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Abstract 

This review addresses the growing threat of antimicrobial resistance, focusing on pathogenic bacteria such as  

Staphylococcus aureus and Escherichia coli, and fungi like Candida spp. Initially, various mechanisms of bacterial  

resistance are discussed, including antibiotic target modification and horizontal gene transfer. Both intrinsic and  

acquired resistance are explored, highlighting how these microorganisms adapt and survive antimicrobial treatment. 

Additionally, the challenges faced in the treatment of fungal infections, such as resistance to azoles and echinocandins 

among Candida species, are addressed. The review also discusses the importance of discovering new antifungal agents 

and strategies to overcome emerging resistance. It concludes that antimicrobial resistance remains a significant threat 

to global health, requiring innovative and coordinated approaches to tackle this growing problem.  
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1. Introduction 

Microbial resistance is one of the major public health threats of the 21st century. This phenomenon occurs when certain 

types of microorganisms, such as bacteria and fungi, develop the ability to resist the action of drugs that were  

previously effective, thereby facilitating the survival and proliferation of pathogenic strains [1]. This resistance  

capability is often acquired through genetic mutations or the horizontal transfer of resistance genes between different 

species of microorganisms. 

The inappropriate and excessive use of antibiotics and antifungals is one of the main factors contributing to the  

emergence and spread of microbial resistance. The indiscriminate use of antibiotics promotes a favorable environment 

for the selection of potentially resistant microorganisms. Additionally, various factors contribute to the development of 

resistance, such as lack of adherence to medical guidelines, premature discontinuation of treatment, incorrect dosage, 

and self-medication. All these conditions favor the increase of microbial resistance, causing a public health problem as 

they hinder the treatment of infectious diseases [2]. 
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The impacts of microbial resistance are broad and concerning. From a clinical perspective, resistance makes the  

treatment of infections more difficult, as it prolongs patient hospitalization, increases healthcare costs, and raises  

mortality rates due to infections by resistant strains [3]. Moreover, it also threatens the advances of modern medicine, as 

common clinical procedures depend on the effectiveness of antimicrobials to prevent nosocomial infections. 

Among the microorganisms causing nosocomial infections with a high propensity to develop resistance are pathogenic 

bacteria such as Staphylococcus aureus and Escherichia coli [4]. Regarding clinically relevant fungi, infections caused by 

yeast of the genus Candida are the most frequent in hospital settings and also show resistance to conventional  

antifungals [5]. 

In light of these assumptions, the objective of this review was to synthesize and analyze the current scientific literature 

on the mechanisms of microbial resistance, the economic and clinical impacts, and the main challenges faced in the  

treatment of bacterial and fungal infections, in order to provide a solid foundation for future research and alternative 

strategies. 

 

2. Microbial Resistance 

The discovery and introduction of antimicrobials in clinical practice represented one of the most important medical  

interventions in the history of global health, reducing human morbidity and mortality caused by infections. Today,  

antibiotics are essential for various hospital procedures, including the control of severe infections, recovery after  

invasive surgeries, organ transplants, treatment of cancer patients, and immunocompromised patients, among others [7, 

8]. 

There are various chemical classes of antibiotics, and these can be grouped according to their biological target in the  

bacterial cell: cell wall synthesis inhibitors (Penicillins, Cephalosporins, and Polypeptides); protein synthesis inhibitors 

(Aminoglycosides, Pleuromutilins, Tetracyclines, Macrolides, Streptogramins, Oxazolidinones, and Glycylcyclines);  

plasma membrane disruptors (Lipopeptides); nucleic acid synthesis inhibitors (Rifamycins, Quinolones, and  

Fluoroquinolones); and competitive inhibitors of essential metabolite synthesis (Sulfonamides) [9]. 

Despite the vast arsenal of antibiotics available, cases of infections caused by multi-resistant microorganisms are  

increasing worldwide, and the spectrum of untreatable infections is becoming a reality. Many antimicrobials previously 

employed in controlling pathogenic microorganisms are declining in use and efficacy, increasing the risks of returning to 

the pre-antibiotic era [9, 10]. 

