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Abstract  

Bacterial and protozoal genital tract infections are important preventable contributors to 
reproductive dysfunction and infertility in both sexes. Persistent infection can induce 
chronic inflammation and tissue injury in reproductive organs, while increasing 
antimicrobial resistance (AMR), particularly in Neisseria gonorrhoeae and Mycoplasma 
genitalium, further compromises treatment efficacy. AMR arises through mechanisms 
including target-site mutations, reduced permeability, efflux pumps, enzymatic drug 
inactivation, and biofilm formation, potentially resulting in treatment failure and persistent 
infection. Repeated antibiotic exposure may also disrupt the genital tract microbiome, 
promoting pathogen persistence, inflammation, and reproductive dysfunction. This 
review summarizes current evidence on AMR patterns and resistance mechanisms in 
major genital tract pathogens, their potential association with reproductive tract damage 
and infertility, and current diagnostic and therapeutic challenges. Emerging strategies for 
resistance-guided therapy, rational antimicrobial use, and microbiome preservation are 
also discussed. 
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Introduction 

Genital tract infections, particularly sexually transmitted infections (STIs), represent a substantial 

and potentially preventable threat to reproductive health in both women and men. Several 

bacterial pathogens, including Chlamydia trachomatis, Neisseria gonorrhoeae, and Mycoplasma 

genitalium, can initiate localized inflammatory responses that may subsequently extend to the 

upper reproductive tract. Conditions such as cervicitis, endometritis, salpingitis, and pelvic 

inflammatory disease (PID) can develop as a consequence, potentially causing progressive 

anatomical and functional alterations within the reproductive system. When these infections 

remain undetected or inadequately treated, complications such as tubal damage, impaired or 

complete tubal obstruction, ectopic pregnancy, and infertility may occur (Giacani et al., 2025; 

Smolarczyk et al., 2021). The clinical management of these infections has become increasingly 

complicated by the global expansion of antimicrobial resistance (AMR). Reduced susceptibility 

to antimicrobial agents can compromise treatment outcomes, favor prolonged pathogen 
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persistence, and extend the period during which infected individuals may transmit the 

microorganism. Persistent infection may also increase the risk of cumulative tissue injury and 

subsequent reproductive complications. Neisseria gonorrhoeae provides a particularly important 

example of this phenomenon. During the past several decades, gonococci have progressively 

acquired resistance to multiple antimicrobial classes that have been used for clinical treatment. 

Of particular concern is the emergence and dissemination of isolates showing decreased 

susceptibility or resistance to third-generation cephalosporins, which substantially limits available 

therapeutic options (Tsevat et al., 2017). A similar concern has emerged with Mycoplasma 

genitalium, for which resistance to both macrolides and fluoroquinolones is increasingly 

recognized as a major obstacle to effective therapy. Resistance-associated genetic changes can 

affect antimicrobial targets, including mutations within the 23S rRNA gene associated with 

macrolide resistance and alterations in gyrA and parC that may reduce susceptibility to 

fluoroquinolones. The clinical importance of this problem is further amplified by the frequently 

asymptomatic or minimally symptomatic nature of M. genitalium infection. Consequently, 

individuals may remain undiagnosed for extended periods, while ineffective antimicrobial therapy 

can further contribute to persistence, continued transmission, and potentially delayed 

reproductive tract complications (Unemo et al.). The potential relationship between antimicrobial-

resistant genital infections and infertility is not necessarily attributable to the direct effects of the 

microorganism alone. When antimicrobial treatment fails and the pathogen persists, prolonged 

activation of local and systemic immune pathways may occur. Continuous production of 

inflammatory mediators can compromise epithelial integrity, promote tissue injury, and stimulate 

subsequent fibrotic remodeling. In women, chronic or recurrent inflammatory processes may 

compromise fallopian tube integrity and interfere with normal endometrial function. In men, 

inflammatory involvement of the epididymis, prostate, and other reproductive tissues has been 

associated with alterations in semen quality, increased oxidative stress, and damage to sperm 

DNA, all of which may negatively influence reproductive potential(Alkan, 2021; Beni et al., 2024). 

Antibiotic exposure may also influence reproductive health indirectly through its effects on the 

genital tract microbiome. Repeated or prolonged antimicrobial administration can alter the 

composition and ecological stability of the resident microbial community. In the female genital 

tract, disruption of the normally protective Lactobacillus-dominated microbiota and the 

subsequent development of dysbiosis may modify the local environment in ways that favor the 

establishment or persistence of opportunistic and pathogenic microorganisms. Because the 

genital microbiota interacts closely with the epithelial barrier and mucosal im mune system, 

disturbances within this microbial ecosystem may contribute to inflammatory responses and 

potentially affect reproductive function(Kadar, 2019). Consequently, antimicrobial resistance in 

genital tract pathogens should be viewed as more than an isolated challenge related to antibiotic 

selection. Treatment failure and pathogen persistence may form part of a broader sequence of 

microbiological, immunological, and inflammatory events that can progressively compromise 

reproductive function and fertility. Effective management therefore requires timely identification 

of causative pathogens, appropriate molecular assessment of resistance-associated 

determinants, continuous surveillance of resistance trends, and implementation of antimicrobial 

stewardship principles. At the same time, the development of alternative or complementary 

therapeutic strategies may be necessary to reduce the long-term reproductive consequences 
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associated with resistant infections(Debattista et al., 2003; Rodgers et al., 2011). Against this 

background, the present review evaluates the current evidence concerning major pathogens 

responsible for genital tract infections, with particular emphasis on the molecular mechanisms 

responsible for antimicrobial resistance. It further examines how resistant or persistent infections 

may affect the female and male reproductive systems and considers the contribution of chronic 

inflammation and prolonged pathogen persistence to impaired fertility. Finally, current limitations 

in diagnosis and treatment are addressed, alongside emerging strategies aimed at controlling 

antimicrobial resistance while minimizing its potential consequences for reproductive 

health(Chemaitelly et al., 2021; Svenstrup et al., 2008).   

