
25. Chen, Z.; Guo, J.; Jiang, Y.; Shao, Y. High concentration and high dose of disinfectants and antibiotics used during the COVID-19

pandemic threaten human health. Environ. Sci. Eur. 2021, 33, 11. [CrossRef] [PubMed]

https://doi.org/10.1016/j.scitotenv.2021.150873
https://doi.org/10.1016/j.ijantimicag.2021.106324
https://www.ncbi.nlm.nih.gov/pubmed/33746045
https://doi.org/10.7554/eLife.64139
https://www.ncbi.nlm.nih.gov/pubmed/33588991
https://doi.org/10.1016/j.jiph.2021.02.011
https://doi.org/10.37201/req/s01.19.2021
https://doi.org/10.1128/microbiolspec.ARBA-0009-2017
https://doi.org/10.1007/s00239-019-09914-3
https://doi.org/10.1038/s41429-023-00601-6
https://doi.org/10.1038/nature10388
https://doi.org/10.1080/10408398.2015.1077192
https://doi.org/10.5001/omj.2019.37
https://www.ncbi.nlm.nih.gov/pubmed/31110624
https://doi.org/10.3949/ccjm.87a.19117
https://www.ncbi.nlm.nih.gov/pubmed/33004324
https://doi.org/10.1097/00003246-199905000-00020
https://www.ncbi.nlm.nih.gov/pubmed/10362409
https://doi.org/10.1016/j.cmi.2020.07.041
https://www.ncbi.nlm.nih.gov/pubmed/32745596
https://doi.org/10.1002/9780471729259.mca03cs15
https://doi.org/10.3389/fcimb.2017.00055
https://doi.org/10.1016/j.gendis.2019.04.001
https://doi.org/10.1016/j.amjmed.2006.03.013
https://doi.org/10.20471/acc.2020.59.03.11
https://doi.org/10.1155/2016/2475067
https://doi.org/10.1016/j.chemosphere.2020.128177
https://www.ncbi.nlm.nih.gov/pubmed/33297145
https://doi.org/10.1016/j.watres.2007.04.005
https://www.ncbi.nlm.nih.gov/pubmed/17524445
https://doi.org/10.1289/ehp.117-a244
https://www.ncbi.nlm.nih.gov/pubmed/19590668
https://doi.org/10.1186/s12302-021-00456-4
https://www.ncbi.nlm.nih.gov/pubmed/33532166


Microbiol. Res. 2023, 14 737

26. Tran, N.H.; Hoang, L.; Nghiem, L.D.; Nguyen, N.M.H.; Ngo, H.H.; Guo, W.; Trinh, Q.T.; Mai, N.H.; Chen, H.; Nguyen, D.D.; et al.
Occurrence and risk assessment of multiple classes of antibiotics in urban canals and lakes in Hanoi, Vietnam. Sci. Total Environ.
2019, 692, 157–174. [CrossRef]

27. Chen, X.; Lei, L.; Liu, S.; Han, J.; Li, R.; Men, J.; Li, L.; Wei, L.; Sheng, Y.; Yang, L.; et al. Occurrence and risk assessment of
pharmaceuticals and personal care products (PPCPs) against COVID-19 in lakes and WWTP-river-estuary system in Wuhan,
China. Sci. Total Environ. 2021, 792, 148352. [CrossRef]

28. Buehrle, D.J.; Nguyen, M.H.; Wagener, M.M.; Clancy, C.J. Impact of the Coronavirus Disease 2019 Pandemic on Outpatient
Antibiotic Prescriptions in the United States. Open Forum Infect. Dis. 2020, 7, ofaa575. [CrossRef]

29. Armitage, R.; Nellums, L.B. Antibiotic prescribing in general practice during COVID-19. Lancet Infect. Dis. 2021, 21, e144.
[CrossRef]

30. Alzueta, N.; Echeverría, A.; García, P.; Sanz, L.; Gil-Setas, A.; Beristain, X.; Aldaz, P.; Garjón, J. Impact of COVID-19 Pandemic in
Antibiotic Consumption in Navarre (Spain): An Interrupted Time Series Analysis. Antibiotics 2023, 12, 318. [CrossRef]
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