The World Health Organization [11] warns that antimicrobial resistance is rising to alarming levels in several countries 

around the world. The emergence of complex mechanisms and the rapid spread of pathogenic microorganisms pose a 

barrier to treating common microbial diseases, causing great concern for global health. 

Many microorganisms can easily adapt to their environment, so exposure to antimicrobials results in a natural resistance 

process. Antibiotics, for example, effectively eliminate sensitive bacteria but simultaneously promote the survival of  

multi-resistant strains through a process of selective pressure, mainly caused by self-medication and indiscriminate use 

of these drugs [12]. 

Bacteria can be intrinsically resistant to antibiotics or acquire resistance mechanisms. In intrinsic resistance, the  

microorganism has morphological and enzymatic characteristics that naturally make it resistant to a particular  

antibiotic. In contrast, acquired resistance can be characterized by mutations in genes that reduce drug susceptibility or 

by horizontal gene transfer [13, 14]. 

Mutations occur randomly during DNA replication and arise when the antibiotic selects strains with growth advantages, 

resulting in the proliferation of a genetically resistant population. Although this resistance does not spread among  

bacteria, the dissemination of resistance can occur through the expansion of a bacterial clone or lineage [7]. 

However, horizontal gene transfer poses the risk of rapid dissemination of a single strain to a set of strains of the same or 

different species. The transfer of genetic material from a resistant donor to a susceptible recipient occurs through  

transformation (incorporation of DNA from the environment), transduction (phage-mediated genetic exchange), or  

conjugation (cell-to-cell contact) involving mobile genetic elements such as plasmids and transposons [7, 15]. 
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Thus, bacteria can acquire or develop antibiotic resistance through various mechanisms falling into three main groups: 

first, those that minimize the intracellular concentrations of the antibiotic due to weak penetration into the bacterium or 

active efflux of the substance; second, those that modify the antibiotic target by genetic mutation or post-translational 

modification of the target; and third, those that inactivate the antibiotic by hydrolysis or enzymatic modification of active 

functional groups of the molecule [16, 17]. 

By employing these mechanisms, either isolated or combined, pathogenic strains have been able to overcome promising 

antibiotics from various chemical classes [18]. Staphylococcus aureus, Enterococcus spp., Enterobacter spp., Pseudomonas 

aeruginosa, and Acinetobacter spp. are just a few examples of bacteria that are resistant to multiple drugs [19, 20]. The 

Centers for Disease Control and Prevention have declared the rapid growth of antibiotic resistance as one of the main 

global concerns, estimating that more than 700,000 people die worldwide from diseases caused by resistant strains [7, 

21]. 

The number of infections and deaths associated with pathogenic fungi is also alarming. It is estimated that up to 150  

million people are infected annually by invasive fungi, with 1.5 million deaths resulting from these infections [22]. 

Among the most virulent fungal pathogens are Candida spp., Cryptococcus neoformans, and Aspergillus spp. [23]. Candida 

species are the most prevalent invasive fungal pathogens in humans, causing severe systemic infections in  

immunocompromised patients with mortality rates approaching 40% [24, 25]. 

Currently, the arsenal of antifungals available for clinical use in such infections consists of three main classes: polyenes, 

azoles, and echinocandins, which act by different mechanisms of action [22]. Polyenes act by forming complexes that  

extract ergosterol from the phospholipids of cell membranes; additionally, at high concentrations, they can inhibit chitin 

synthesis in the fungal cell wall [26]. Azoles inhibit enzymes involved in ergosterol biosynthesis, forming a modified cell 

membrane that does not perform essential functions for fungal development [27]. Echinocandins inhibit the enzyme  

β-1,3-glucan synthase, which catalyzes the polymerization of glucose-uridine diphosphate (UDP-glucose) into β-1,3-

glucan. This mechanism causes the leakage of important components from the fungal cell due to the high osmotic  

pressure exerted on the weakened membrane [28]. 