1. Major Genital Tract Pathogens Associated with Infertility 

Genital tract infections caused by diverse bacterial and protozoan pathogens can impair 

reproductive function through mechanisms such as ascending inflammation, persistent infection, 

disruption of the genital microbiota, and direct or inflammation-induced tissue damage. Among 

sexually transmitted bacteria, Chlamydia trachomatis, Neisseria gonorrhoeae, and Mycoplasma 

genitalium are especially important due to their potential effects on fertility. In addition, 

Trichomonas vaginalis and species of Ureaplasma and Mycoplasma have been associated with 

infertility and other reproductive disorders.(Rodrigues et al., 2025; Smolarczyk et al., 2021). 

1.1. Chlamydia trachomatis 

Chlamydia trachomatis is an obligate intracellular Gram-negative bacterium and represents one 

of the most prevalent bacterial sexually transmitted pathogens worldwide. Its characteristic 

biphasic developmental cycle alternates between infectious elementary bodies (EBs) and 

metabolically active, replicating reticulate bodies (RBs), a biological feature that contributes to 

successful intracellular survival and maintenance of infection. A substantial proportion of genital 

C. trachomatis infections produce few or no noticeable symptoms, which may delay diagnosis 

and treatment and consequently increase the possibility of prolonged infection(Unemo, Lahra, et 

al., 2019).The contribution of C. trachomatis to female infertility is strongly associated with its 

ability to produce ascending infection and inflammatory injury within the upper reproductive tract. 

Persistent or recurrent infection can activate both innate and adaptive immune pathways and 

stimulate the release of inflammatory mediators. Prolonged inflammation may damage the tubal 

epithelium and promote tissue remodeling, adhesion formation, and partial or complete 

obstruction of the fallopian tubes. Such structural and functional abnormalities can interfere with 

the normal movement of spermatozoa, oocytes, and embryos and consequently increase the risk 

of tubal-factor infertility and ectopic pregnancy (Giacani et al., 2025). Although review studies 

generally support an association between C. trachomatis infection and female infertility, the 

magnitude of this relationship has differed among investigations and may be influenced by 

variables such as the duration of infection, characteristics of the studied population, and the 

diagnostic approach used (Ciccarese et al., 2024). The reproductive consequences of C. 

trachomatis are not restricted to women. In men, infection may involve the urethra, epididymis, 

and other genital tract structures, resulting in conditions such as urethritis and epididymitis. 

Inflammatory responses, together with increased oxidative stress and possible interactions 
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between the pathogen and spermatozoa, have been proposed as mechanisms through which 

infection may negatively affect semen quality and sperm function. Evidence from meta-analytic 

studies has also demonstrated a notable occurrence of C. trachomatis infection among infertile 

men and suggested an elevated risk of infertility among infected individuals(Keikha et al., 2023). 

1.2.  Neisseria gonorrhoeae 

Neisseria gonorrhoeae is a Gram-negative diplococcus that causes gonorrhea and represents 

an important genital tract pathogen. After colonizing mucosal surfaces, it can trigger substantial 

inflammation and potentially ascend to the upper reproductive tract. In women, untreated or 

inadequately treated infection may progress from cervicitis to endometritis, salpingitis, and pelvic 

inflammatory disease. Tubal inflammation can result in scarring and adhesions, impairing 

fallopian tube function and consequently increasing the risk of infertility and ectopic pregnancy. 

(Waites et al., 2026). Among men, gonorrhea most commonly presents as urethritis; however, 

infection can occasionally extend to deeper r eproductive structures and result in epididymitis or 

inflammation of other components of the genital tract. Such inflammatory involvement may 

interfere with normal reproductive function. In addition to direct tissue injury, persistent or 

inadequately controlled infection may promote oxidative stress and alter the physiological activity 

of cells within the reproductive tract (Cutoiu & Boda, 2024). The significance of N. gonorrhoeae 

in the context of reproductive health is further intensified by its exceptional ability to acquire and 

disseminate antimicrobial resistance. Historically, gonococci have progressively developed 

resistance to multiple antimicrobial groups, including penicillins, tetracyclines, fluoroquinolones, 

and macrolides. The emergence of isolates with decreased susceptibility to third-generation 

cephalosporins is particularly concerning because these agents have played a central role in 

contemporary gonorrhea treatment. Consequently, antimicrobial resistance can increase the 

probability of therapeutic failure and prolonged infection, potentially extending the duration of 

inflammatory exposure and reproductive tract injury(Zhang et al., 2022). 

1.3. Mycoplasma genitalium 

Mycoplasma genitalium is a highly specialized urogenital bacterium that lacks a conventional cell 

wall. Its minimal genome, slow growth, and demanding culture requirements have made 

conventional laboratory cultivation challenging, limiting diagnostic and research applications. 

Clinically, it is associated with urethritis in men and cervicitis and pelvic inflammatory disease in 

women. Persistent infection may maintain chronic genital tract inflammation and contribute to 

reproductive tissue damage, potentially affecting fertility.(Mielczarek & Blaszkowska, 2016). A 

major therapeutic challenge associated with Mycoplasma genitalium is the rapid accumulation of 

antimicrobial resistance. Macrolide resistance is mainly driven by mutations in region V of the 

23S rRNA gene, which modify the drug target and decrease antimicrobial susceptibility. Reduced 

susceptibility to fluoroquinolones is primarily linked to mutations in parC and, less frequently, 

gyrA. The increasing prevalence of these resistance mechanisms limits empirical treatment 

options and may lead to repeated use of ineffective antimicrobials, thereby sustaining selective 

pressure and promoting further resistance(Marques‐Silva et al., 2021). The potential role of 

Mycoplasma genitalium in infertility is thought to involve persistent infection and chronic genital 
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tract inflammation. Clinical and epidemiological findings indicate an association between M. 

genitalium and pelvic inflammatory disease, suggesting that prolonged inflammation may 

damage reproductive tissues. However, evidence directly linking M. genitalium to infertility 

remains less conclusive than for Chlamydia trachomatis. Further well-designed prospective 

studies are needed to determine whether persistent or antimicrobial-resistant M. genitalium 

infection independently contributes to infertility risk(Abavisani & Keikha, 2023; Rivero et al., 

2023). 

1.4. Ureaplasma spp. and Other Mycoplasmataceae 

Ureaplasma spp. and some Mycoplasma species may constitute part of the normal urogenital 

microbiota; therefore, their detection does not necessarily indicate active infection. Their clinical 

relevance depends on factors such as microbial load, co-infections, host susceptibility, and 

mucosal barrier integrity. In certain conditions, these organisms may contribute to persistent 

inflammation and reproductive dysfunction. Proposed mechanisms include chronic inflammatory 

activation, alteration of the genital tract microenvironment, and potential impairment of sperm 

quality and function(Huang et al., 2015). The absence of a peptidoglycan-containing cell wall 

makes Ureaplasma and Mycoplasma intrinsically resistant to β-lactam antibiotics, which target 

bacterial cell-wall synthesis. Consequently, treatment relies on antimicrobials with alternative 

targets, particularly tetracyclines, macrolides, and fluoroquinolones. The emergence of 

resistance to these drug classes can further restrict therapeutic options and complicate the 

management of clinically relevant infections(Venneri et al., 2022). 

1.5. Trichomonas vaginalis 

Trichomonas vaginalis is a flagellated protozoan responsible for trichomoniasis and differs from 

the bacterial pathogens discussed above in its antimicrobial management. Treatment mainly 

relies on 5-nitroimidazoles, particularly metronidazole and tinidazole. Infection can promote 

genital mucosal inflammation, modify local immune responses, and disrupt the reproductive tract 

microenvironment. Although higher rates of T. vaginalis infection have been reported in some 

infertile populations, a direct causal association with infertility remains unconfirmed and requires 

further investigation(Franasiak & Scott Jr, 2015; Moreno & Simon, 2018). Male infection has also 

attracted attention because T. vaginalis may be associated with inflammation of the male 

urogenital tract and potentially with impaired sperm function. The mechanisms proposed to 

explain these effects include local inflammatory injury, interactions between the parasite and host 

reproductive cells, and direct or indirect alterations in sperm physiology (Chen et al., 2026; Chen 

et al., 2023). Resistance to 5-nitroimidazole agents, particularly metronidazole, represents an 

additional challenge in the management of trichomoniasis. Proposed mechanisms include 

reduced activity of enzymes responsible for activation of the drug as well as changes in metabolic 

pathways involved in electron transport and cellular antioxidant defenses. Consequently, 

resistant or recurrent infections may be difficult to eradicate and can prolong exposure of genital 

tissues to the pathogen and its associated inflammatory stimuli (Bradshaw et al., 2008). Overall, 

genital tract pathogens may impair reproductive health through persistent infection, chronic 

inflammation, epithelial damage, microbiome disruption, and antimicrobial resistance. The 
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associations of Chlamydia trachomatis and Neisseria gonorrhoeae with reproductive tract injury 

are well established, while Mycoplasma genitalium is increasingly concerning because of its 

evolving resistance and link to genital tract inflammation. The contributions of Trichomonas 

vaginalis and other Mollicutes to infertility remain less certain and require further experimental 

and longitudinal investigation(Peumans et al., 1997). 

2. Mechanisms of Antibiotic Resistance in Genital Tract Pathogens 

Antimicrobial resistance in genital tract pathogens arises through genetic variation, 

selective pressure from antimicrobial exposure, horizontal gene transfer, and cellular 

adaptation. Resistance may be intrinsic or acquired through mutations or uptake of 

resistance determinants from other microorganisms. Key mechanisms include alteration 

of drug targets, reduced membrane permeability, increased efflux, enzymatic drug 

inactivation, and metabolic adaptation. In pathogens such as Neisseria gonorrhoeae and 

Mycoplasma genitalium, chromosomal mutations are major contributors to clinically 

significant resistance, although mobile genetic elements may also facilitate the spread of 

resistance-associated genes(Giacani et al., 2025; Llaca-Díaz & Casillas-Vega, 2026). 

2.1. Intrinsic and Acquired Resistance 

Intrinsic antimicrobial resistance results from inherent structural or biological features that 

make a microorganism naturally insensitive to specific drugs. For example, Mycoplasma 

genitalium and Ureaplasma spp. lack a peptidoglycan cell wall, rendering β-lactam 

antibiotics ineffective because these agents target bacterial cell-wall synthesis. In 

contrast, acquired resistance develops through genetic mutations or acquisition of 

resistance determinants and can become more prevalent under antimicrobial selective 

pressure(Fernández-Huerta et al., 2025; Unemo & Shafer, 2014). In Mycoplasma 

genitalium, repeated or inappropriate use of macrolides and fluoroquinolones can 

promote the survival and expansion of resistant strains. Evidence suggests that prior 

macrolide exposure is associated with a higher prevalence of macrolide-resistance 

mutations, emphasizing the significant role of antimicrobial selective pressure in driving 

resistance patterns.(Li et al., 2020). 

2.2. Mutations in Antibiotic Target Sites 

Alteration of the cellular structure to which an antimicrobial agent binds is a major 

molecular strategy through which microorganisms can evade antibiotic activity. Even 

relatively small genetic changes may modify the conformation of an antimicrobial target 

sufficiently to reduce drug binding and preserve the biological function of the affected 

cellular component. This mechanism has particular relevance in M. genitalium(Manhart 

et al., 2011). Macrolide resistance in M. genitalium is mainly associated with point 

mutations located in region V of the 23S rRNA gene. Well-characterized substitutions, 
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including A2058G and A2059G, modify the macrolide-binding region of the 50S 

ribosomal subunit. As a result, the affinity of macrolides for the ribosome is reduced, 

allowing protein synthesis to continue despite antimicrobial exposure. These mutations 

are therefore widely recognized as important molecular indicators of macrolide 

resistance(Unemo et al., 2025). Resistance to fluoroquinolones involves a different set 

of molecular targets. In M. genitalium, fluoroquinolones act primarily by interfering with 

DNA gyrase and topoisomerase IV. Genetic alterations in parC and gyrA, especially 

mutations located within the quinolone-resistance-determining region (QRDR), can 

modify the DNA–topoisomerase complex and decrease the ability of fluoroquinolones to 

inhibit these enzymes. Among the reported mutations, the S83I substitution in ParC has 

been repeatedly identified as an important determinant associated with reduced 

fluoroquinolone susceptibility and treatment failure (Unemo, Lahra, et al., 2021). Target 

modification is also an important component of resistance in N. gonorrhoeae. Changes 

in the penA gene can alter the structure of penicillin-binding protein 2 (PBP2), reducing 

the activit y of third-generation cephalosporins against the organism. Furthermore, 

mutations in the 23S rRNA gene contribute to azithromycin resistance, while changes 

involving additional ribosomal targets may affect susceptibility to other antimicrobial 

agents that inhibit bacterial protein synthesis (Unemo, Lahra, et al., 2019; Unemo, Ross, 

et al., 2021). 