Resistance to azoles among Candida and Aspergillus species is one of the major challenges for clinical treatment, followed 

by the multi-resistance of Candida glabrata and other Candida species to echinocandins. The resistance mechanisms 

against these drugs include modifications in drug-target interactions, reduced cellular concentrations of the drugs 

through efflux pump channels, and permeability barriers associated with biofilms [29, 30]. 

Despite the currently available treatment options, since fungi are eukaryotes like their human hosts, there is a limitation 

of targets that can be selectively inhibited with minimal toxicity to the host. Most antifungals used target the sterol  

ergosterol in the cell membrane, as well as its biosynthesis, or the cell wall-binding molecule 1,3-β-d-glucan. Resistance 

to the available classes of antifungals has emerged as a serious problem, with fungal infections becoming increasingly 

difficult to treat [31]. 

 

3. Pathogenic Bacteria  

Nosocomial bacterial infections are frequent in healthcare services and are responsible for high mortality and morbidity 

rates among hospitalized patients worldwide [32]. Among the pathogens causing infections in hospital settings, the  

bacteria Staphylococcus aureus and Escherichia coli stand out, as they not only have a great capacity for adaptation but 

also show resistance to antimicrobial agents [33]. 

Staphylococcus aureus is a gram-positive bacterium of great clinical interest, responsible for causing severe superficial or 

invasive infections in humans, such as carbuncles, folliculitis, bacteremia, endocarditis, pneumonia, osteomyelitis, and 

biofilm formation on implanted surgical instruments [34-36]. In healthy individuals, S. aureus can be found in various 

anatomical sites, primarily on the skin, oropharynx, nasal passages, and intestinal microbiota [37]. 

The versatility of S. aureus is mainly due to its various virulence factors, many of which are genetically coded and  

transferred within the species, facilitating adherence, colonization, cellular interactions, evasion of host defense systems, 

and tissue damage [38, 39]. The virulence factors can be grouped into three types:  

a) Factors related to cellular adhesion or extracellular matrix, through the synthesis of fibrinogen, fibronectin, collagen, 

or the enzyme coagulase.  
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b) Factors related to immune evasion, through the production of important enterotoxins, which can cause toxic shock, 

and the production of biomolecules such as protein A, lipases, and encapsulated polysaccharides; and  

c) factors related to invasion of the host cell and penetration into tissues or adhesion to implanted surgical instruments, 

which include α, β, δ, γ, and δ-hemolysin proteins (toxins) [40]. 

 

The species can present intrinsic or acquired resistance, with the acquisition of the mecA gene being of great clinical  

importance as it confers resistance to methicillin and beta-lactams [37]. The emergence and spread of  

methicillin-resistant S. aureus (MRSA) strains have increased nosocomial infection rates, causing great concern in the 

hospital community. MRSA is the leading cause of skin and soft tissue infections in North America, with the USA 300 

clone responsible for 98% of these infections [41]. 

Among Gram-negative bacteria, Escherichia coli is of medical importance due to its virulence and pathogenicity, being the 

etiological agent of various diseases, such as diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome. It is found as 

a commensal in the gastrointestinal tract of animals and humans, specifically in the large intestine, and is expelled from 

the body through feces. Its dissemination and survival depend on ideal conditions of temperature, water and nutrient 

availability, competition with other microorganisms, and biofilm formation [42]. 

Pathogenic strains of E. coli are classified into different pathotypes, each causing a specific type of disease:  

enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC), enteroaggregative E. 

coli (EAEC), enteroinvasive E. coli (EIEC), and diffusely adherent E. coli (DAEC) [43, 44]. The intestinal pathotypes of E. 

coli are responsible for intestinal disorders ranging from mild diarrhea to severe colitis, while the extraintestinal  

pathotypes are asymptomatic in the intestinal tract but can cause infections after migrating to other parts of the body, 

such as the circulatory system and the urinary tract [45]. 

Escherichia coli is the pathogen responsible for more than 80% of urinary tract infections. Women are generally more 

affected due to anatomical characteristics (proximity of the urethra and anus) and physiological factors (absence of an 

antimicrobial mechanism, such as prostatic fluid in men). Additionally, various virulence factors and antigens that facili-

tate the dissemination and adherence of this bacterium to the urinary epithelium contribute to the effectiveness of the 

infection [46]. 