2.3. Alterations in Cell Membrane Permeability 

Limiting the amount of antimicrobial compound that enters a bacterial cell provides 

another mechanism for reducing antibiotic activity. This phenomenon is particularly 

relevant to Gram-negative organisms because their outer membrane represents an 

additional permeability barrier between the extracellular environment and intracellular 

targets. In N. gonorrhoeae, porin proteins, particularly PorB, regulate the passage of 

various molecules across the outer membrane. Structural or functional alterations in 

these proteins can decrease antibiotic influx and consequently reduce intracellular drug 

concentrations(Unemo et al., 2020). A reduction in antibiotic uptake can therefore impair 

treatment even when the molecular target of the drug remains unchanged. If the 

intracellular concentration falls below the level required for effective inhibition, bacterial 

growth and survival may continue. Decreased permeability can also operate together 

with other resistance mechanisms, such as active efflux, and thereby contribute to a 

broader multidrug-resistant phenotype(Ayala et al., 2022). 

2.4. Increased Efflux Pump Activity 

Efflux pumps are specialized membrane-associated transport systems that actively 

export potentially harmful compounds from bacterial cells. Because many of these 



 

8 

 

transporters can recognize structurally diverse substrates, their increased activity may 

simultaneously reduce susceptibility to several antimicrobial classes. In N. gonorrhoeae, 

the MtrCDE efflux system is particularly important in this regard. Enhanced activity of this 

transporter lowers intracellular antibiotic concentrations and can consequently increase 

resistance across multiple antimicrobial groups(Graves et al., 2020). The expression of 

the MtrCDE system is controlled by regulatory mechanisms involving factors such as 

MtrR. Mutations affecting mtrR, including alterations in regulatory regions, may increase 

transcription of the mtrCDE operon and consequently enhance efflux activity. Importantly, 

the MtrCDE system is not restricted to the removal of antibiotics. It can also transport 

certain antimicrobial substances produced by the host, suggesting that increased efflux 

may provide a dual advantage by improving bacterial survival within the genital tract while 

simultaneously reducing antimicrobial susceptibility(Mayr et al., 2024; Rasoloson et al., 

2002). 

2.5. Enzymatic Inactivation of Antibiotics 

Another established mechanism of antimicrobial resistance is the enzymatic destruction 

or chemical modification of antibiotic molecules. In N. gonorrhoeae, plasmid-mediated 

production of β-lactamases, particularly TEM-1, can hydrolyze the β-lactam ring of 

penicillin-class antibiotics and render them inactive. The localization of such resistance 

determinants on transferable plasmids is especially important because it creates an 

opportunity for rapid dissemination of resistance traits between bacterial 

populations(Melendez et al., 2024; Onofrio & MacLennan, 2026). Enzymatic drug 

inactivation may also occur alongside chromosomal mechanisms that independently 

reduce antimicrobial susceptibility. When β-lactamase production is combined with 

decreased permeability or enhanced efflux, the resulting phenotype may be considerably 

more resistant than that produced by any single mechanism. Such combinations can 

substantially increase the probability of unsuccessful antimicrobial treatment(Bradford et 

al., 2020; Sawatzky et al., 2022). 

2.6. Horizontal Gene Transfer of Resistance Determinants 

Horizontal gene transfer (HGT) allows bacteria to acquire genetic material from non-

parental sources and plays a major role in the spread of antimicrobial resistance. 

Depending on the organism and genetic element, HGT may occur through 

transformation, conjugation, or transduction. Neisseria gonorrhoeae has a strong 

capacity to take up extracellular DNA and integrate foreign sequences into its 

chromosome. This ability contributes to the emergence of mosaic penA alleles, which are 

strongly associated with decreased susceptibility to cephalosporins(Shaskolskiy et al., 

2016). Resistance determinants may also be carried on plasmids or other mobile genetic 
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elements, allowing resistance traits to spread more rapidly within microbial communities. 

Accordingly, the emergence of antimicrobial resistance should not be considered solely 

as an independent process occurring separately in each bacterial lineage. Genetic 

exchange between microbial populations can accelerate the accumulation and 

dissemination of resistance-associated characteristics(Salmerón Menendez, 2024; 

Shaskolskiy et al., 2016). 

2.7. Biofilm and Phenotypic Resistance 

Biofilm formation can markedly increase microbial tolerance to antimicrobial agents. In 

these structured communities, an extracellular matrix limits antibiotic penetration and 

creates localized environments with altered physiological conditions. In addition to 

restricted drug diffusion, reduced metabolic activity, persister cells, and altered gene 

expression can further decrease antimicrobial susceptibility and promote microbial 

persistence(Lewis, 2014; Wi et al., 2017). In the genital tract, biofilm-like structures and 

microbial microcolonies can create protected niches that facilitate persistent colonization. 

This phenomenon is particularly important in recurrent or chronic infections, as 

antimicrobial concentrations effective against planktonic cells may be insufficient to 

eliminate organisms within structured communities. Surviving cells may subsequently 

repopulate the genital tract after treatment, increasing the likelihood of infection 

recurrence(Unemo, Seifert, et al., 2019). 

2.8. Metabolic Alterations and Resistance to 5-Nitroimidazoles in Trichomonas 

vaginalis 

The biological basis of antimicrobial resistance in Trichomonas vaginalis differs 

substantially from the mechanisms described for bacterial pathogens. Metronidazole and 

related 5-nitroimidazole compounds function as prodrugs and require intracellular 

reduction to generate reactive intermediates responsible for their antimicrobial effects. 

Therefore, changes that decrease the efficiency of drug activation can reduce the 

formation of toxic metabolites and allow the parasite to survive treatment(Quillin & Seifert, 

2018; Sánchez-Busó et al., 2019). Several metabolic enzymes have been implicated in 

this process, including pyruvate:ferredoxin oxidoreductase, ferredoxin, hydrogenase, 

nitroreductase, and flavin reductase. Decreased expression or activity of these enzymes 

can interfere with the metabolic activation of metronidazole. Changes in intracellular 

oxygen regulation and antioxidant defense mechanisms may further influence the 

susceptibility of the parasite to 5-nitroimidazole compounds (Yahara et al., 2018b). 

Proteomic investigations have additionally suggested that reduced expression of flavin 

reductase 1 may occur frequently among resistant isolates obtained from both clinical 

and laboratory settings. Alteration of this pathway may influence resistance through 
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effects on iron metabolism and the intracellular activation of metronidazole(Yahara et al., 

2018a). These observations suggest that resistance in T. vaginalis is likely to involve 

coordinated alterations in several metabolic and protective pathways rather than a single 

genetic or biochemical event(Miari et al., 2024). 

2.9. Role of Antibiotic Selective Pressure 

Antimicrobial selective pressure is a central evolutionary force driving the enrichment of 

resistant microbial populations. Repeated, inappropriate, or incomplete antimicrobial 

exposure can eliminate susceptible organisms while allowing less-susceptible variants to 

survive. These surviving organisms may subsequently expand and become a larger 

component of the microbial population. This phenomenon is especially relevant to M. 

genitalium, where previous macrolide exposure has been associated with an increased 

frequency of resistance-associated mutations (Jensen et al., 2008).The problem may be 

intensified when tr eatment regimens expose pathogens to antimicrobial concentrations 

that suppress growth but fail to achieve complete eradication. Such exposure can create 

an environment in which organisms with reduced susceptibility have a survival 

advantage. Consequently, unsuccessful treatment can have consequences beyond the 

individual episode of infection, potentially contributing to the selection and subsequent 

transmission of resistant strains(Jensen & Bradshaw, 2015). 

2.10. Multidrug Resistance and Its Consequences for Genital Tract Infections 

The accumulation of multiple resistance mechanisms within a single pathogen can lead 

to a multidrug-resistant (MDR) phenotype. In Neisseria gonorrhoeae, target modification 

may coexist with reduced membrane permeability, enhanced efflux, and acquisition of 

resistance determinants, resulting in resistance to several antimicrobial classes. 

Similarly, simultaneous macrolide and fluoroquinolone resistance in Mycoplasma 

genitalium can markedly limit available effective treatment options(Sethi et al., 2017; Yu 

et al., 2023). From a reproductive health perspective, multidrug resistance is concerning 

because treatment failure can prolong infection and increase the duration of exposure to 

pathogens and inflammatory mediators. Persistent or ascending infections may sustain 

chronic inflammation and progressive reproductive tissue damage. Thus, antimicrobial 

resistance may indirectly promote reproductive dysfunction through a cycle of ineffective 

treatment, pathogen persistence, prolonged inflammation, and tissue injury(Llangarí et 

al., 2020). Overall, antimicrobial resistance in genital tract pathogens arises through a 

diverse set of interconnected mechanisms, including modification of antimicrobial targets, 

altered membrane permeability, enhanced efflux, horizontal acquisition of resistance 

determinants, metabolic adaptation, and biofilm-associated tolerance. A detailed 

understanding of these processes is important for selecting appropriate antimicrobial 
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therapy and for developing molecular methods capable of identifying resistance-

associated genetic markers. Early recognition of resistance determinants may facilitate 

more individualized treatment, reduce the use of ineffective antibiotics, and limit the 

selective pressure that promotes further emergence and dissemination of resistant 

pathogens(Durukan et al., 2020; Manhart et al., 2013). 

 

 

 

 

 

 

 

 

 

 

Figure 1. Molecular mechanism underlying macrolide resistance in Mycoplasma 

genitalium. 

In susceptible Mycoplasma genitalium strains, azithromycin targets domain V of 23S 

rRNA within the 50S ribosomal subunit, inhibiting bacterial translation. Macrolide 

resistance is primarily associated with mutations at A2058 and A2059, including 

A2058G/C/T and A2059G/C, which modify the ribosomal binding site and reduce drug 

affinity. Consequently, bacterial protein synthesis and growth may continue despite 

therapeutic azithromycin exposure, increasing the risk of treatment failure. The growing 

prevalence of these mutations supports the use of molecular resistance detection and 

resistance-guided therapy in M. genitalium infections.(Ouyang et al.). 

3. Mechanisms Linking Antimicrobial Resistance to Infertility 

Antimicrobial resistance in genital tract pathogens extends beyond treatment failure and 

may contribute to reproductive dysfunction through persistent infection and prolonged 

host inflammatory responses. Delayed eradication of resistant pathogens can increase 

microbial burden, prolong exposure to microbial antigens, and facilitate transmission or 
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reinfection. Continuous immune activation may subsequently promote progressive 

reproductive tissue damage and increase the risk of infertility.(Htaik et al., 2026; Lis et 

al., 2015). 

3.1. Persistent Infection and Chronic Inflammation 

Persistent infection and chronic inflammation are key mechanisms linking antimicrobial 

resistance to infertility. Effective treatment of susceptible strains can rapidly reduce 

pathogen load, limit immune stimulation, and resolve inflammation. In contrast, reduced 

antimicrobial efficacy against resistant strains may allow continued pathogen survival and 

sustain prolonged activation of innate and adaptive immune responses(Hafner, 2015; 

Ling et al., 2022). Persistent stimulation of epithelial cells and immune cells such as 

macrophages and neutrophils can enhance the secretion of pro-inflammatory mediators, 

including IL-1β, IL-6, IL-8, and TNF-α. Prolonged inflammatory signaling may result in 

epithelial damage and activate pathways associated with aberrant tissue repair and 

fibrosis. Therefore, antimicrobial resistance can act as an upstream driver of a pathogenic 

cycle in which treatment failure facilitates persistent infection, sustained inflammation 

promotes tissue remodeling, and progressive reproductive tissue damage may ultimately 

impair fertility.(Bi et al., 2023; Ma et al., 2021). 