Intrinsically, E. coli is susceptible to almost all clinically relevant antimicrobials, but this species has a great capacity to 

accumulate resistance genes, especially through horizontal gene transfer. The most evident mechanisms in E. coli include 

the acquisition of genes encoding extended-spectrum beta-lactamases (conferring resistance to cephalosporins),  

carbapenemases (resistance to carbapenems), 16S rRNA methylases (pan-resistance to aminoglycosides),  

plasmid-mediated PMQR genes (resistance to quinolones and fluoroquinolones), and mcr genes (resistance to  

polymyxins). In addition to multi-resistance plasmids, other mobile genetic elements, such as transposons and gene  

cassettes in class 1 and 2 integrons, also play an important role in the dissemination of resistance genes in E. coli [47]. 

 

4. Pathogenic Fungi 

Among medically important fungi, representatives of the genus Candida are associated with the most common fungal 

infections in humans [48]. These yeasts are part of the human microbiota from birth, without causing clinical symptoms 

in healthy hosts. However, the compromise of the host's immune response, among other factors, can lead to the  

emergence of superficial opportunistic infections such as vulvovaginal candidiasis, candiduria, onychomycosis, and  

oropharyngeal candidiasis, and in more severe cases, invasive systemic candidiasis, such as candidemia and organ  

infections, especially in the brain, kidneys, and eyes [49, 50]. 

Candida spp. exhibit several virulence traits that facilitate adherence, infiltration, and dissemination in host tissues, with 

the main factors being morphogenic transition, biofilm formation on implanted medical devices, production and  

secretion of hydrolytic enzymes, expression of adhesin protein complexes, and invasion of epidermal and mucosal cells 

[50]. 
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Among these virulence factors, the morphogenesis presented by some species of Candida is defined as a change from a 

unicellular yeast form to the projection of filamentous structures (hyphae and pseudohyphae). These morphological 

transitions are reversible and occur during growth in response to conditions of temperature, pH, serum, nutrient  

absence, and oxygen. The filamentous forms are well adapted for tissue penetration and damage, being an important  

factor for pathogenicity and infection efficiency [51, 52]. In cases of candidemia, the formation of hyphae and  

pseudohyphae allows the fungus to invade the bloodstream to disseminate and reach the host's internal organs [53]. 

Among the infections caused by representatives of the genus Candida, the species C. albicans is the most common fungal 

pathogen in clinical isolates. However, the emergence of non-albicans Candida species, such as C. parapsilosis, C.  

tropicalis, C. krusei, and C. glabrata, varies according to the affected anatomical site and geographic location [54]. Within 

the limited antifungal arsenal, azole compounds such as fluconazole are frequently used to treat Candida infections  

because they are low-cost, have moderate toxicity, and can be administered orally [55]. However, due to its only  

fungistatic effect, there are reports of acquired resistance development in yeasts against this antifungal due to selective 

pressure, and in the case of C. krusei, intrinsic resistance [56]. 

In this sense, identifying molecules with bioactive potential is of extreme necessity, as it can contribute to the  

formulation of new antifungal agents or assist in the use of combinations between the drug and bioactive molecules to 

restore the efficacy of these medications against resistant strains [57, 58]. 

Conclusion 

Analysis of resistance mechanisms revealed the diversity and adaptability of microorganisms, highlighting the urgent 

need for new approaches to combat this threat. The clinical and economic impacts are profound, resulting in less  

effective treatments, increased mortality, and overload on healthcare systems. Furthermore, challenges in treating  

bacterial and fungal infections are exacerbated by the global spread of resistant strains and a shortage of new  

antimicrobials. 

To address these challenges, it is essential to adopt a multifaceted approach. This includes continued research and  

development of new medicines and alternative therapies, promoting the rational and controlled use of antimicrobials, 

and implementing rigorous infection control policy strategies. Public education and awareness about the importance of 

appropriate use of antimicrobials are also crucial. Furthermore, continued research and global surveillance are needed 

to monitor resistance and develop effective strategies to mitigate this problem. 
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