3.2. Fallopian Tube Damage and Tubal-Factor Infertility 

In women, ascending genital tract infections can cause significant damage to the fallopian 

tubes. Chlamydia trachomatis and Neisseria gonorrhoeae are major causes of pelvic 

inflammatory disease, and delayed or inadequate treatment may lead to salpingitis, 

fibrosis, pelvic adhesions, and tubal obstruction. In C. trachomatis infection, persistent or 

recurrent inflammation can promote fibrotic remodeling and extracellular matrix 

alterations, ultimately causing narrowing or blockage of the fallopian tube lumen and 

increasing the risk of reproductive dysfunction(Agarwal et al., 2021).Within this 

framework, antimicrobial resistance may increase the probability of prolonged infection 

by reducing the effectiveness of standard therapy. Extended exposure of reproductive 

tissues to microbial antigens can consequently intensify and prolong local inflammation. 

Thus, AMR should not be interpreted as a direct cause of tubal obstruction; rather, it may 

act as an important amplifying factor within the sequence of events that ultimately 

produces tubal damage and infertility(Smolarczyk et al., 2021; Tsevat et al., 2017). 

3.3. Role of Mycoplasma genitalium in Reproductive Tract Damage 

Mycoplasma genitalium has gained increasing attention because of its potential role in 

reproductive tract pathology. Although it is a recognized cause of urethritis and cervicitis, 

evidence also suggests involvement in upper genital tract infections. A meta-analysis of 



 

13 

 

19 studies found a significant association between M. genitalium infection and pelvic 

inflammatory disease (PID), with infected individuals having approximately 1.67-fold 

higher odds of PID than uninfected individuals. The organism was detected in about 

10.3% of PID cases, supporting its possible contribution to ascending genital tract 

disease(Baud et al., 2011). The increasing prevalence of macrolide and fluoroquinolone 

resistance in Mycoplasma genitalium is concerning because it may promote treatment 

failure and prolonged infection. Persistent colonization of the reproductive tract can 

sustain local inflammation and potentially contribute to tissue damage. Meta-analyses 

have also reported an association between M. genitalium infection and adverse 

reproductive outcomes, including female infertility. However, the strength of this 

relationship varies across studies, and further longitudinal research is required to 

determine whether persistent M. genitalium infection independently contributes to 

infertility(Baud et al., 2008). 

3.4. Fibrotic Changes and Abnormal Tissue Remodeling 

Chronic infection can disrupt the balance between extracellular matrix degradation and 

tissue repair, promoting abnormal remodeling. In the genital tract, persistent 

inflammatory signaling may activate fibroblasts and modify the activity of matrix 

metalloproteinases and their inhibitors, leading to excessive extracellular matrix 

deposition. In Chlamydia trachomatis infection, TGF-β signaling and epithelial–

mesenchymal changes have been proposed as mechanisms contributing to tubal fibrosis 

and pathological tissue remodeling(Wiesenfeld et al., 2012). Fibrotic damage may remain 

irreversible even after successful pathogen eradication. Therefore, managing 

antimicrobial-resistant genital infections should extend beyond achieving microbiological 

clearance. Early diagnosis and prompt initiation of effective antimicrobial therapy are 

crucial to limiting persistent inflammation and preventing permanent structural 

damage(Haggerty et al., 2003). 

3.5. Disruption of the Genital Microbiome and Mucosal Barrier 

Antimicrobial resistance may also influence reproductive health indirectly through its 

effects on the genital microbial ecosystem. Repeated treatment attempts, prolonged 

antimicrobial exposure, changes in therapeutic regimens, and the use of broad-spectrum 

agents may disturb the composition and stability of the genital microbiota. In particular, 

depletion of protective lactic acid-producing bacteria belonging to the genus Lactobacillus 

may weaken colonization resistance and create ecological conditions that favor the 

persistence, colonization, or overgrowth of potentially pathogenic microorganisms(Taylor 

et al., 2013). Such alterations may establish a self-perpetuating cycle in which infection 

leads to antimicrobial exposure, antimicrobial exposure disrupts the microbiota, 
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microbiome instability reduces colonization resistance, and the resulting ecological 

imbalance increases susceptibility to recurrent or secondary infections. Therefore, AMR 

management should incorporate microbiome preservation as an important consideration 

rather than focusing exclusively on elimination of the target pathogen(Workowski & 

Bolan, 2015). 

3.6. Association Between Resistant Infection and Male Infertility 

In men, genital tract infections may adversely affect reproductive function through 

inflammatory involvement of the epididymis, prostate, and other components of the male 

reproductive system. Chronic inflammation can increase the local production of reactive 

oxygen species (ROS), interfere with sperm mitochondrial activity, impair sperm motility, 

and promote DNA damage(Manhart, 2013). A number of studies have reported 

associations between genital infections caused by Chlamydia trachomatis, Mycoplasma 

genitalium, Mycoplasma hominis, and selected Ureaplasma species and alterations in 

semen quality or sperm parameters. Meta-analyses evaluating genital mollicutes have 

similarly suggested relationships between certain infections, particularly those involving 

M. genitalium, M. hominis, and U. urealyticum, and male reproductive dysfunction or 

infertility(Manhart et al., 2011). When antimicrobial resistance prevents complete 

pathogen clearance, the inflammatory and oxidative environment may persist for an 

extended period. Prolonged exposure to inflammatory mediators and ROS can 

consequently increase the likelihood of functional sperm impairment. Local inflammation 

may also facilitate recruitment of inflammatory cells and further enhance ROS 

generation, potentially compromising sperm membrane integrity, mitochondrial function, 

and genomic stability(Manhart et al., 2007). 

3.7. Role of Oxidative Stress and Sperm DNA Damage 

Oxidative stress constitutes an important biological pathway connecting chronic genital 

tract inflammation with impaired male fertility. Excessive ROS generation within an 

inflammatory environment can induce lipid peroxidation of sperm membranes, modify 

structural proteins, and interfere with mitochondrial function. Because mature 

spermatozoa possess relatively limited mechanisms for repairing oxidative damage, 

sustained ROS accumulation may ultimately result in sperm DNA fragmentation(Manhart 

et al., 2007). In antimicrobial-resistant infections, continued pathogen persistence can 

prolong both inflammation and oxidative stress. AMR may therefore exert an indirect 

detrimental effect on sperm quality by extending the duration of exposure to ROS and 

inflammatory mediators. Over time, these processes may impair sperm function and 

reduce the probability of successful fertilization(Htaik et al., 2026). 

3.8. Persistent Infection, Sexual Transmission, and the Reinfection Cycle 
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Prolonged pathogen persistence associated with antimicrobial resistance can also 

increase the duration during which an infected individual remains capable of transmitting 

the pathogen to sexual partners. When treatment is ineffective, incomplete eradication 

may allow infection to continue and increase the probability of reinfection within sexual 

networks. At the individual or couple level, inadequate treatment of one partner can 

contribute to a recurrent cycle characterized by treatment, persistence or recurrence, 

reinfection, and renewed inflammation(Yu et al., 2023). This mechanism is particularly 

relevant to pathogens such as M. genitalium, for which macrolide resistance has become 

increasingly prevalent. Accordingly, the consequences of AMR extend beyond the 

affected individual. By prolonging infectiousness and facilitating transmission of resistant 

organisms, antimicrobial resistance may contribute to the wider dissemination of resistant 

strains and complicate infection control at the population level(De Carvalho et al., 2020). 

3.9. Association Between Antimicrobial Resistance and Irreversible Reproductive 

Damage 

An important aspect of the relationship between AMR and infertility is that therapeutic 

failure may occur after pathological tissue changes have already been initiated. Even 

when an alternative antimicrobial regimen eventually eliminates the pathogen, 

established tubal fibrosis, pelvic adhesions, genital tract obstruction, or persistent sperm 

damage may not be fully reversible(Cohen et al., 2005). The effect of AMR on fertility 

should therefore be understood as the result of an interaction among pathogen-related 

characteristics, the duration of infection persistence, and the magnitude and persistence 

of the host inflammatory response. As resistant organisms prolong infection and delay 

effective treatment, the probability of progression from a potentially controllable infectious 

process to permanent structural or functional reproductive damage may increase(Taylor-

Robinson & Jensen, 2011). Overall, a pathophysiological framework can be proposed in 

which antimicrobial resistance contributes to delayed or unsuccessful treatment, which 

in turn promotes pathogen persistence and prolonged inflammation. Sustained 

inflammatory activity may subsequently cause reproductive tract injury through epithelial 

damage, fibrotic remodeling, adhesion formation, microbiome disruption, and oxidative 

stress. In men, prolonged inflammation and oxidative stress may additionally 

compromise sperm function and genomic integrity. This interconnected model 

emphasizes that controlling antimicrobial resistance among genital tract pathogens is 

important not only for improving treatment success and reducing transmission but also 

for protecting reproductive health and preserving fertility in both women and men(Witkin 

et al., 1995). 

4. Role of the Genital Tract Microbiome in Antimicrobial Resistance and Infertility 
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The genital tract microbiome is a complex and dynamic microbial ecosystem that plays 

an important role in maintaining reproductive health through continuous interactions 

among microorganisms, epithelial tissues, and host immune responses. In healthy 

women, the vaginal microbiota is frequently characterized by a predominance of 

Lactobacillus species, particularly L. crispatus, L. jensenii, and L. gasseri. These 

beneficial bacteria contribute to microbial protection by producing lactic acid and other 

antimicrobial substances, thereby maintaining a relatively acidic vaginal environment and 

limiting the colonization and proliferation of potential pathogens(Kadar, 2019). 

4.1. Dysbiosis and Increased Susceptibility to Infection 

Disruption of the normal vaginal microbial community, characterized by depletion of 

Lactobacillus species and increased abundance and diversity of anaerobic bacteria, can 

result in vaginal dysbiosis. Such ecological alterations may increase vaginal pH, weaken 

colonization resistance, facilitate biofilm development, and modify mucosal immune 

responses, consequently increasing susceptibility to genital tract infections(Petrova et 

al., 2015). Dysbiosis may also contribute to persistent activation of inflammatory signaling 

pathways, including nuclear factor kappa B (NF-κB), accompanied by increased 

production of pro-inflammatory mediators such as IL-1β, IL-6, and IL-8. Persistent 

activation of these pathways may create a local inflammatory environment that favors the 

establishment or maintenance of chronic genital tract infection(Marsh, 2017). 

4.2. The Microbiome and Antimicrobial Resistance 

The genital tract microbiome may function as an ecological reservoir for antimicrobial 

resistance (AMR) determinants. High microbial density, together with repeated exposure 

to antimicrobial agents—particularly broad-spectrum antibiotics—can exert substantial 

selective pressure on microbial communities. This pressure may favor the survival and 

expansion of resistant organisms and contribute to an increased prevalence of 

antimicrobial resistance within the genital tract ecosystem(Ravel et al., 2011). The 

dissemination of resistance determinants can also be facilitated by horizontal gene 

transfer mechanisms, including conjugation and transformation, allowing resistance-

associated genetic elements to spread among microbial populations. Conversely, 

antimicrobial exposure can substantially alter the composition of the genital microbiota 

by eliminating susceptible bacterial populations and disturbing protective Lactobacillus 

communities(France et al., 2020). These reciprocal effects may generate a self-

reinforcing cycle in which antimicrobial exposure promotes dysbiosis, dysbiosis 

increases susceptibility to infection, recurrent infections lead to additional antimicrobial 

treatment, and repeated treatment further intensifies selective pressure for resistant 
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microorganisms. Thus, microbiome disruption may both result from and contribute to the 

broader problem of AMR(Gootenberg et al., 2018). 

4.3. Association Between the Microbiome and Infertility 

Alterations in the genital tract microbiome may influence reproductive function through 

several interconnected mechanisms, including increased local inflammation, impairment 

of epithelial barrier integrity, and greater susceptibility to ascending infections. In women, 

changes in the vaginal and endometrial microbial communities have been associated 

with inflammatory alterations and disruption of the endometrial environment. Some 

studies have also reported relationships between microbiome composition and 

implantation success or outcomes of assisted reproductive technologies. Nevertheless, 

the available evidence remains heterogeneous, and a definitive causal relationship 

between microbiome dysbiosis and infertility has not yet been established(Ma et al., 

2012). In men, alterations in the genital microbial environment and an increased 

abundance of potentially pathogenic microorganisms may adversely affect sperm 

function. Local inflammatory responses and elevated production of reactive oxygen 

species (ROS) can potentially impair sperm motility, disrupt mitochondrial activity, and 

compromise sperm DNA integrity(Srinivasan et al., 2012). 

4.4. Interrelationship Among AMR, the Microbiome, and Infertility 

Taken together, the genital tract microbiome may represent an important biological link 

between antimicrobial resistance and reproductive dysfunction. Resistant infections are 

more likely to persist and may require prolonged, repeated, or alternative antimicrobial 

treatment. At the same time, repeated exposure to antibiotics can disturb microbial 

community structure, reduce protective Lactobacillus populations, and weaken natural 

colonization resistance(Muzny et al., 2019). 

5. Diagnostic and Therapeutic Challenges of Resistant Genital Tract Infections 

Diagnosis of genital tract infections is challenging because many cases are 

asymptomatic or present with nonspecific symptoms, particularly infections caused by 

Chlamydia trachomatis and Mycoplasma genitalium. Nucleic acid amplification tests 

(NAATs) provide sensitive pathogen detection but generally do not determine 

antimicrobial susceptibility. For Neisseria gonorrhoeae, culture with antimicrobial 

susceptibility testing (AST) remains important, especially when treatment failure is 

suspected. In contrast, molecular detection of resistance-associated mutations is 

increasingly preferred for M. genitalium because its conventional culture is technically 

difficult and unsuitable for routine clinical use(Durukan et al., 2020; Workowski et al., 

2021). The growing prevalence of antimicrobial resistance has increased the importance 
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of treatment strategies that are guided by the resistance profile of the infecting pathogen. 

In M. genitalium, mutations within the 23S rRNA gene are strongly associated with 

macrolide resistance, whereas alterations in genes such as parC and gyrA may 

contribute to reduced susceptibility to fluoroquinolones. Identification of these resistance 

determinants can support resistance-guided therapy, reducing the use of antimicrobial 

regimens that are unlikely to be effective and thereby increasing the probability of 

successful treatment. For N. gonorrhoeae, resistance detection and AST are likewise 

particularly important following suspected treatment failure, as they can assist clinicians 

in selecting an appropriate alternative antimicrobial regimen (Jensen et al., 2008; Unemo, 

Lahra, et al., 2021). From a reproductive health perspective, the objective of treatment 

extends beyond simple pathogen eradication. Effective management should also 

minimize the duration of infection and prevent persistent inflammation and subsequent 

tissue injury. Delayed or unsuccessful treatment can allow pathogens to persist, prolong 

inflammatory responses, and increase the risk of reproductive tract complications. 

Conversely, unnecessary or repeated antimicrobial exposure may disrupt the genital 

microbiome, promote dysbiosis, and contribute to a continuing cycle of antimicrobial 

resistance and reinfection. Accordingly, accurate pathogen detection, timely identification 

of resistance, selection of targeted therapy, and appropriate investigation of treatment 

failure are essential components of AMR management and may help reduce its long-

term reproductive consequences (Agarwal et al., 2021; Htaik et al., 2026). 

6. Strategies for the Control and Prevention of Antimicrobial Resistance 

Effective control of antimicrobial resistance (AMR) in genital tract pathogens depends on 

accurate diagnosis, appropriate antimicrobial selection, and minimizing unnecessary 

antibiotic exposure. Molecular diagnostic techniques and resistance testing can facilitate 

the identification of resistant infections, reduce the use of ineffective treatments, and limit 

the selection and spread of resistant strains(Workowski et al., 2021). For Mycoplasma 

genitalium, resistance-guided therapy can improve the likelihood of successful treatment 

by enabling antimicrobial selection according to the detected resistance profile. In 

Neisseria gonorrhoeae, ongoing surveillance of resistance patterns and antimicrobial 

susceptibility testing, particularly in cases of treatment failure, remain essential for 

guiding alternative therapy. In addition, appropriate management of sexual partners, 

prevention of transmission, and preservation of the genital tract microbiome are important 

complementary measures for limiting recurrent infection and the spread of resistance 

(Manhart et al., 2011; Unemo et al.). Overall, combining rapid and accurate diagnosis 

with resistance-guided treatment, continuous epidemiological surveillance, and rational 

antimicrobial use provides an effective framework for controlling AMR and minimizing its 

potential impact on reproductive health(Venneri et al., 2022). 
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Conclusion 

Antimicrobial resistance (AMR) among genital tract pathogens may indirectly contribute 

to reproductive dysfunction and infertility by prolonging infection, reducing treatment 

effectiveness, and sustaining chronic inflammatory responses. Pathogens such as 

Neisseria gonorrhoeae and Mycoplasma genitalium pose significant therapeutic 

challenges because of their ability to develop and acquire antimicrobial resistance. At 

the same time, disruption of the genital tract microbiome may further intensify this 

process by weakening natural colonization resistance and increasing susceptibility to 

recurrent infection and inflammation. Effective AMR control therefore requires a 

comprehensive approach that combines rapid and accurate diagnosis, rational 

antimicrobial use, resistance-guided treatment, and continuous surveillance of 

resistance patterns. Preservation of genital tract microbiome health, appropriate 

management of sexual partners, and prevention of pathogen transmission should also 

be considered important components of reproductive health protection. In addition, the 

development of rapid resistance-detection technologies, novel therapeutic strategies, 

and robust surveillance systems will be essential for addressing the growing challenge 

of AMR and minimizing its long-term impact on reproductive health and fertility. 
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